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ABSTRACT 

Role of reactive oxygen and nitrogen species in the pathogenesis and severity of 

COVID-19, and the interaction between SARS-CoV-2 and PM2.5 in human bronchial 

epithelial organoids 

Nur Konyalılar 

Doctor of Philosophy in Cellular and Molecular Mechanism, June 24, 2024 

The coronavirus disease 2019 (COVID-19) has caused significant mortality and 

morbidity worldwide. The disease is associated with increased inflammatory status that 

can lead to pneumonia, cytokine storm, and acute respiratory distress syndrome (ARDS). 

Studies suggest that respiratory viral infections may cause redox imbalance and oxidative 

stress; however, the role of these phenomena in the pathogenesis of COVID-19 is not 

known. Although studies have reported an association between increased levels of air 

pollutants including particulate matter (PM) and COVID-19 morbidity and mortality, the 

underlying mechanisms are not clear. The aims of my study were; (i) to investigate the 

effects of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and PM £ 

2.5µm (PM2.5) on the production of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS), activation of pathways involved in cell death mechanisms, and release of 

inflammatory cytokines in human bronchial epithelial organoids (HBEOs), and (ii) to 

validate markers of ROS/RNS and inflammation in plasma of COVID-19 patients. My 

findings demonstrated that PM2.5 increased SARS-CoV-2 viral load in HBEOs, which 

was reversed by inhibitors of ROS (N-acetyl cysteine, NAC) and RNS (NG-Monomethyl-

L-arginine acetate salt, L-NMMMA. Furthermore, PM2.5 induced oxidative/nitrosative 

stress in HBEOs that led to activation of the Nuclear Factor E2-Related Factor 2/ Kelch-

like ECH-associated protein 1 (NFE2L2/KEAP1) pathway stimulating antioxidant genes 

NAD(P)H dehydrogenase (NQO1), and heme oxygenase 1 (HMOX1) together with pro-

oxidant nitric oxide synthase 3 (NOS3). ROS/RNS inhibitors were effective in the 

suppression of oxidative/nitrosative stress. Finally, PM2.5 and SARS-CoV-2 activated the 

cell death mechanisms including ferroptosis and apoptosis. The analysis of plasma 

obtained from COVID-19 patients showed increased production of ROS/RNS and 

inflammatory cytokines (IL-6, IL-8), especially in severe ones. My study findings suggest 

that SARS-CoV-2 can lead to cellular inflammation and death by mechanisms involving 
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oxidative/nitrosative stress and that this can be induced by PM2.5. Moreover, 8-

isoprostane (ROS indicator) and nitrite (RNS indicator) can be used as novel plasma 

biomarkers in COVID-19 diagnosis. 
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OZETCE 

COVID-19'un patogenezinde ve şiddetinde reaktif oksijen ve nitrojen türlerinin rolü ve 

insan bronşiyal epitel organoidlerinde SARS-CoV-2 ile PM2.5 arasındaki etkileşim 

Nur Konyalılar 

Hücresel ve Moleküler Tıp Doktora, 24 Haziran, 2024 

Koronavirüs hastalığı 2019 (COVID-19) dünya çapında önemli mortalite ve morbiditeye 

neden olmuştur. Hastalık, pnömoniye, sitokin fırtınasına ve akut solunum sıkıntısı 

sendromuna (ARDS) yol açabilecek artan inflamatuar durumla ilişkilidir. Çalışmalar, 

solunum yolu viral enfeksiyonlarının redoks dengesizliğine ve oksidatif strese neden 

olabileceğini önermektedir; ancak bu fenomenlerin COVID-19'un patogenezindeki rolü 

bilinmemektedir. Çalışmalar, partiküler madde (PM) de dahil olmak üzere artan hava 

kirletici seviyeleri ile COVID-19 morbidite ve mortalitesi arasında bir ilişki olduğunu 

bildirmiş olsa da altta yatan mekanizmalar net değildir. Çalışmamın amaçları şunlardır; 

(i) İnsan bronş epitel organoidlerinde (hBEO'lar), şiddetli akut solunum sendromu 

koronavirüs 2 (SARS-CoV-2) ve PM ≤ 2,5 µm'nin (PM2,5) reaktif oksijen türlerinin 

(ROS) ve reaktif nitrojen türlerinin (RNS) üretimi ve aktivasyonu üzerindeki etkilerini 

araştırılması, hücre ölümü mekanizmalarında yer alan yolakların aktivasyonunun ve 

inflamatuar sitokinlerin salınımının incelenmesi ve (ii) ROS/RNS belirteçlerinin ve 

inflamasyonun COVID-19 hastalarının plazmasında doğrulanması. Bulgularım, PM2.5'in 

hBEO'larda SARS-CoV-2 viral yükünü arttırdığını göstermiştir; bu durum, ROS (N-asetil 

sistein, NAC) ve RNS (NG-Monometil-L-arginin asetat tuzu, L-NMMMA) inhibitörleri 

tarafından tersine çevrilmiştir. Ayrıca PM2.5, hBEO'larda oksidatif/nitrosatif stresi 

indükleyerek Nükleer Faktör E2 ile İlgili Faktör 2/ Kelch benzeri ECH ile ilişkili protein 

1 (NFE2L2/KEAP1) yolunun aktivasyonuna yol açarak antioksidan genler NAD(P)H 

dehidrojenaz 1’i (NQO1) ve heme oksijenaz 1’i (HMOX1), bununla birlikte, pro-oksidan 

nitrik oksit sentaz 3 ‘ü (NOS3) uyarmıştır. ROS/RNS inhibitörleri oksidatif/nitrosatif 

stresin baskılanmasında etkili olmuştur. Son olarak PM2.5 ve SARS-CoV-2 ferroptoz ve 

apoptoz olmak üzere, hücre ölüm mekanizmalarını aktive etmiştir. COVID-19 

hastalarından elde edilen plazmanın analizi, özellikle şiddetli olanlarda ROS/RNS ve 

inflamatuar sitokinlerin (IL-6, IL-8) üretiminin arttığını göstermiştir. Çalışma bulgularım 

SARS-CoV-2'nin oksidatif/nitrosatif stres içeren mekanizmalar yoluyla hücresel 
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inflamasyona ve ölüme yol açabileceğini ve bunun PM2.5 tarafından indüklenebileceğini 

göstermektedir. Ayrıca 8-izoprostan (ROS göstergesi) ve nitrit (RNS göstergesi), 

COVID-19 tanısında yeni plazma biyobelirteçleri olarak kullanılabilir. 
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CHAPTER 1 

INTRODUCTION 

1.1 COVID-19 

1.1.1 Epidemiology  

In late December 2019, the newly identified coronavirus, 'Severe Acute 

Respiratory Syndrome Coronavirus 2', SARS-CoV-2, was first detected in Wuhan, a city 

in Hubei province of China. Soon after the announcement, it spread worldwide and 

became a global health problem in early 2020 (Sigrist et al., 2020). As of March 6, 2020, 

there were thousands of cases in Europe including more than a hundred deaths (Lescure 

et al., 2020). The first case was identified in Turkey on March 11, 2020 (Güner et al., 

2021).  World Health Organization (WHO) declared it officially as a global pandemic on 

the same day. Systemic infection caused by the virus is called COVID-19 (Coronavirus 

disease 19) (Sigrist et al., 2020). Viral genome sequencing analysis showed 96.2% overall 

genome sequence identity of SARS-CoV-2 with Bat CoV RaTG13 genome suggesting 

that bat CoV and human SARS-CoV-2 share the same ancestor (Guo et al., 2020). The 

disease is characterized by acute respiratory symptoms, similar to those seen in the severe 

acute respiratory syndrome coronavirus (SARS–CoV) in 2002, and Middle East 

respiratory syndrome coronavirus (MERS–CoV) in 2012 outbreaks and features human-

to-human transmission (Chowdhury & Oommen, 2020). The number of cases globally 

reached 775,522,404, and the number of deaths reached 7,050,201 as of May 26, 2024 

(WHO COVID-19 dashboard) 

1.1.2 Risk factors  

Although the disease can affect any age group, it has been reported that especially 

individuals over the age of 60 are more susceptible to infection. In addition to having a 

higher mortality rate, elderly patients commonly have more severe symptoms, and need 

hospitalization, intensive care, and mechanical ventilation more frequently, Age-related 

alterations in the human body can affect COVID-19 pathogenesis in multiple ways such 

as greater cellular senescence and oxidative stress, mitochondrial dysfunction, and 

epigenetic dysregulations. Even though the infection ratios are similar between men and 

women, sex-disaggregated estimates of the fatality ratio mostly reveal higher death rates 
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among males in every age group (Zsichla & Müller, 2023). Comorbidities such as 

diabetes, cardiovascular diseases, chronic lung diseases like chronic obstructive 

pulmonary disease (COPD), hypertension, and cancer are associated with an augmented 

risk of poor clinical outcomes in SARS-CoV-2-infection (Guo et al., 2020). Coinfection 

which means infection of a host by two or more pathogens simultaneously or 

superinfection which is having a second infection after the first one can exacerbate the 

SARS-CoV-2 infection too. Moreover, lifestyle factors associated with increased risk of 

disease severity are listed as smoking, obesity, and a longer waiting time for hospital 

admission (Wolff et al., 2021). 

1.2.3 Clinical features  

The SARS-CoV-2 incubation duration is around 4-5 days before symptom onset 

(Grant et al., 2020). Due to the long latency period, greater infectivity, and asymptomatic 

carriers, this virus affected more individuals than other coronavirus epidemics.  Human-

to-human transmission of the virus is chiefly through direct contact or droplets spread by 

sneezing or coughing from an infected individual (Rahman et al., 2020). Real-time PCR 

method using SARS-CoV-2 RNA obtained from a nasopharyngeal swab of the patients 

is used as standard diagnostic test (Cascella et al., 2023). 

 COVID-19 which can affect all systems in the body, primarily targets the 

respiratory system and lungs (Sigrist et al., 2020). Approximately, in 80% of infected 

patients, COVID-19 is primarily limited to the upper and conducting airways with mild 

symptoms and a good prognosis after the infection due to the recruitment of immune cells. 

Their most common clinical symptoms are fever, fatigue, and dry cough (He et al., 2020). 

Nonetheless, the illness advances to the lung gas exchange units in around 20% of 

patients, where it causes hypoxia and ground-glass opacification. Viral destruction of 

alveolar cells causes surfactant deficiency so alveolar collapse, together with immune 

overactivation called a cytokine storm or hyperinflammatory syndrome, subsequently 

leads to pneumonia and acute respiratory distress syndrome (ARDS) in severe cases with 

worse outcomes and increased risk of intensive care unit (ICU) admission, especially in 

high-risk groups.  (Alipoor et al., 2020; Lin et al., 2020). ARDS, a common cause of 

respiratory failure, is a chief complication in patients with severe symptoms and can 

manifest soon after the onset of dyspnea which may lead to multiorgan failure and death 

(Krynytska et al., 2021). 
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The National Institutes of Health (NIH) categorizes COVID-19 patients into 5, 

asymptomatics who have a positive test for SARS-CoV-2 without any symptoms; mild 

ones who have symptoms such as headache, sore throat, cough, fever,  diarrhea, vomiting, 

muscle pain, loss of taste and smell without dyspnea, shortness of breath, or abnormal 

chest imaging; moderate ones who have lower respiratory disease assessed during clinical 

valuation or imaging and have an oxygen saturation (SpO2) ≥94% on room air at sea 

level; severe patients have a SpO2 <94% on room air at sea level, a ratio of arterial partial 

pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) <300 mm Hg, a 

respiratory rate >30 breaths/min, or lung infiltrates >50%; critical ones who have septic 

shock, respiratory failure, or multiple organ dysfunction (NIH, COVID-19 Treatment 

Guidelines 2024).  

 
1.1.4 Pathogenesis  

Cellular entrance mechanisms of SARS-CoV-2 

Coronaviruses (CoVs) are large enveloped single-stranded, positive-sense RNA 

viruses that belong to the Beta-coronaviruses that span approximately 30 kb (Reshmi & 

Abi, 2020). Due to mutations and recombination, they expanded their host ranges across 

the species barriers (Nova, 2021). The virus membrane contains structural components: 

the spike (S) protein facilitates the viral entry, envelope (E), and membrane (M) proteins 

together determine the shape of the virus, stabilize the nucleocapsid and nucleocapsid (N) 

protein bound to RNA to form nucleocapsid. There is also hemagglutinin esterase protein, 

which is involved in the different invading mechanisms and enhances binding by allowing 

interactions with sialic acid residues on host cell surfaces (V’kovski et al., 2021). It is 

known that coronavirus entry into the host cell depends on glycoproteins, which form 

spikes on their surface. These proteins contain a large ectodomain, a single-pass 

transmembrane anchor, and a short C-terminal intracellular tail. The ectodomain includes 

two different units: receptor-binding unit S1, which has a receptor-binding domain (RBD) 

to interact with specific cell surface receptors, and a membrane-fusion unit S2, which 

initiates the endocytosis of virion, fuses the host membrane and viral membrane so that 

the viral genome can get into the host cell (Chen et al., 2020). 

The initial stage of viral infection is receptor recognition. Based on the previous 

findings, angiotensin-converting enzyme 2 (ACE2) is the receptor of SARS-CoV in 

humans (Qiu et al., 2020). RBD of SARS-CoV-2 also has a strong affinity to human 

ACE2 molecules, indicating that this protein exhibit a vital role in viral entry, making the 
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cells expressing this receptor more susceptible to the infection (Xu et al., 2020). ACE2 

protein is an exopeptidase that catalyzes the conversion of angiotensin (Ang) I to Ang1-

9 or the conversion of AngII to Ang1-7 (Chen et al., 2020).  

After the recognition, the second major factor that affects pathogenicity is the 

priming of S glycoprotein by the host proteases at S1/S2 and S2 cleavage sites. It is known 

that single-strand RNA viruses like coronaviruses tend to have several receptors (Zhang 

et al., 2019). SARS-CoV-2 can utilize transmembrane serine protease 2 (TMPRSS2) and 

cysteine proteases Cathepsin B and L for the S priming like SARS-CoV (Hoffmann et al., 

2020). A novel feature that distinct SARS-CoV-2 from SARS-CoV identified by Walls 

et al. is a Furin cleavage site at the S1/S2 boundary that cleaved during S biosynthesis. It 

is hypothesized that these excessive amounts of Furin-like protease expressions affect the 

SARS-CoV-2’s cell and tissue tropism while increasing the transmissibility and 

pathogenicity. As seen in SARS-CoV, SARS-CoV-2 also uses conformational masking 

and glycan shielding to protect themselves from the host immune system (Walls et al., 

2020).  

 
Inflammatory response to SARS-CoV-2 

Upon viral entry and replication, virus-derived pattern-associated molecular 

patterns (PAMPs) such as nucleic acids and the virion proteins are recognized by pattern 

recognition receptors (PRRs) on the cell surface or in the cytoplasm of the host, leading 

to the activation of innate responses (Yamada & Takaoka, 2023). These PRRs can be 

endosomal Toll-like receptors (TLR) 3-7 or transmembrane Retinoic acid-inducible gene 

(RIG)-like receptors (RLR) such as RIG-1 and (melanoma differentiation-associated 

protein 5 (MDA5). Usually, TLR activation leads to translocation of nuclear factor-κB 

(NF-KB) and interferon regulatory factor 3 (IRF3) to the nucleus while RLR stimulates 

IRF-3 and induces type 1 IFN (T1IFN) and other proinflammatory cytokines production 

such as Interleukin (IL)-1, IL-6, IL-8(CXCL8), granulocyte-macrophage colony-

stimulating factor (GM-CSF), tumor necrosis factor (TNF)-α through the NF-KB 

pathway (Harrison et al., 2020). After getting into the cell, the virus replicates itself, 

disrupting lysosomes, damaging mitochondria, and unbalancing ion concentration so that 

the host cell undergoes pyroptosis with inflammasome response production and releases 

damage-associated molecular patterns (DAMPS), including ATP and nucleic acids, 

which are recognized by neighboring cells such as epithelial and endothelial cells, and 

alveolar macrophages (Wieczfinska et al., 2022). This may induce the release of pro-
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inflammatory cytokines and chemokines such as IL-6, interferon γ-induced protein, 

macrophage inflammatory protein (MIP) 1α,  MIP1β, and monocyte chemoattractant 

protein 1, which attract inflammatory cells monocytes, macrophages, neutrophils, T cells 

to the site of infection leading to further inflammation and may cause severe lung damage 

in defective immune system due to over secretion of cytokines from accumulated immune 

cells (Gonzalez-Garcia et al., 2023). These cytokines may travel to other organs and cause 

multi-organ problems. Moreover, non-neutralizing antibodies produced by B cells may 

exacerbate the inflammation by antibody-dependent enhancement (ADE). 

Overall, innate and adaptive immunity is activated. Approximately after a week, 

T cells have an important role in viral clearance due to CD4+T cell-derived cytokines and 

CD8+ T cell-mediated cytotoxicity together with B cell activation so that antibody 

production (Silva et al., 2022). However, lymphocytes become depleted, called 

lymphopenia, because of the high secretion of pro-inflammatory cytokines by immune 

cells recruited to the infected area from blood, causing hyperinflammation that leads to 

cytokine storm (Hu et al., 2021). The virus uses the host's RNA-dependent RNA 

polymerase to produce more single-stranded RNA molecules and the host ribosome to 

translate viral proteins. These substances use host Golgi to get packed, leave the host by 

exocytosis, and spread to the other cells (Harrison et al., 2020). Cell death due to 

inflammation may exacerbate the systemic cytokine storm and excessive infiltration of 

immune cells. If the cytokine storm circulates to the other organs, it can cause multiple 

organ failure and ARDS. ARDS is characterized by breath difficulty and deficient blood 

oxygen levels in COVID-19 patients. Inflammatory cell infiltration is one of the reasons 

for the overproduction of proteases and reactive oxygen species that damage the lungs, 

and the virus itself causes alveolar damage and limits gas exchange efficiency. Due to 

these reasons, some of these patients get infected with other fungi or bacteria. Cytokine 

storm and sepsis, together with respiratory failure, cause death in severe cases (Tay et al., 

2020). 

Oxidative and nitrosative stress in COVID-19 

Oxidative/Nitrosative stress is characterized by an imbalance between the 

production and accumulation of reactive oxygen/nitrogen species (ROS/RNS) in cells and 

tissues, as well as a biological system's ability to reduce these reactive species (Mozos & 

Luca, 2017). ROS (O2•−, H2O2, •OH, RO2•, RO•, and O3) and RNS (•NO, •NO2, N2O3 

and •ONOO−) are formed from many sources in several compartments (mitochondria, 
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peroxisome, endoplasmic reticulum etc.) within the cell, either normally or as a 

consequence of exposure to toxic or pathologic insults (Finkel, 2012; Ma, 2010). In 

normal physiological conditions, approximately 1-3% of inhaled oxygen is converted to 

ROS, which has multiple essential roles in the body, such as ATP production and cell 

signaling (Ebrahimi et al., 2021). Mitochondria are the major site of ROS production due 

to aerobic respiration under physiological and pathophysiological conditions. In COVID-

19, PRRs and interferon type 1 response increase ROS production due to xanthine 

oxidase, nitric oxide synthase, or mitochondrial respiratory reactions. RNS formation 

initiates with nitric oxide (•NO) synthesis by NO synthase in cells. NO reacts with 

superoxide (O2•−) to form a stronger oxidant peroxynitrite anion (ONOO−). ONOO− 

reacts with other molecules to generate different RNS such as •NO2, NO3, and N2O3 

(Lewandowski & Gwozdzinski, 2017). Viral nucleic acids and proteins elevate the 

inducible nitric oxide synthase (iNOS) expression and activity. Pulmonary ROS and RNS 

derive from exogenous and endogenous sources. Exogenous ones include air pollutants 

such as nitrogen dioxide (NO2), ozone (O3), carbon monoxide (CO) and sulfur dioxide 

(SO2), volatile organic compounds (VOCs), diesel exhaust emissions, industrial chimney 

fumes, etc. (Białas et al., 2016; Chen et al., 2007). Endogenous ROS/RNS can be 

produced via mitochondrial dysfunction, endoplasmic reticulum stress, infections, and 

inflammatory processes in local pulmonary cells, as well as inflammatory cells (Bitko & 

Barik, 2001; Di Meo et al., 2016; Fubini & Hubbard, 2003; Khomich et al., 2018).  

It is known that viral replication and increased viral protein deposits stimulate the 

overproduction of ROS and RNS, which over-consume the antioxidants of host organisms 

while increasing the activation of redox-sensitive transcription factors such as NF-κB, 

activator protein-1and hypoxia-induced factor that play an essential role in lung 

inflammation (Delgado-Roche & Mesta, 2020; Madamanchi & Runge, 2013; Van Eeden 

& Sin, 2013).  However, the role of ROS / RNS action in COVID-19 pathogenesis and 

the underlying mechanism are not fully clear.  

The generation of ROS/RNS by cytokines in COVID-19 causes increased 

mitochondrial membrane permeabilization. The release of mitochondrial DNA into the 

cytosol may act as DAMP, which also activates hallmark cytokines of COVID-19 like 

IL-6 and IL-1β and ultimately causes cell death mechanisms activation such as apoptosis. 

Apoptosis is based on activating a caspase cascade characterized by nuclear 

fragmentation, cell shrinkage, and chromatin condensation (Elmore, 2007). It is divided 

into two intrinsic and extrinsic pathways. Intrinsic one starts with the permeabilization of 
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mitochondria, cytochrome c release to the cytosol, which is induced by pro-apoptotic 

proteins such as BAK1, BAX, BIM, BBC3, BID leading to apoptosome formation and 

caspase-3 activation. On the other hand, anti-apoptotic proteins such as BCL-2, BCL-2-

A1, BCL-W, BCL-XL, and MCL1 inhibit cytochrome c release to the cytoplasm. 

Apoptosome formed by ATP-dependent cytochrome c binding to APAF1, pro-caspase 9 

binds to it, cleaved, and activated. Further, it activates caspase 3/6/7, leading to cell death 

(Carneiro & El-Deiry, 2020). The extrinsic pathway is triggered by ligand binding and 

conformational changes in cell surface death receptors such as Fas and TNF, followed by 

adaptor protein and initiator caspase binding such as caspase 8/10 inducing effector 

caspase activation (3/6/7) and cell death(Jan, 2019). The extrinsic pathway is significant 

for an immune response, while the intrinsic pathway can be induced by ER stress and 

DNA damage when the cell cannot repair anymore repair (Elmore, 2007). Excessive 

ROS/RNS accumulation in cytosol and mitochondria due to COVID-19 infection induces 

proapoptotic proteins and predominantly activates intrinsic pathways. Moreover, SARS-

CoV-2 infection downregulates the NFE2L2 pathway, which has an antiapoptotic effect 

on cells (Gain & Kelesidis, 2023). Furthermore, caspase 1 is an inflammatory mediator 

that has a role in the maturation of pro-IL-1b , which is activated by inflammasome 

assembly and is seen in COVID-19. Inflammasome-activated cells secrete inflammatory 

cytokines and undergo an inflammatory form of cell death called pyroptosis (Rodrigues 

et al., 2023). Caspase 1 (CASP1) activation is mainly observed in macrophages, dendritic 

cells, and epithelial cells. Studies demonstrated that activated caspase-1 can induce 

effector caspases and intrinsic apoptosis, acting as a pro-apoptotic mediator (Molla et al., 

2020). Furthermore, dysfunctional mitochondria can cause iron accumulation, which also 

leads to ROS generation through Fenton and Haber-Weiss reactions so that lipid 

peroxidation, induces ferroptosis, which is a newly identified programmed cell death 

(Cao & Dixon, 2016; Saleh et al., 2020). ROS accumulation during iron-mediated Fenton 

reactions causes phospholipid peroxidation of the plasma membrane. In the Fenton 

reactions, Fe+2 is oxidized by hydrogen peroxide to Fe+3, causing the formation of a 

hydroxyl radical and a hydroxide ion. Then, oxidized iron is reduced again by another 

hydrogen peroxide molecule, forming a hydroperoxyl radical and a proton. Created 

oxygen radicals are leading lipid peroxidation. It is induced by the inactivation of cellular 

glutathione (GSH)-dependent antioxidants such as GPX4, causing accumulation of toxic 

lipids, ROS, further causing cell death (J. Li et al., 2020). Two lipid metabolism-

associated genes (lysophosphatidylcholine acyltransferase 3 (LPCAT3) and acyl-CoA 
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synthetase long-chain family member 4 (ACSL4)) have been identified to stimulate 

ferroptosis (Xie et al., 2016). 

Moreover, it is known that ACE2 regulates the mitochondrial function. ACE2 

knockout mice showed defective mitochondrial respiration and reduced ATP production. 

On the other hand, overexpression of ACE2 is also related to mitochondrial dysfunction 

by regulating NOX4, a ROS-producing enzyme in mitochondria (Singh et al.). Moreover, 

ACE2 converts AngII, a stimulant for NADPH oxidase, to Ang1-7, a strong antioxidant. 

So, the virus binding to ACE2 occupies the receptor and downregulates its expression, 

enhancing ROS so that oxidative stress (Wieczfinska et al., 2022). 

Intricate pulmonary antioxidant systems counterbalance ROS and RNS to 

maintain the redox homeostasis inside of the cell. (Kutuk et al., 2017; Oztay et al., 2019; 

Redza-Dutordoir & Averill-Bates, 2016). Antioxidant enzymes include superoxide 

dismutases (SODs), catalases (CAT), peroxiredoxins, glutathione peroxidases (GPXs), 

and glutathione reductase. Non-catalytic antioxidant proteins (metallothioneins, 

glutaredoxin, peroxiredoxin, and thioredoxin) or non-enzymatic antioxidants (mucin, 

urate, GSH, ascorbate, ceruloplasmin, bilirubin, vitamin E and beta-carotene) that can be 

present in pulmonary cells and epithelial lining fluids are also crucial in antioxidant 

defense. (Engedal et al., 2018; Wang et al., 2019). 

The major transcription factor regulating the antioxidant defense system is nuclear 

factor E2-related factor 2 (NFE2L2/Nrf2). It controls the Kelch-like ECH- ECH-

associated protein 1 (Keap1)-Nrf2-antioxidant response elements (ARE) pathway. In the 

lack of oxidative stress, NFE2L2 is bound to Keap1 in the cytosol; on the other hand, 

increased ROS causes a conformational change in Keap1, leading to the translocation of 

NFE2L2 to the nucleus. Activated NFE2L2 binds to ARE sites and upregulates 

antioxidant genes such as heme-oxygenase (HO)-1, NADPH quinine oxidoreductase 

(NQO) 1, SODs, CATs, and GPXs. Some studies have demonstrated that respiratory 

viruses inhibit NFE2L2, disrupting the antioxidant balance (Gain & Kelesidis, 2023). 

Nrf2 plays a significant role in SARS-CoV-2 replication inhibition. SARS-CoV-2 

decreases antioxidants such as HO-1 and NQO-1 in lung cell (Olagnier et al., 2020). 

Moreover, cytoglobin (CYGB) is a member of the protein globin family that aids the 

diffusion of oxygen across tissues and acts as a scavenger for NO or other ROS, especially 

in hypoxic conditions, which is observed during severe COVID-19 infection (Mathai et 

al., 2023). Neutralizing the oxidative/nitrosative stress is one of the crucial strategies in 

treatment protocols that should have been considered (Alam et al., 2023).  
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1.2 Impact of air pollution on COVID-19 

1.2.1 Air pollutants and health impacts 

Air pollution is one of the world's most important health and environmental 

problems, consisting of particulate matter (PM) released into the atmosphere and harmful 

gases such as O3, nitrogen oxides, sulfur oxides, carbon monoxide (CO), ammonia (NH3) 

(Comunian et al., 2020). Deteriorating air quality directly affects human health, not only 

increasing disease risks but also changing the ecosystem and causing long-term damage 

to humans (Orru et al., 2017). According to Global Burden of Disease (GBD) data, 9% 

of deaths worldwide are caused by air pollution, which corresponds to the death of 

approximately 5 million people yearly (Stanaway et al., 2018). Factors such as O3, indoor 

and outdoor PM, which are the underlying cause of these deaths, are increasing risk 

factors for diseases such as heart diseases, lower respiratory tract infections, COPD, 

asthma, lung cancer and diabetes (Ritchie, 2024). 

PM is a heterogeneous mixture of liquid and solid elements with different 

diameters and chemical compositions suspended in the air. This mixture includes 

elemental and organic carbon, organic and biological compounds, nitrates, sulfates, and 

metals (Rai, 2016).Unlike larger particles, PM2.5 (diameter ≤2.5 µm) can reach the alveoli 

and enter the bloodstream due to the small size (Pu et al., 2022). It has been shown that 

PM may cause pulmonary inflammation due to an escalation in oxidative stress and 

damage the defense system against infections (Donaldson et al., 2001). Outdoor air 

pollution caused by meteorological factors, industrialization level, and regional 

topography may play a role in viral carriage and the severity of infection. Chronic 

exposure to pollutants can make people more susceptible to COVID-19 (Copat et al., 

2020). 

 
1.2.2 Epidemiologic studies related to air pollution and COVID-19 

Determining the transmission routes of SARS-CoV-2 is very important in 

preventing the disease. The common ways of transmission are (i) Person-to-person, by 

coughing, sneezing, and inhaling droplets (>5-10 um in diameter) from approximately 

1.8 meters; (ii) by direct contact with the mucous membranes of the mouth, nose, and 

eyes. Airborne transmission is defined as the shedding of a viral agent that is still 

infectious while remaining suspended in the air by aerosols (droplets < 5 μm in diameter) 

over longer distances and durations (Lauxmann et al., 2020). Setti et al. isolated SARS-
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CoV-2 RNA from PMs in Bergamo, an industrial region of northern Italy. They 

demonstrated for the first time that PM could act as a vector in SARS-CoV-2 transmission 

(Setti et al., 2020). In a more comprehensive study, Kayalar and colleagues detected the 

presence of SARS-CoV-2 in PM samples collected from 10 different provinces and 13 

different locations in Turkey. RNA of the virus was found in 9.8% of the collected PMs. 

In particular, the genetic material of SARS-CoV-2 was encountered in samples taken 

from hospital gardens and crowded places in cities where the infection is common 

(Kayalar et al., 2021). Surface retention of the virus on airborne dust and PM contributes 

to the long-range transport of the virus (Qu et al., 2020).  

Most reports relating air pollution to COVID-19 cases are published in countries 

severely affected by the pandemic, such as Italy, China, and the USA. For example, Zhu 

et al. (2020), in a study using data from 120 cities in China, stated a 1.76% and 6.94% 

increase in daily confirmed cases with 10 μg/m3 escalation in PM2.5, PM10, respectively 

(Zhu et al., 2020). Additionally, the same rise in PM2.5 and PM10 augmented the case 

fatality rate by 0.24% and 0.26%, respectively (Yao et al., 2020).  In the study conducted 

in Wuhan and XiaoGan, a correlation was shown between the incidence of COVID-19 

and PM2.5 concentration (H. Li et al., 2020). At the beginning of the pandemic, it was 

reported that the number of cases was concentrated in northern Italy, especially in the Po 

Valley cities of Lodi, Bergamo, and Cremona, among Italy's five most polluted cities due 

to industrialization. Furthermore, the highest death ratio was detected in Lombardy and 

Emilia Romagna, Italian provinces where air pollution is intense (Conticini et al., 2020). 

Research conducted in the USA presented that an increase of just 1 μg/m3 in PM2.5 was 

associated with an 8% augmentation in deaths due to COVID-19 (Wu et al., 2020). 

Pansini and Fornaca established a direct correlation between high SARS-CoV-2 infection 

rates and high PM2.5 values in eight severely affected countries (China, USA, Germany, 

Italy, France,  Iran,  Spain, and the UK) (Pansini & Fornacca, 2021). Similar results were 

obtained in England, and the highest incidence and fatality ratios were recorded around 

London and the Midlands, the regions with the highest air pollution (Travaglio et al., 

2021). Finally, a study combining data from 355 municipalities in the Netherlands 

revealed that PM2.5 was an essential indicator of cases and hospitalization (Andrée, 2020). 

In a recent study conducted in Turkey by Aykaç and Etiler, they found a moderate 

correlation between the COVID-19 death rate per 100,000 individual in Istanbul and 

PM10 (Aykaç & Etiler, 2022). 
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1.2.3 Mechanisms involved the interaction between air pollution and COVID-19 

PM2.5 may facilitate the establishment of viral infections by affecting the airways 

and activating the renin-angiotensin system (RAS). This system proceeds on two 

opposing paths; the first one consists of ACE/ Ang II/AT1 receptor (R), which causes the 

release of pro-inflammatory cytokines interleukin (IL)-6 and TNF-α. The second pathway 

is ACE-2/Ang1-7/Mas, which has an anti-inflammatory effect. ACE2 splits Ang II into 

Ang1-7. The spike protein of SARS-CoV-2 enters the target cell by binding through the 

ACE-2 receptor on the host (Frontera et al., 2020). In rodent models, exposure to PM2.5 

increased ACE-2 expression in the lungs on days two and five (Lin et al., 2018). Another 

mouse model study showed that PM exposure increased ACE2 and TMPRSS2 protein 

expression, especially in alveolar macrophages and type 2 alveolar cells, by 

immunohistochemistry analysis (Sagawa et al., 2021). In mouse studies in which the 

ACE2 gene was blocked, it was shown that lung damage was more significant in these 

mice exposed to PM2.5, suggesting that ACE2 has a protective effect in preventing 

inflammation. It has been determined that chronic exposure to PM2.5 in places such as 

Northern Italy and China's Hubei province causes an increase in ACE2 expression, which 

facilitates the entry of the virus into the cell. It is thought that the virus binds to ACE2 

and reduces its level by using ACE2 while entering the cell, thus eliminating the 

protective effect of ACE2 on the cell from inflammation, causing more severe lung 

damage. It is also suggested that high levels in the same environment can lead to more 

severe disease by further increasing inflammation in the cell (Frontera et al., 2020). 

Studies on different continents have shown the association between COVID-19 cases and 

poor air quality. It is thought that short-term exposure to pollutants triggers a pro-

inflammatory response, while long-term exposure may cause immune dysregulation, 

leading to distinctive diseases. It has been shown that the phagocytic activity of alveolar 

macrophages decreases due to PM exposure. In addition, PM has been found to have a 

negative effect on the promoter activity and subsequent transcription of interferon (IFN)-

β, a crucial antiviral cytokine (B. Wang et al., 2020). Mouse experiments have shown that 

PM can cause alveolar collapse by changing the structure of the surfactant on the alveolar 

epithelial surface (F. Wang et al., 2020). Surfactant deficiency causes ARDS. Therefore, 

people residing in locations with advanced PM concentrations have an augmented risk of 

severe COVID-19 with ARDS (B. Wang et al., 2020). However, the relationship and 

underlying mechanisms between air pollution and COVID-19 are not fully understood. 
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The airway epithelium is the first line of defense against inhaled irritants, 

including pathogenic agents. Pollutants have been demonstrated to impair the epithelial 

barrier integrity by reducing occludin in plasma membranes and dissociating ZO-1, which 

might allow larger quantities of SARS-CoV-2 to enter the host cell. A dysfunctional 

barrier raises the probability of COVID-19 morbidity. Studies on air pollution found that 

O3 and NO2 enhanced the permeability of human primary bronchial epithelial cell cultures 

and that cells from asthmatic patients were more vulnerable to this process. One of the 

major causes of an ineffective immune system is disrupted mucociliary clearance (Fiorito 

et al., 2022). Bayram et al. previously established that DEP could reduce ciliary beat 

frequency (CBF) and stimulate the release of inflammatory mediators, as well as 

modulate cell cycle progression and apoptosis in human airway epithelial cells in various 

investigations (Bayram et al., 1998; Bayram et al., 2013; Bayram et al., 2006). Recent 

animal models and in vitro investigations have shown that SARS-CoV-2 infection 

shortens and deteriorates ciliary structure, resulting in alterations in ciliary function and 

reduced muco-ciliary clearance in airways (Robinot et al., 2021). 

Another focus is on microbiome diversity and how it is affected in SARS-CoV-2-

infected people. The respiratory tract microbiota is an vital aspect of immune 

development from birth, and environmental influences such as pollution have been shown 

to change the diversity of these organisms (Fiorito et al., 2022). RNA sequencing studies 

conducted in the United States with COVID-19 patients and a control group revealed 

differences in the diversity and abundance of some bacterial species in the upper 

respiratory tract microbiome, indicating that  bacterial and viral interactions can impact 

viral load, host immunity, and acute severity (Rosas-Salazar et al., 2021).  

 

1.3 Bronchial epithelium 

1.3.1 Bronchial epithelial cell types 

The respiratory system is divided into two as respiratory and conducting zones. 

The respiratory zone, which contains the alveolar duct to alveoli where the gas exchange 

occurs, is connected to the conducting zone through the nasal cavity, trachea, bronchi, 

and bronchioles (Kia'i & Bajaj, 2019). The bronchial tree is a complicated structure made 

up of 23 divided generations. No gas exchange exists between the trachea and the terminal 

bronchioles (generations 15–16). Terminal bronchioles are divided into respiratory 

bronchioles (generation 17-19), further into the alveolar duct and sacs. The conducting 
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component is crucial for heating, humidifying, and purifying the air that is inhaled (Patwa 

& Shah, 2015). The airway epithelium is a continuous layer that starts from nasal passage 

through the trachea and reaches alveolar sacs (Simukoko, 2021). From the nasal cavity to 

the bronchi, the respiratory epithelium covering the upper respiratory tract is categorized 

as ciliated pseudostratified columnar epithelium. To maintain appropriate airway 

function, bronchial epithelial cells, which line the airway lumen, are among the initial 

sites of contact for environmental stimuli (allergens, pathogens and gasses). Based on 

biochemical, functional, and ultrastructural standards, bronchial epithelial cells can be 

divided into four distinct categories: basal, club, ciliated and goblet cells (Denney & Ho, 

2018). 

Basal cells 

Basal cells are multipotent stem cells, cuboidal in shape, residing near basal 

lamina anchored by integrins in the pseudostratified epithelium. They are significant for 

lung homeostasis since they provide self-renewal and regenerate all the luminal cell types. 

The proliferation and differentiation of specific epithelial stem/progenitor cells along the 

bronchial tree renew lung epithelium. The integrity of the epithelium is very significant 

for proper lung function. However, environmental inhaled pathogens continuously injure 

it, so basal cells are crucial for a steady state's repair and regular turnover.  They are a 

subset of undifferentiated cells that undergo asymmetric cell division for lung 

morphogenesis or regeneration (Alysandratos et al., 2021). It is a continuous layer in 

larger airways while becoming clusters or individual cells in distal bronchioles. At steady-

state, they are identified by cytokeratin (CK) 5 (it dimerizes with CK14 to form 

intermediate filaments) and TP (Tumor protein) 63 (member of the p53 family of 

transcription factors) markers (Davis & Wypych, 2021). Besides their structural and 

progenitor roles, basal epithelial cells also generate different bioactive substances such as 

cytokines, and neutral endopeptidases (W. Gao et al., 2015).  

Club cells 

Club cells are dome-shaped cells that dominate the airway epithelium in the 

respiratory bronchioles (Davis & Wypych, 2021). They secrete bronchiolar surfactants 

and particular anti-proteases that control bronchiolar epithelial integrity and immunity. 

Moreover, these cells act as progenitors for both ciliated and goblet cells. SCGB1A1 

(Secretoglobin family 1A member 1; club cell secretory protein), SCGB3A1, and 
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SCGB3A2 (earliest marker to commitment to this cell type) are cell markers of them. 

Also, CK17-9 is enriched in club cells. (Wu et al., 2022).  

Goblet cells 

Goblet cells are large secretory cells, augmented in proximal airways, mostly 

lacking in terminal and respiratory bronchioles. They generate mucus, which is essential 

for moisturizing the epithelium and mucociliary clearance. Mucus contains mucin 

glycoproteins, water, and some other associated molecules having antimicrobial activity, 

such as peptides, IgA, lysozyme, and collectin (Cortez & Schultz‐Cherry, 2021). Mucin 

(MUC)5B and 5AC are goblet cell markers.  

Ciliated cells 

Ciliated epithelial cells are the predominant cell type making up more than half of 

the epithelial cells, in the airways. They are columnar epithelial cells, rich in 

mitochondria. Each ciliated cell contains approximately 200-300 cilia (Bustamante-

Marin & Ostrowski, 2017). The directional beating of these cilia is critical for clearing 

mucus from airways. Forkhead box protein J1 (FOXJ1) and acetylated alpha-tubulin are 

ciliated cell markers (Cortez & Schultz-Cherry, 2021). 

 

1.3.2 The function of bronchial epithelium   

Physical barrier function 

Respiratory epithelium is always exposed to the environment and has a critical 

role in coordinating early responses to pathogens, toxins, and allergens. Moreover, 

regulation of gas exchange for normal pulmonary function is essential. The integrity of 

respiratory epithelium, fluid balance, and transport of substances is controlled by an 

epithelial barrier (Godbole et al., 2022). Adherens junctions, tight junctions, desmosomes, 

and hemidesmosomes are part of the epithelial barrier and crucial for linking adjacent 

cells and controlling paracellular diffusion. The main transmembrane tight junction 

proteins are occludins, claudins, and junction adhesion molecule (JAM) proteins 

(Heinemann & Schuetz, 2019). Occludins, which are 60 kDa, have an essential role in 

sealing and creating the barrier function by interacting with one another in the membranes 

of adjacent cells. Zonula occludens-1 (ZO-1) protein binds them to actin microfilaments. 

Transmembrane proteins claudins (~20 kDa) forming the backbone of the junction 

facilitates cell-cell adhesion independent of Ca+2. The junction's selective permeability is 

determined by the kinds and quantity of claudins present in (Hartsock & Nelson, 2008). 
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Adherence junction proteins are located just below the tight junction, linking the plasma 

membrane of 2 neighboring cells with Cadherin proteins. They are Ca+2-dependent 

transmembrane proteins connected to the actin filaments through anchor proteins, 

classified as types 1 and 2. Epithelial (E)-cadherins are members of type 1 (Loh et al., 

2019). Desmosomes are cell-cell adhesion structures facilitated by E-cadherin which is 

important for mechanical support of the tissue. They link columnar and basal cells and 

are largely found along the lateral side of columnar epithelial cells, especially toward the 

basal surface. In the basement membrane, hemidesmosomes including integrins are 

required to link basal cells to the extracellular matrix (Kucukural et al., 2019; Yuksel & 

Turkeli, 2017) 

Mucociliary clearance 

Mucociliary clearance is essential for clearing the airways of inhaled toxicants, 

pollutants, and microorganisms. Against the numerous insults, mucus a liquid bilayer, 

that lines the internal surface of airways acts as a primary innate defense (Bustamante-

Marin & Ostrowski, 2017). It is secreted by goblet cells and submucosal glands, 

containing mucin glycoproteins, antimicrobial and anti-inflammatory peptides, enzymes, 

electrolytes, and water. The abundance and components of the mixture vary along the 

response to external stimuli so the viscoelasticity of mucus is a significant part of the 

clearance. Due to its viscosity, it traps the particles, with the help of synchronized ciliary 

beating frequency of ciliated cells and cough they are removed outside of the airways. 

(Whitsett, 2018). 

Biochemical properties 

Bronchial epithelium plays a significant role in immunity as a 1st line of defense 

against pathogens and a key regulator of lung inflammation. It serves as a biochemical 

barrier secreting enzymes, protease inhibitors, antimicrobial peptides, oxidants, various 

cytokines, and growth factors. It is also crucial for tissue remodeling (Hiemstra et al., 

2015). For instance, lysozyme, an enzyme effective against the peptidoglycan layer of 

gram-positive bacteria; lactoferrin, an iron chelator effective in degrading the outer 

membrane of gram-negative bacteria so that lysozyme can reach the peptidoglycan layer 

are secreted by epithelium as an antimicrobial protein. Secretory leukoprotease inhibitor, 

elastase inhibitor, antichymotrypsin and α1-antiprotease are examples of protease 

inhibitors essential for the requirement of immune cells. Human β defensins and 

cathelicidins are among the antimicrobial peptides against various bacteria and viruses 
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(Ganesan et al., 2013). Nitric oxide (NO) and hydrogen peroxide (H2O2) are major 

oxidants produced by airway epithelium. Viral infections along with the pro-

inflammatory cytokine secretion induce the expression of iNOS which is required for the 

inhibition of viral replication in cells. Moreover, H2O2, produced by dual oxidase 

(DUOX) 1 and 2 secreted to the extracellular milieu acts as a microbicidal (Polito & 

Proud, 1998). 

During the inflammation, the recruitment of inflammatory cells with cytokines is 

an essential step of the immune response. Cytokines produced by airway epithelium can 

be classified as colony-stimulating factors, pleiotropic cytokines, chemoattractant 

cytokines, and growth factors. Colony-stimulating factors are listed as Granulocyte-

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

(G-CSF), and macrophage colony-stimulating factor (M-CSF). GM-CSF is one of 

the major ones constitutively secreted by airway epithelial cells. It has a role in the 

maintenance of eosinophil survival and augmentation of the cytotoxic effect, mediator 

release, and phagocytic activity of immune cells such as eosinophils, neutrophils, and 

macrophages. IL-1b, IL-6 and IL-11 and TNF-α.  are the best-studied epithelial-derived 

pleiotropic cytokines. They can affect a variety of targets such as the inactivation of 

monocytes and B cells; and induction of acute-phase protein synthesis. For instance, IL-

6 can induce the cell adhesion molecules expression while IL1-b and TNF-α can stimulate 

eosinophilic and neutrophilic inflammation by activating different cell types that elevate 

the expression of cytokines, cell adhesion molecules including IL-8, RANTES, 

intercellular cell adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 

(VCAM-1) and E-selectin (Mills et al., 1999). Moreover, elevated IL-6 and IL-11 levels 

are associated with airway hyperresponsiveness that may lead to epithelium remodeling. 

IL-8 is an example of chemoattractant cytokines (chemokines) which is especially 

chemotactic for neutrophils and some subtypes of T cells, active eosinophils. Regulated 

on activation, normal T cell expressed and secreted (RANTES) is another chemoattractant 

for eosinophils that is mostly produced due to stimuli such as TNF-α secretion or 

respiratory viruses. Growth factors such as transforming growth factor β (TGF-β) 

synthesized by bronchial epithelial cells are essential for cell proliferation, migration, 

differentiation, epithelial repair mechanism, and signaling (Knight & Holgate, 2003). 
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1.3.3 In vitro cultures of bronchial epithelium 

Monolayer (2D) cell cultures 

To understand the basic biophysical and biomolecular principles by which cells 

aggregate into tissues and organs, how these tissues function, and how that function is 

disturbed in disease, cell culture has been used as a vital method extensively used in 

biomedical area, tissue engineering, regenerative medicine, and industry. 2-dimensional 

(2D) cultures have been used as an in-vitro model for over a century (Duval et al., 2017). 

Adherent 2D cell cultures require a glass or polystyrene petri dish or culture flask to attach 

so that proliferate as monolayers, such as epithelial cells. Due to the equal access of 

monolayer cells to the nutrients and growth factors in the media, the growth and 

proliferation of the cells are uniform which makes them simple and effective. 

(Kapałczyńska et al., 2018). 2D cell cultures can be divided into 2: primary cell cultures 

and cell line cultures. Primary cell cultures are cultures of cells that have been directly 

isolated from parental tissue of interest containing rinsing, dissection, mechanical or 

enzymatic digestion, and separation protocols with a limited life span, while cell lines are 

mostly immortalized through transformation or genetic alteration of primary cells and are 

typically used to increase cell population and extend life span. Primary cells reflect the 

characteristics of the tissue better however, have a higher risk of contamination so they 

should be handled more carefully (Richter et al., 2021). BEAS-2B epithelial cells, 

extracted from the normal human bronchial epithelium of non-cancerous individuals is 

an example of an immortalized cell line that is extensively used in bronchial epithelium 

research. In recent years, primary bronchial epithelial cells and BEAS-2B cell line have 

been very useful for COVID-19 studies due to the expression of SARS-CoV-2 entrance-

related receptors and proteases (Erickson et al., 2023; Stölting et al., 2022; Xu et al., 2024; 

Zhou et al., 2021; Zhu et al., 2022).  

3D cell cultures and bronchial epithelial organoids 

Conventional 2D cell culture models have significantly impacted both clinical and 

basic sciences in the lung research area. However, especially in the last few decades, it 

has not been adequate to answer all the research questions compared to in vivo and 

clinical observations and applications (Konar et al., 2016). The three-dimensional (3D) 

structure reflects the multilayered, complex tissue structure much better. It allows the 

formation and observation of cell-cell and cell-matrix interactions necessary to preserve 

the physiological properties of the system (Hynds & Giangreco, 2013). Organoids are 
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types of 3D cultures defined as multicellular systems with a proper self-organizing ability, 

self-renewal capacity, and differentiation into some other cell types. They can be derived 

from multipotent adult stem cells (ASC), which are also called organ progenitor/basal 

cells or pluripotent stem cells (PSC) (Peng et al., 2022). They offer greater tissue 

complexity and heterogeneity compared to 2D cultures (Joo et al., 2024). More 

specifically, an organoid must meet several criteria. Examples of these include a 3D 

structure including cells that form or preserve the identity of the modeled organ; the 

presence of more than one cell type, as in the organ itself; the created organoid is shown 

to exhibit some aspects of the specialized functions of the organ and to be able to self-

organize according to the same principles of internal organization as the organ itself 

(Lancaster & Huch, 2019). During the organoid formation process, some common factors 

are used to regulate self-renewal and differentiation of stem cells/basal/progenitor cells 

or to aid self-organization. Growth factors, a variety of activator or inhibitor small 

molecules, are used to operate various signaling pathways critical in self-renewal, cell 

survival, and proliferation often in a tissue-specific manner (Yin et al., 2016). The 

extracellular matrix (ECM) is also essential in creating 3D models to provide biochemical 

cues and structural sustenance, such as porosity and stiffness, which facilitate signaling 

for cell migration and polarization in organoid formations. Today, numerous organoids 

are cultured in Matrigel, a material derived from the secretion of Engelbreth-Holm-

Swarm mouse sarcoma cells and enriched in ECM proteins (Kozlowski et al., 2021). It is 

a common and significant element of the system that provides a scaffold and additional 

reinforcement of signaling cues through basement membrane ligands to assist cell 

attachment and survival as well as organoid establishment (Xu et al., 2001). 

Latest advances in isolating lung epithelial progenitor and stromal cells and 

detecting stem cell niche factors vital for lung development have enabled the formation 

of an in vitro 3D culture system (Choi et al., 2016). Human airway organoids, a 3D 

miniaturized form of the lung that mimics the epithelial organization of their respective 

anatomical districts, have been successfully generated from nasal (Guimbellot et al., 

2017; Liu et al., 2020), bronchial(Sachs et al., 2019), and alveolar (Barkauskas et al., 

2017; Katsura et al., 2020) tissues using adult or pluripotent stem cells as starting 

substances (Choi et al., 2016; Dye et al., 2015; Karekla et al., 2017). These systems, also 

called airway organoids or pulmonary organoids, have been reported to represent better 

the in vivo epithelial structure (Fatehullah et al., 2016; Hynds & Giangreco, 2013; 

Nadkarni et al., 2016). Organoids formed by ASCs/basal/progenitor cells have been 
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established to represent different lung regions. Mostly, ASCs were dissociated from lung 

tissue biopsies. Sorting was done to obtain the desired cell type (Joo et al., 2024). 

Furthermore, complex in vitro models have been established containing cells of different 

compartments of the lung, such as immortalized airway basal cells and human bronchial 

cells together with endothelial cells or fibroblasts to obtain embryonic-like branching 

structures (Nadkarni et al., 2016).  

Today, lung organoids are used to study chronic lung diseases such as COPD and 

asthma, as well as lung cancer and cystic fibrosis, and also to evaluate infections such as 

respiratory syncytial virus (RSV), influenza and, more recently, SARS-CoV-2 (Chan et 

al., 2022). In addition to disease modeling and the study of intercellular interactions, 

organoids are also of great importance in the fields of drug discovery, toxicology, and 

regenerative medicine (Demchenko et al., 2022). In 2019, the COVID-19 pandemic urged 

a rapid escalation in the need for in vitro respiratory models to study viral infections. Even 

if many animal and 2D cell culture models have been developed, there was a requirement 

for in vitro lung models, especially to enlighten the SARS-CoV-2 infection mechanism 

to conduct the large-scale evaluation for candidate therapeutics (Sano et al., 2022). In 

2020, single-cell analysis demonstrated that ACE2 is predominantly expressed in the 

transient secretory cells, which can be differentiated into goblet or ciliated cells in 

bronchi, while TMPRSS2 is also highly expressed in this tissue. Therefore, the bronchial 

organoid model is one of the most valuable models to study SARS-CoV-2.  (Lukassen et 

al., 2020). PSC-derived bronchial or alveolar organoids were also used for SARS-CoV-2 

infection and replication research. Still, there was a requirement for adult-type 3D 

cultures, especially to study severe COVID-19 cases (Han et al., 2020; Sano et al., 2022).  

Moreover, the first site of infection is the nasal epithelium, in which ACE2, 

TMPRSS2, and Furin are expressed. Robust ciliated cell damage was observed in nasal 

organoids after the infection. The damage was spotted even in basal cells with increased 

severity. Augmented inflammatory cytokines such as IL-6 and IL-8 were thought to be 

the reason for the damage (Chiu et al., 2022). Another study conducted with bronchial 

organoids demonstrated similar results and showed that most injuries were sustained in 

ciliated cells, concluding that ciliated cells are the key target of the infection. Subsequent 

harm by inflammatory factors, basal cells renew the epithelium by differentiating into 

ciliated cells (Sano et al., 2022). Sequencing analysis by using infected and uninfected 

bronchial organoids presented upregulation of genes related to leukocyte migration, cell 

chemotaxis together with the chemokine (C-X-C motif) ligand 1,8,10 (CXCL1,8,10) that 
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have a role in lung damage and chemokine (C-C motif) ligand 5 (CCL5) that have a role 

in the induction of white cells damaged area migration (K.-Y. Fang et al., 2021). Human 

alveolar organoids containing type 1 and 2 cells are also used to study SARS-CoV-2 

infection due to ACE2 and TMPRSS2 expression. A study conducted with iPSC-derived 

alveospheres showed that AT2 cells are the center of inflammation in the alveolar region 

and upregulate the NF-KB pathway with IFN response (Huang et al., 2020). Another 

research using PM2.5-treated PSC-derived alveolar organoids demonstrated elevated 

expression of ACE2 and TMPRSS2 (Kim et al., 2020). 

Compared with 2D and animal models, 3D lung cultures have various advantages 

in SARS-CoV-2 infection studies in terms of mimicking cellular microenvironment and 

host-pathogen relationships. However, lung organoids have some limitations, too. They 

cannot mimic whole organs, only specific tissues in the body (Peng et al., 2022). Besides 

epithelial diversity, there are various cell types in the lungs, such as immune, 

mesenchymal, and endothelial cells, which need a comprehensive understanding of each 

type’s differentiation and optimization of culture formation. Nowadays, advanced culture 

systems such as microfluidics, air-liquid interphase systems, and newly developed 

biomaterials like hydrogels are being used to improve culture conditions (Joo et al., 2024). 

Interactions between organs cannot be modeled yet, either. Also, currently, these cultures 

are very expensive and time-consuming. Elimination of these limitations will pave the 

way for animal experiments to be replaced entirely by 3D culture 

 

Hypothesis 

Air pollution increases SARS-CoV-2 infection, COVID-19 mortality, and morbidity by 

increasing ROS/RNS, using ROS/RNS inhibitors can prevent disruption of 

oxidant/antioxidant balance so that severe inflammation which may lead to cell death and 

multiorgan damage. Moreover, ROS/RNS can be used as a plasma biomarker in the 

severity of COVID-19 pathogenesis. 

 

Aims 

Epidemiological studies demonstrated the correlation between hospitalization and fatality 

rates due to COVID-19 and air pollution. There is an increased ROS/RNS production 

together with cytokine storm in SARS-CoV-2 infection. However, the underlying 
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mechanism of oxidative/nitrosative stress due to air pollutants’ association with infection, 

and the severity of the disease is not clear yet. In our study, the major aim was to evaluate 

the role of ROS/RNS in the pathogenesis and severity of COVID-19, investigate the 

interaction between SARS-CoV-2 and PM2.5 in terms of antioxidant mechanisms, 

inflammation, and cell death pathways, and determine whether it could be prevented with 

ROS/RNS inhibitors by using human bronchial epithelial organoids (hBEOs). The other 

aim was to investigate whether reactive oxygen and nitrogen species could be used as 

biomarkers in the severity of COVID-19 disease in patient plasma samples. This study 

may reveal potential preventive and therapeutic interventions. 

 

Objectives 

• Establishment of a methodology for hBEOs production and SARS-CoV-2 infection 

of these organoids. 

• Collection of PM2.5 and treatment of hBEOs with them. 

• Determination of the effects of SARS-CoV-2 and the impact of PM2.5 on the 

production of ROS/RNS in hBEOs and inhibiting this with ROS/RNS inhibitors. 

• Elucidation of the molecular mechanisms of ROS/RNS induced by SARS-CoV-2, 

PM2.5, and ROS/RNS inhibitors in hBEOs. 

• Validation of ROS/RNS markers and inflammatory cytokines in blood plasma of 

COVID-19 patients.  
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CHAPTER 2 

METHODOLOGY 

2.1 Culture of human bronchial epithelial organoids (hBEO)  

2.1.1 Culture of primary human bronchial epithelial cells (hBECs) 

For the explant culture technique (Bayram et al., 1998; Devalia et al., 1990), bronchial 

explants were recruited from patients undergoing surgery for various reasons at Koç 

University Hospital. Tissue donor inclusion and exclusion criteria were as 

follows: Inclusion criteria: All subjects (males or females) aged 18-65 years and without 

any respiratory tract infections within one month of the study were included. Control 

(Non-smoker) subjects had normal lung function on spirometry with no smoking history 

(<100 cigarettes/lifetime). Smokers had a smoking history (>100 

cigarettes/lifetime). Exclusion criteria: Pregnancy or lactation for females, patients with 

an FEV1 < 1L, any other active lung condition, and subjects unable to consent were 

excluded. 

After obtaining the pathologists' approval, bronchial explants were immediately 

brought to the primary cell culture laboratory, in transfer solution for the culture process. 

Explants were examined under a dissection microscope; the epithelium was dissected and 

cut into 0.5 mm3 or smaller pieces. All explants were washed using a medium containing 

0.1% antibiotic solution and seeded in the complete medium within 1-2 hours. Tissues 

were attached to the culture plates in 1-2 days, and cell proliferation started in 5-6 days. 

After cells began to proliferate, the culture media was changed to Nu-Serum, which 

contained a complete medium to induce differentiation and proliferation. Cultures were 

maintained for approximately 2 -3 additional weeks. Media was changed every other day. 

The protocol is summarized in Figure 2.1 below. Culture media ingredients are listed in 

Table 2.1. 

 
Figure 2. 1 Culture of human primary bronchial epithelium obtained from bronchial 

tissue. 
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Table 2. 1 Media ingredients are used in the bronchial explant culture technique. 

Name of the 

Media 

Ingredients Percentage (%) 

Transfer/Washing 

Media 

Medium 199 (Sigma M4530) 99.9 

Geneticin (Gibco, 10131-

027) 

0.1 

Complete Culture 

Media 

Medium 199 (Sigma M4530) 93.455 

FBS (Fetal Bovine Serum) 

(Sigma, F7524) 

2.5 

Bovine pancreatic insulin 

(Sigma I-6634) 

1 

Hydrocortisone (Sigma 

H0396) 

1 

Human Transferrin (Sigma-

T2036) 

1 

Gibco™ Antibiotic-

Antimycotic (100X) 

(15240062) 

1 

Epidermal Growth Factor 

(Pepro tech. AF-100-15) 

0.045 

Nu Serum 

Complete Culture 

Media 

Medium 199 (Sigma M4530) 93.455 

Nu Serum (Becton 

Dickinson, 355504) 

2.5 

Bovine pancreatic insulin 

(Sigma I-6634) 

1 

Hydrocortisone (Sigma 

H0396) 

1 

Human Transferrin (Sigma-

T2036) 

1 

Gibco™ Antibiotic-

Antimycotic (100X) 

(15240062) 

1 
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Epidermal Growth Factor 

(Pepro tech. AF-100-15) 

0.045 

 

Characterization of primary hBECs by immunofluorescent (IF) staining 

Primary human bronchial epithelial cells were characterized by the IF technique. 

Staining was performed for basal cell markers CK5, 14, p63; ciliated cell marker FOXJ1, 

secretory cell marker SCGB3A2, goblet cell marker MUC5AC; adherence junction 

marker E-cadherin; tight junction marker occludin. Briefly, cells were washed with DPBS 

and fixed with 1:1 acetone-methanol solution (Merck,100014. 2500; Sigma-Aldrich, 67-

56-1) for 10 min, at room temperature, then washed 3 times with 0.1% BSA (Sigma, 

A9418) containing PBS for 5 min., and they were blocked with Superblock (ScyTek 

Laboratories, AAA125) at room temperature for 30 min. Primary antibody incubation, 

diluted with 0.1% BSA containing PBS-T, was conducted overnight at 4°C. The next day, 

cells were washed 3 times with 0.1% BSA containing PBS-T for 5 min. Secondary 

antibody incubation was performed in PBS-T containing 0.1% BSA for 1 hour at room 

temperature. Consequently, cells were washed 3 times with PBS-T containing 0.1% BSA 

for 5 min. Nuclei staining was performed using Hoechst dye (Sigma, B2261) for 3 min. 

Lastly, cells were again washed 3 times with PBS-T containing 0.1% BSA. 1:1 Glycerol 

(Sigma-Aldrich, G5516): PBS mixture was used as mounting media. Cells were kept at 

4°C in the dark until imaging. Images were taken using a fluorescent microscope (Leica 

DMi8). Antibodies and their dilutions are listed in Tables 2.2 and 2.3.  

Table 2. 2 Primary antibodies used in immunofluorescence imaging of hBECs. 

Name of the antibody Dilution ratio 

CK5 (Abcam, ab53121) 1:500 

CK14 (Abcam, ab7800) 1:250 

P63 (Abcam, ab53039) 1:250 

FOXJ1 (SantaCruz, sc-53139) 1:100 

SCGB3A2 (Abcam, ab181853) 1:500 

MUC5AC (Invitrogen, 45M1) 1:100 

E-Cadherin (Invitrogen, HECD-1) 1:200 

Occludin (Invitrogen, OC-3F10) 1:200 
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Table 2. 3 Secondary antibodies used in immunofluorescence imaging of hBECs. 

Name of the antibody Dilution ratio 

Goat anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor Plus 488 

(Invitrogen, A32731) 

1:100 

Goat anti-Mouse IgG (H+L) Highly 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor Plus 488 

(Invitrogen, A32723) 

1:100 

Goat anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor Plus 594 

(Invitrogen, A32740) 

1:100 

Goat anti-Mouse IgG (H+L) Highly 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor Plus 594 

(Invitrogen, A32742) 

1:100 

 

2.1.2 Culture of healthy primary human bronchial epithelial cell line (02AB0839.02, 

Epithelix) 

The purchased healthy non-smoker primary human primary bronchial epithelial 

cells (02AB0839.02, Epithelix) were transferred into the lab in dry ice and kept in the 

nitrogen tank until the day of culture. During culture, cells were thawed according to the 

manufacturer’s instructions. They were kept at 37°C for 2-3 min. and centrifuged at 2000 

rpm for 10 min inside pre-warmed DMEM media containing 10% FBS. Firstly, cells were 

resuspended in 1 ml human airway epithelial cell (hAEC) culture media (EP09AM, 

Epithelix) and seeded into a 75 cm2 flask with 30 ml culture media. They were kept at 

37°C, 5% CO2, and 99% humidity in the incubator. The cell culture medium was changed 

every 3 days. These cells were passaged for several months, and backup cell freezing was 

performed at each passage. 
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2.1.3 hBEOs Formation 

At the end of approximately 3. week of BECs cultures, they were maintained in 

PneumaCult™-Ex Plus Medium (Stemcell Tech., USA) for 3-5 additional days. It was a 

serum- and BPE-free medium which supports more expansion and proper differentiation 

of primary human airway epithelial cells at each passage, compared to other 

commercially available expansion media (Rayner et al., 2019). After the expansion, cells 

were washed with DPBS and detached from dishes using Animal Component Free (ACF) 

Enzymatic Dissociation Solution (Stemcell Tech., 05427). BECs in the pellet were 

counted using trypan blue. Matrigel (Corning, USA) was incubated at 4°C overnight 

before application and added to the plate on ice. Pipette tips were cooled at -20°C for 

Matrigel usage. 96 well plates (pre-heated overnight at 37°C) were coated with a solution 

containing 90% Matrigel and 10% seeding medium incubated at 37°C, 15 min. 2500 

cell/well seeded in PneumaCult™ Airway Organoid Seeding Medium. For the organoid 

formation cells were kept in seeding media for 7 days. Media was changed every other 

day. At the end of 1st week, cultures were treated in PneumaCult™ Airway Organoid 

Differentiation Media (Stemcell Tech. USA) for an additional 2-3 more weeks, and the 

medium was changed every other day. The protocol is summarized in Figure 2.2 below. 

Medium ingredients used for organoid formation are listed in Table 2.4. Characteristics 

of patients whose bronchial tissues were used to form hBEOs are listed in Table 2.5. 

 

Figure 2. 2 hBEOs formation steps. 

Table 2. 4 Organoid Formation media types and ingredients. 

Name of the 

Media 

Ingredients Percentage (%) 
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PneumaCult™-

Ex Plus 

Medium 

PneumaCult™-Ex Plus Basal 

Medium (Stem Cell Tech., 

05041) 

96.736 

PneumaCult™-Ex Plus 50X 

Supplement (Stem Cell Tech. 

05042) 

2 

Hydrocortisone (Sigma 

H0396) 

0.264 

Pen/Strep (Gibco, 10,000 

U/mL) 

1 

PneumaCult™ 

Airway 

Organoid 

Seeding 

Medium 

PneumaCult™ Airway 

Organoid Basal Medium 

(Stem Cell Tech., 05061) 

89 

PneumaCult™ Airway 

Organoid Seeding 

Supplement (Stem Cell Tech., 

05062) 

10 

Pen/Strep (Gibco, 10,000 

U/mL) 

1 

PneumaCult™ 

Airway 

Organoid 

Differentiation 

Medium 

(ODM) 

PneumaCult™ Airway 

Organoid Basal Medium 

(Stem Cell Tech., 05061) 

87.468 

PneumaCult™ Airway 

Organoid Differentiation 

Supplement (Stem Cell Tech., 

05063) 

10 

Pen/Strep (Gibco, 10,000 

U/mL) 

1 

Hydrocortisone (Sigma 

H0396) 

1.332 

Heparin (Stem Cell Tech., 

07980) 

0.2 

 



 
 

 
 

28 

28 

Table 2. 5 Characteristics of patients whose bronchial tissues were used to form hBEOs. 

 

Characterization of hBEOs by IF staining 

Human bronchial organoids were characterized by the immunofluorescence (IF) 

technique. Staining was performed for basal cell markers CK5, CK14, p63; ciliated cell 

marker acetylated alpha-tubulin, secretory cell marker SCGB3A2, goblet cell marker 

MUC5AC. Briefly, organoids were washed with DPBS before starting the protocol, then, 

1%BSA (Sigma, A9418) containing DPBS was used for Matrigel dissociation. Organoids 

were incubated at 4°C for 1 hour on a shaker with gentle shaking. After the dissociation 

of organoids, they were collected into tubes and centrifuged for 3 min, at 100g. The 

supernatant was discarded, and cells were washed with DPBS containing 1% BSA, and 

incubated for 30 min at 4°C. Centrifuge was performed again. The IF protocol was 

applied after the total dissociation of organoids from Matrigel. Fixation was done with 

4% paraformaldehyde. At the end of the permeabilization and blocking steps, primary 

antibodies were applied overnight at 4°C. The next day, after the washing steps, which 

were 2 hours of incubations with PBST at 4°C for 3 times, secondary antibody incubation 

was applied overnight at 4°C. Nuclei staining was performed using Hoechst dye (Sigma, 

B2261) together with secondary antibodies. Organoids were kept at 4°C in the dark until 

imaging. Images were taken by confocal microscope. Antibodies and their dilutions are 

listed in Tables 2.6 and 2.7. 

 

Table 2. 6 Primary antibodies used in immunofluorescence imaging of hBEOs. 

Number of Patient Smoking Status Smoking Pack/Year Gender Age 

1 Nonsmoker - Male 64 

2 Nonsmoker - Male 55 

3 Nonsmoker - Female 75 

4 Nonsmoker (hAEC) - Male - 

5 Smoker 20 Female 63 

6 Smoker 22.5 Male 79 

7 Smoker 49 Male 60 
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Name of the antibody Dilution 

ratio 

CK5 (Abcam, ab53121) 1:250 

CK14 (Abcam, ab7800) 1:125 

P63 (Abcam, ab53039) 1:125 

Acetylated alpha tubulin (Abcam, ab24610) 1:50 

SCGB3A2 (Abcam, ab181853) 1:250 

MUC5AC (Invitrogen, 45M1) 1:50 

 

Table 2. 7 Secondary antibodies used in immunofluorescence imaging of hBEOs. 

Name of the antibody Dilution 

ratio 

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

Plus 488 (Invitrogen, A32731) 

1:100 

Goat anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

Plus 594 (Invitrogen, A32742) 

1:100 

 

2.2 Treatment of hBEOs with PM2.5 and ROS/RNS inhibitors 

2.2.1 Collection and isolation of PM2.5 

PM2.5 samples were collected from Alibeyköy, Istanbul Metropolitan 

Municipality Air Quality Centre by high volume samplers onto Teflon (PTFE) filters 

between 27.11.2021-16.06.2022, approximately for 7 months. Sampling was performed 

for 24 hours for each filter. Following the collection period, filters were kept in sterile 

dishes at 4°C until transferred to the laboratory. In the laboratory, firstly filters were cut 

into small pieces and sonicated in distilled water for 3-4 hours at 40 kHz. At the end of 

3-4 hours, filters were transferred to dimethyl sulfoxide (DMSO) followed 3-4 hours 

more sonication.  At the end of sonication, the solution containing particles was filtered 

with 40 µM filters to exclude filters from the PM2.5 solution and kept overnight at -80°C. 

The next day, the solution was freeze-dried with a freeze dryer (ALPHA 1-2 LDplus, 

Christ) to exclude liquids. At the end of the sampling and extraction period, PM2.5 samples 
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were aliquoted as 1 mg/ml PM2.5 in DPBS and kept at -20°C until used in the experiments. 

The isolation protocol is summarized in Figure 2.3 below. 

 

Figure 2. 3 PM2.5 isolation protocol. 

2.2.2 Dose optimization of PM2.5 and ROS/RNS inhibitors by using BEAS-2B cell line 

BEAS-2B cell culture 

BEAS-2B cell line (normal human bronchial epithelial cells; CRL-9609, ATCC, 

2022) was used to determine the effects of PM2.5, and ROS/ RNS inhibitors on cell 

viability. BEAS-2B cells were cultured with RPM I-1640 medium (R6504, Sigma) 

containing 10% FBS (Sigma, F7524) and 1%Pen/Strep (Gibco, 10,000 U/mL) in T75 

flasks. Confluent cultures were passaged onto 96-well plates as 10.000 cells/well, 

confluent cultures were used for treatment and cell viability analysis. 

Treatment of BEAS-2B cells with PM2.5 and ROS/RNS inhibitors 

N-Acetyl-L-cysteine (NAC, 210-498-3, Merck) is widely used as an antioxidant 

and was used as an inhibitor of ROS at doses of 100, 500 µM, 1,2,4,5,8,10 and 20 mM 

doses. NG-Monomethyl-L-arginine acetate salt (L-NMMA, M7033, Sigma) was used at 

concentrations of 1,10,100,300,600 µM as an RNS inhibitor, which is a NOS inhibitor. 

Previously isolated PM2.5 was used at concentrations of 25, 50, 100, 200, 400, 500, 800 

µg/ml. Treatments were applied in single, double, and triple combinations for 24 hours. 

MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay of BEAS-2B 

cells treated with PM2.5 and ROS/RNS inhibitors 

Culture media of confluent cultures of BEAS-2B cells were changed with serum-

free media, cells were incubated in that media for a day, and treatments were done. At the 

end of 24 and 48 hours, the treatment protocol media was discarded.100 ul/well MTT 

(1mg/ml) dissolved in DPBS was applied to the cells for 1 hour at 37°C, 5% CO2. After 
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1 hour, the solution was discarded, and 100 ul/well DMSO was added; cells were 

incubated for 10 more minutes. Then, cells were gently shaken for 5 min with a shaker, 

and measurements were done with a spectrophotometer at 540 nm. 

2.2.3 Incubation of hBEOs with PM2.5 and ROS/RNS inhibitors 

Media was discarded at the end of the differentiation period of hBEOs (3-4 weeks), 

and hBEOs were washed with pre-warmed Dulbecco’s phosphate-buffered salt solution 

(DPBS). Matrigel was dissolved by pipetting with ice-cold pipette tips using 1%BSA 

containing DPBS. hBEOs were kept at +4°C on mild shaking for approximately 1 h. for 

matrigel dissolvent. At the end of this procedure, they were collected and centrifuged at 

320 x g for 5 min. The washing protocol was repeated until all matrigel residues were 

discarded and transferred into low attachment plates (83.3925.400, Sarsted). hBEOs were 

incubated at low attachment plates for 2 days. At the end of the second day, combined 

treatment of PM2.5 (100 ug/ml) L-NMMA (100uM) and NAC (8 mM) dissolved in culture 

media was applied for 24 hours. 

2.3 SARS-CoV-2 infection of hBEOs 

2.3.1 SARS-CoV-2 isolation 

Human SARS-CoV-2 was isolated from the nasopharyngeal swab samples of RT-

PCR-positive COVID-19 patients. The swabs were cultured with Vero E6 cells in high 

glucose DMEM supplemented with %5 FBS, %1 Penicillin-Streptomycin, and 

Amphotericin B. Cytopathic effect (CPE) was monitored for 5-7 days. The growth of 

SARS-CoV-2 was confirmed by RT-PCR using primers for the N gene of SARS-CoV-2. 

A fifty-percent tissue culture infective dose (TCID50) assay was performed in 96 well 

plates, and TCID50 was calculated according to Spearman&Karber and Reed&Muench 

algorithms. 

2.3.2 SARS-CoV-2 infection of hBEOs 

After PM2.5, ROS/RNS inhibitors treatment, at the end of 3rd day in low attachment 

plates, hBEOs were collected in 15 ml falcons in 1% BSA containing DPBS and 

transferred to the BSL-3 lab. Infection was done with a multiplicity of infection (MOI) of 

0.5 for 2 hours in culture media at 37C, with 5% CO2 in low attachment 96-well plates. 

At the end of 2 hours, media containing the virus was collected for further ELISA and 
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qPCR experiments. As a post-infection period, organoids were transferred into matrigel 

for 3 more days (72h). Lastly, matrigel was dissolved at the end of 3 days, and organoids 

were collected for gene analysis. Also, 3 days of culture media were collected for further 

ELISA and qPCR experiments. 

2.5 Gene expression analysis of hBEOs and their supernatants treated with PM2.5 

and PM2.5+inhibitors with or without SARS-CoV-2 infection 

2.5.1 RNA isolation from hBEOs and supernatants treated with PM2.5 and 

PM2.5+inhibitors with or without SARS-CoV-2 infection  

Total RNA isolation from hBEOs treated with PM2.5 and PM2.5+inhibitors with or 

without SARS-CoV-2 infection 

At the end of hBEOs treatment with or without infection, they were collected with 

TRIzol reagent (Thermo Fischer; 15596026). RNA isolation was performed by Quick-

RNA Miniprep Kit (R1054, Zymo Research). Organoids were lysed inside of TRIzol by 

the vortex. Chloroform was added with a 1:5 ratio, vortexed, and samples were 

centrifuged. The upper phase was collected for further RNA extraction. %100 ethanol 

was used with a 1:1 ratio to precipitate the RNAs, transferred to the RNeasy Mini Spin 

Column, where RNA molecules were selectively bound to the column membrane after 

centrifugation.  Washing was done with wash buffers. Subsequently, the spin column was 

placed in a new microcentrifuge tube, and RNase-free water was added to elute the RNA. 

Centrifugation facilitated the collection of the eluted RNA, ensuring its separation from 

the column. RNA amount and purity were measured with Nanodrop 1000 (Thermo, 

USA). 

Viral RNA isolation from hBEOs and supernatants treated with PM2.5 and 

PM2.5+inhibitors with SARS-CoV-2 infection  

Supernatants OF hBEOs collected after 2 hours of infection and 72 hours post-

infection were lysed with lysing buffer. The tube was then vigorously vortexed for 15 

seconds to ensure proper mixing and subsequently incubated at room temperature for 10 

minutes to facilitate complete lysis of viral particles. At this point, samples were 

transferred to BSL2 lab from BSL3 on ice. Following lysis, a 1:1 ratio of 96-100% ethanol 

was used for viral RNA precipitation. The entire lysate, including any precipitate, was 

then transferred to a Qiagen spin column placed in a 2 ml collection tube. Centrifugation 



 
 

 
 

33 

33 

was carried out to facilitate the binding of viral RNA to the column membrane. Washing 

steps were performed to remove impurities and contaminants. The isolated viral RNA 

was eluted from the spin column membrane by transferring the column to a new 1.5 ml 

microcentrifuge tube provided by Qiagen. Next, RNase-free water was added directly to 

the center of the membrane, followed by incubation at room temperature for 1 minute. 

Centrifugation facilitated the elution of viral RNA into the microcentrifuge tube. RNA 

amount and purity were measured with Nanodrop 1000 (Thermo, USA). 

2.5.2 Complementary DNA (cDNA) synthesis by using hBEO RNAs and SARS-CoV-2 

RNAs 

cDNA was obtained using an iScript kit (Bio-rad; 1708890). Tables 2.8 and 2.9 

explain the mixture and protocol respectively. 

Table 2. 8 cDNA synthesis mixture. 

Components Volume per Reaction (μl) 

5x iScript Reaction Mix 4 

iScript Reverse Transcriptase 1 

RNA template (100 fg-1μg RNA) Variable 

Nuclease-free water Variable 

Total 20 

 

Table 2. 9 cDNA synthesis thermal protocol. 

Stage Temperature and Duration 

Priming 25°C- 5 min. 

cDNA synthesis 46°C- 20 min. 

Inactivation 95°C-1 min. 

Hold 4°C-¥ 

 

2.5.3 Gradient PCR (Polymerase Chain Reaction) for primer optimization 

Lyophilized primers were solubilized with distilled water. 56-58-60-62 °C were 

analyzed for each primer. PCR mix components and protocol are described in Tables 2.10 

and 2.11 respectively. 
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Table 2. 10 Gradient PCR mixture. 

Components Amount 

Dream Taq 10 ul- 1X 

Primer mix 0.33-0.5 uM 

cDNA Variable (25 ng) 

Nuclease 

free water 

Adjust to 20 μl - 

 

Table 2. 11 Gradient PCR Protocol 

Stages Temperature Time duration Cycle(s) 

Stage 1 95 ᵒC 2 min. 1 

 

Stage 2 

95 ᵒC 30 sec.  

40 Different Temperatures 30 sec. 

72 ᵒC 1 min. 

 

Stage 3 

72 ᵒC 10 min. 1 
2 ᵒC ∞ 

 

2.5.4 Agarose gel electrophoresis for primer optimization 

At the end of the gradient PCR protocol, samples and the DNA Ladder were mixed 

with nucleic acid binding dye and loaded into the 1.5% agarose gel, which was prepared 

with 1X TAE (Tris Acetate EDTA) buffer and run at 100V for 30 mins. Visualization 

was done with the ChemiDoc Imaging System (Bio-Rad).  

2.5.5 Quantitative(q) PCR by using cDNA obtained from hBEOs and their supernatants 

treated with PM2.5 and PM2.5+inhibitors with or without SARS-CoV-2 infection 

After RNA isolation, cDNA synthesis, and primer annealing temperature 

optimization, qPCR was applied to the samples. qPCR amplification mixes and thermal 

protocols for hBEOs can be seen in Tables 2.12 and 2.13 below. qPCR amplification 

mixes and thermal protocols for virus samples can be seen in Tables 2.14 and 2.15 below. 

The sequence of all human and SARS-CoV-2 primers used in the project is listed in 

Tables 2.16 and 2.17, respectively.  
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Table 2. 12 qPCR amplification mix content of hBEOs. 

Content Name Volume Final 

Concentratio

n 

Roche Sybr Green (2x) 5 µl 1x 

Primer (10 mM) 0.33 µl 0.33 mM 

DNA (25 ng) 1 µl - 

Nuclease free water Adjust to 10 µl - 

 

Table 2. 13 qPCR thermal protocol of HBEOs. 

Pre incubation Amplification Melting curve 

95 o C- 5 min 95 o C-10 sec. 95 o C-5 sec. 

1 cycle Annealing: 60 o C-30 sec. 65 o C-1 min. 

 Extension: 72 o C-30 sec. 97 o C-5 continuous 

 40 cycles  

 

 

 

 

 

 

Table 2. 14 qPCR amplification mix contents of SARS-CoV-2. 

 

 

 

 

 

 

 

 

Table 2. 15 qPCR thermal protocol OF SARS-CoV-2. 

Content Name Volume -Final Concentration 

Tagman Master Mix 10 μl- 1x 

Forward Primer (5 mM) 0.5 μl -0.125 mM 

Reverse Primer (5 mM) 0.5 μl -0.125 mM 

Probe (2.5 mM) 0.25 μl -0,3125 mM 

cDNA (125 ng) 5 μl - 

Nuclease free water Adjust to 20 μl - 
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Stage Cycles-Temperature- 

Time 

Pre incubation 1X -95°C 7 min 

Denaturation 45X-95°C-10 sec 

Annealing 63°C-1min 

Extension 72°C-30 sec 

Cooling 4 °C- ꝏ 

 

Table 2. 16 Sequences of human primers. 

NCBI 

GENE 

SYMBOL 

(Gene 

Name) 

GENE ID Forward primer (5'--

>3') 

Reverse primer (5'--

>3') 

Anneali

ng 

Temper

ature  

SOD1 

(Superoxi

de 

dismutase

) 

SOD1 TGAAGGTGTGGGG

AAGCATT 

TTTGGCCCACCGT

GTTTTCT 

58°C 

NRF-2 

(nuclear 

factor 

erythroid 

2–related 

factor 2) 

NFE2L2 ATGCAGCTTTTGG

CGCAGAC 

CAAGTGACTGAAA

CGTAGCCG 

58°C 

Caspase-1 CASP1 GAACTGGAGCTGA

GGTTGACA 

CCAGCTCTGTAGT

CATGTCCG 

58°C 

HO-1 

(heme 

oxygenase 

1) 

HMOX1 GGCCAGCAACAA

AGTGCAAG 

GTGTAAGGACCCA

TCGGAGAA 

58°C 
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Bcl-2 (B-

cell 

lymphom

a 2) 

BCL2 CTTTGAGTTCGGT

GGGGTCA 

GGGCCGTACAGTT

CCACAAA 

58°C 

Caspase-9 CASP9 ATTTGGTGATGTC

GGTGCTCT 

ACTCACGGCAGAA

GTTCACA 

58°C 

NQO1 

(NAD(P)

H 

dehydroge

nase 

[quinone] 

1) 

NQO1 GGTTTGGAGTCCC

TGCCATT 

TTGCAGAGAGTAC

ATGGAGCC 

58°C 

Keap1 

(Kelch-

like ECH-

associated 

protein 1) 

KEAP1 AGAGGAACGAGT

GGCGAATG 

GGCTACGAAAGTC

CACGTCT 

58°C 

CYGB 

(Cytoglob

in) 

CYGB GCCATCCTGGTGA

GGTTCTT 

ATGCAGGTTCTCC

ACGACAG 

58°C 

GPX4 

(Glutathio

ne 

peroxidas

e 4) 

GPX4 TGAAGATCCAACC

CAAGGGC 

GCAGCCGTTCTTG

TCGATGA 

58°C 

ACSL4 ( 

acyl-CoA 

synthetase 

long-

chain 

family 

ACSL4 GGTTCTACTGGCC

GACCTAA 

TATGTCTCCTCCG

GTCCCAG 

58°C 
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member 

4) 

ACE2 

(Angioten

sin 

convertin

g enzyme 

2) 

ACE2 TCATGCCTATGTG

AGGGCAAA 

ACCCCACATATCA

CCAAGCA 

60°C 

TMPRSS

2 

(Transme

mbrane 

serine 

protease 

2) 

TMPRSS2 AAACCAGTGTGTC

TGCCCA 

GCCAGAACCCCAG

CTTGTAT 

60°C 

FURIN 

(Furin) 

FURIN CATGGGTTCCTCA

ACCTGGG 

GTTTAGTCCGTCG

CTTTGCC 

60°C 

 

 

Table 2. 17 Sequences of hSARS-CoV-2 primers and probes. 

Gene Name Sequences (5’-3’) 

N1 

Forward Primer 

GACCCCAAAATCAGCG

AAAT 

 

N1 

Reverse Primer 

TCTGGTTACTGCCAGTT

GAATCTG 

N1 Probe FAM-

ACCCCGCATTACGTTTG

GTGGACC-BHQ1 

RdRP Forward Primer AGATTTGGACCTGCGA

GCG 

RdRP Reverse Primer  
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GAGCGGCTGTCTCCAC

AAGT 

RdRP Probe FAM – 

TTCTGACCTGAAGGCTC

TGCGCG – BHQ-1 

 

2.6 RNA Sequencing and data analysis of hBEOs treated with PM2.5 and 

PM2.5+inhibitors with SARS-CoV-2 infection 

     RNA isolation was performed as detailed in Section 2.5.1.  Following isolation, the 

integrity and purity of RNA were assessed by  NanoDropTM spectrophotometer (Thermo 

Scientific, Nanodrop 2000c) and RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 

2100 system (Agilent Technologies, CA, USA), respectively. RNAs with integrity values 

>6.5 were retained for further processing. Filtering and analysis of the raw readings 

obtained as a result of the RNA sequencing reaction were performed in our laboratory. 

Raw data were first filtered to obtain high-quality reads ready for analysis. The filtering 

process was carried out using Trimmomatic v0.39 (Bolger et al., 2014)and fastp v0.20.0 

(Chen et al., 2018) software. The filtering process included the following steps: (i) 

removal of adapter sequences, (ii) filtering of low-quality reads (< Q20, Phred score), (iii) 

removal of reads with a base length of less than 50 bp, and (iv) removal of low-quality 

sequences appearing in the first 5 bases of the reads. The reads before and after filtering 

were visualized with FASTQC v0.11.9 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) software and quality data 

were collected by combining MultiQC v1.6 (Ewels et al., 2016) tool files. control file has 

been created. The high-quality RNA-Sequencing reads obtained as a result of filtering 

were transferred to the most current human genome in the GENCODE database 

(https://www.gencodegenes.org/human/) “human genome Release 34 (GRCh38.p13)”, 

genome annotation file (“Aligned using .gtf”). HISAT, StringTie, and Ballgown 

workflow software were used to align the genome, create the transcript sequence and 

model, and identify differentially expressed genes, respectively (Pertea et al., 2016). From 

the “.bam” file obtained as a result of genome alignment with HISAT2 software, 

transcript model (“.gtf”) and “transcript.fasta” sequences were obtained with StringTie 

software. The ".gtf" model in GENCODE with Gffcompare 

(https://ccb.jhu.edu/software/stringtie/gffcompare.shtml) software was compared with 
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the ".gtf" annotation model obtained as a result of StringTie software. Thus, the reference 

transcriptome data in GENCODE was compared with the transcriptome data we obtained 

as a result of the experiment, and the presence of new transcripts/transcript isoforms 

specific to our experimental groups was investigated. In addition, information regarding 

gene/transcript abundance estimation between groups was obtained in a normalized 

manner with StrigTie. Gene/transcript expression differences between groups were 

obtained with Ballgown software. Whether there was a statistical difference in the 

expression of a gene between groups was determined according to the following criterion: 

fold increase value log2FC > 1, adjusted p-value (< 0.05). These criteria are valid for both 

genes whose expression increases (up-regulated) and whose expression decreases (down-

regulated). Principal component analysis was performed to determine whether there was 

harmony between the groups in terms of gene expression values, and the clustering status 

of the groups was visualized using the ClustVis (Metsalu & Vilo, 2015) internet tool. 

Visualization of differences in gene expression values between groups (volcano plot, MA 

plot, heatmap, etc.) was done with the DEBrowser (Kucukural et al., 2019)R package. 

Gene ontology (GO) enrichment analyses for categories such as biological process, 

molecular function, and cellular component of genes that differ in gene expression were 

performed using ShinyGO v0.61 (Ge et al., 2020). This was done via the internet tool 

(/bioinformatics.sdstate.edu/go/). Pathway enrichment analyses were performed using g: 

Profiler, GSEA, Cytoscape, and EnrichmentMap software together and by (Reimand et 

al., 2019) as carried out by following the methods developed. 

2.4 Measurement of ROS (8-isoprostane)/RNS (nitrate+nitrite, nitrate, nitrite) and 

inflammatory cytokines (IL1b, TNFa, GM-CSF, IL-6 and IL-8) in COVID-19 

patients and healthy individuals plasma samples and hBEOs’ supernatants  

2.4.1 Measurement of ROS(8-isoprostane) /RNS (nitrate+nitrite, nitrate and nitrite) and 

inflammatory cytokines (IL1b, TNFa, GM-CSF, IL-6 and IL-8) in COVID-19 patients 

and healthy individuals plasma samples 

 Subject Requirement 

A total of 55 patients from Koc University Hospital, 40 from Yedikule Chest 

Diseases and Thoracic Surgery Training and Research Hospital, and 20 control subjects 

were recruited between 01.07.2020 and 23.03.2021. Patients who were 18 or older with 

a confirmed diagnosis of COVID-19 (with PCR and tomography) and healthy individuals 
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who were not diagnosed with COVID-19 were included in the study. The severity of the 

patients was determined based on WHO guidelines named “Living guidance for clinical 

management of COVID-19” (WHO, 2021). The study was approved by the Koc 

University Biomedical Research Ethical Committee (2020. 448.IRB2.122). Each 

participant gave informed consent before participating in the study. Demographics of 

patients and healthy controls are presented in Table 2.18. The number of samples used 

for each parameter is exhibited in Table 2.19.  

Table 2. 18 Demographics of COVID-19 patients and healthy controls. 

 

Table 2. 19 The number of healthy controls and patients included in each assay. 

 CONTROL 

(n) 

MILD 

(n) 

MODERATE 

(n) 

SEVERE 

(n) 

Total Subjects 20 32 35 27 

8-isoprostane 9 11 11 10 

Nitrate+nitrite 20 20 20 20 

Nitrate 20 20 20 20 

Nitrite 18 20 20 19 

IL-6 13 20 18 20 

IL-8 18 18 19 19 

IL-1b 14 17 20 19 

TNF-a 16 18 20 16 

GM-CSF 16 18 18 17 

 CONTROL MILD MODERATE SEVERE 

Age (Mean-

Range) 

41.10 (58-24) 45.84 (24-85) 59.03 (22-81) 66 (23-83) 

Female n=11 (55%) n=16 (50%) n=19(54.28%) n=12 (42.86%) 

Male n=9 (45%) n=16 (50%) n=16(45.72%) n=16 (57.14%) 
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 Plasma Sampling 

A total of 9 ml of human blood samples were collected into whole blood tubes 

containing EDTA. Samples were transferred to the lab on ice. Plasma samples were 

isolated via centrifugation at 4°C, 2500 x g for 10 min, and then, stored at -80°C until 

they were analysed. 

Nitrate/Nitrite colorimetric assay kit, 8-isoprostane kit, and ELISA (Enzyme-Linked 

Immunosorbent Assay) application 

As a reactive nitrogen species indicator nitrate+nitrite, only nitrate and nitrite 

levels of isolated plasma samples were measured using a Nitrate/Nitrite colorimetric 

assay kit according to the manufacturer’s instruction (780001, Cayman Chemical). Before 

the assay application, plasma samples were ultrafiltered with Amicon 30 kDa ultrafilters 

(UFC503096, Merck). Firstly, all reagents were equilibrated at room temperature.  

Lyophilized standards are prepared with sample diluent for standard curve constitution 

separately for nitrate and nitrate+nitrite. For nitrate+nitrite measurement, samples and 

standards were loaded into wells, and an enzyme cofactor mixture together with Nitrate 

reductase mixture was added onto them and incubated at room temperature for 3 hours. 

At the end of 3 hours, Griess reagent R1 was added together with R2 and incubated at 

room temperature for 10 mins. for color development. Absorbance was measured at 540 

nm. For nitrite measurement, color was developed 10 mins after the addition of the Griess 

reagents. incubation at room temperature and directly absorbance was measured at 540 

nm. To calculate nitrite concentration, nitrate concentration is subtracted from 

nitrate+nitrite concentration. 

As a reactive oxygen species indicator, the 8-isoprostane level of isolated plasma 

samples was measured using an 8-isoprostane kit according to the manufacturer’s 

instructor (ab175819, Abcam). Firstly, all reagents were equilibrated at room 

temperature.  Lyophilized standards were prepared with sample diluent for standard curve 

constitution. Firstly, plasma samples were mixed with acetic acid and ethyl acetate, 

vortexed, and centrifuged, and 3 phases were obtained for each sample. The lower phase, 

an aqueous phase, was used to repeat the ethyl acetate step 2 times more. Each time, the 

upper phase, which contains lipoproteins, was pooled. At the end of the third time, 
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lipoproteins were dried to get extracted sediment containing dried fatty acids. The 

saponification step was applied to cleave fatty acids from the glycerol backbone. Later, 

samples were diluted with distilled water, and the pH was arranged to 5.5 with formic 

acid, centrifuged, and the upper phase was collected. It was repeated 2 more times too. 

Lastly, the upper phase containing saponified lipids was dried. Dried sediments were 

mixed with ethanol and sample dilution buffer. Samples and standards loaded into wells. 

HRP conjugate was added to each well and incubated for 2h at room temperature. 

Washing was done, and TMB (3,3′,5,5′-Tetramethylbenzidine) substrate was used for 

colorimetric measurement. Incubated 15-20 min. at room temperature, and sulfuric acid 

was used for color formation. Absorbance was measured at 450 nm. 

 

Cytokine measurements were performed for IL-6 (Human IL-6 DuoSet ELISA, 

DY206-05), IL-8 (Human IL-8/CXCL8 DuoSet ELISA, DY208-05), IL-1b (Human IL-

1 beta/IL-1F2 DuoSet ELISA, DY201-05), TNF-a (Human TNF-alpha DuoSet ELISA, 

DY210-05) and GM-CSF (Human GM-CSF DuoSet ELISA, DY215-05) according to 

manufacturer’s instructor (R&D Systems). Firstly, all reagents were equilibrated at room 

temperature.  Lyophilized standards were prepared with sample diluent for standard curve 

constitution. Wash buffer, together with substrate and stop solutions, were prepared based 

on the manufacturer’s instructions. 96 well plate coated with capture antibody, incubated 

overnight at room temperature at dark. Following-day washings were done to eliminate 

unbounded antibodies; blocking was performed to prevent non-specific binding. Samples 

and standards were loaded into the wells and incubated at room temperature for 2h. At 

the end of 2 hours, washing was done, and the detection antibody was loaded into the 

wells and incubated at room temperature for 2 hours. Later, washing was repeated. 

Streptavidin/ HRP incubation was done for 20 minutes. For colorimetric measurement, 

substrate solution was used and incubated for 20 mins. Lastly, a stop solution was used 

to terminate the reaction. Measurements were done with a spectrophotometer at 450 nm. 

 

2.4.2 Measurement of inflammatory cytokines (IL-6 and IL-8) in hBEOs supernatants  

Transfer of SARS-CoV-2-infected culture media from the BSL3 lab to the BSL2 lab 

A deactivation protocol was applied to transfer the organoids' supernatant from 

the BSL3 to the BSL2 lab. So, at the end of the infection protocol, 1/1000 media volume 

of beta propiolactone (BPI) was added to the supernatants. Samples were incubated at 4C 
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for 16 hours and then 37C for 2 hours. At the end of 18 hours, samples were taken out of 

the BSL3 lab and kept at -80C until used. 

ELISA   

Cytokine measurements from supernatants of hBEOs treated with PM2.5 and inhibitors 

with or without SARS-CoV-2 infection were performed for IL-6 (Human IL-6 DuoSet 

ELISA, DY206-05) and IL-8 (Human IL-8/CXCL8 DuoSet ELISA, DY208-05) 

according to the manufacturer’s instructor (R&D Systems) as described in 4.1.3. 

2.7 Statical Analysis 

Data were tested for normality with the D’Agostino and Pearson omnibus normality 

test, and comparison among groups was performed using one-way analysis of variance 

(ANOVA)/Dunnett’s multiple comparison tests or Kruskal–Wallis/Dunn’s multiple 

comparison tests together with 2-way ANOVA test. To assess the predictive accuracy of 

measured data, receiver-operating characteristic (ROC) analysis was performed. The 

results are expressed as means ± STD or medians ± interquartile ranges (Q1 and Q3). p ≤ 

0.05 was regarded as significant. Statistical analysis was performed using PRISM version 

9 (GraphPad Software Inc., San Diego, CA, United States). 

 
 
 

CHAPTER 3 

RESULTS 

3.1 Culture of hBEOs 

3.1.1 Culture of hBECs 

 Bronchial epithelial cells started to proliferate approximately 5-6 days 

after the dissection and culture of the bronchial epithelium. As shown in Figure 3.1B 

below, in 10-15 days, cells around the tissue piece can be visualized under the phase 

contrast microscope. 
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Figure 3. 1 Bronchial epithelium explants in the petri dish after dissection (A), bronchial 

epithelial cells outgrown from the explant, 2 weeks after dissection (B). The image was 

taken by phase-contrast microscopy at 4X magnification. Scale bar=100 μm 

At the end of the 3rd-4th week, they become confluent cultures, epithelial cuboidal shape, 

and barrier in between neighboring cells can be seen in Figure 3.2 below with 10X,20X, 

and 40X magnification. 

 

 
Figure 3. 2 Bronchial epithelial cell images were taken by phase-contrast microscopy at 

10X, 20X, and 40X magnification, respectively. Scale bar=100 μm. 

Characterization of primary hBECs by IF staining 

Primary bronchial epithelial cell cultures obtained from the explants were 

characterized by demonstrating the presence of basal cells (CK5, CK14, and p63 

positive), secretory cells (SCGB3A2 positive), goblet cells (MUC5AC positive), and 

ciliated cells (FOXJ1 positive) in cultures together with epithelial barrier markers E-

cadherin, occludin as shown in Figures 3.3-3.8. 
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Figure 3. 3 Immunofluorescence staining of CK5 (green) and E-Cadherin (red) in 

primary bronchial epithelial cells at 10X (A) and 20X (B) magnification, respectively. 

Hoechst (blue) was used for nuclear staining, scale bar=100 μm. 

 
Figure 3. 4 Immunofluorescence staining of CK14 (red) and p63 (green) in primary 

bronchial epithelial cells at 10X (A) and 20X (B) magnification, respectively. Hoechst 

(blue) was used for nuclear staining, scale bar=100 μm. 

 

A B

A B
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Figure 3. 5 Immunofluorescence staining of occludin (red) and p63 (green) in primary 

bronchial epithelial cells at 10X (A) and 20X (B) magnification, respectively. Hoechst 

was (blue) used for nuclear staining, scale bar=100 μm 

 
Figure 3. 6 Immunofluorescence staining of FOXJ1 (red) in primary bronchial epithelial 

cells at 10X and 20X magnification, respectively. Hoechst (blue) was used for nuclear 

staining, scale bar=100 μm and 75 μm, respectively. 

 

A B

A B

A B
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Figure 3. 7 Immunofluorescence staining of MUC5AC (red) in primary bronchial 

epithelial cells at 10X and 20X magnification, respectively. Hoechst (blue) was used for 

nuclear staining, scale bar=100 μm, 75 μm, respectively. 

 
Figure 3. 8 Immunofluorescence staining of SCGB3A2 (green) in primary bronchial 

epithelial cells at 10X and 20X magnification, respectively. Hoechst (blue) was used for 

nuclear staining, scale bar=100 μm. 

3.1.2 Culture of healthy primary human bronchial epithelial cell line (02AB0839.02, 

Epithelix) 

The purchased healthy primary human bronchial epithelial cell line was proliferated 

and passaged as a backup plan to produce organoids from non-smokers. As seen in 

Figures 3.9 and 3.10 below, it took approximately 15-20 days for each flask to become 

confluent and ready for further experiments. Passage 3 cells were used for organoid 

production. 

 

A B



 
 

 
 

49 

49 

Figure 3. 9 Phase contrast images of 1-week healthy human primary bronchial epithelial 

cells at 4X (A) and 20X(B). 

 

 
Figure 3. 10 Phase contrast images of 3-week healthy human primary bronchial 

epithelial cells at 4X (A) and 20X (B). 

3.1.3 hBEOs Formation 

~75.000-150.000 cells from one patient’s bronchial explants were obtained, and 

organoids were established in approximately 30-50 wells. Also, 60-80 well organoids 

were obtained from the cell line in each setup. Organoids were maintained for 1 month.  

At the end of 1st week, the organoid shape started to appear, as shown in Figure 3.11. 

Images of 1-month organoids are presented in Figure 3.12. 

 

A B
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Figure 3. 11 Phase contrast microscope images of primary human bronchial epithelial 

organoids obtained from primary bronchial epithelial cells isolated from bronchial 

tissue at the end of 1st week at 4X, 10X, 20X, and 40X magnification, respectively. 

Scale bar=100 μm. 

 
Figure 3. 12 Phase contrast microscope images of primary human bronchial epithelial 

organoids obtained from primary bronchial epithelial cells isolated from bronchial 

tissue at the end of 1st week at 4X, 10X, 20X, and 40X magnification, respectively. 

Scale bar=100 μm. 

 
As seen in Figures 3.13- 15 respectively, the diameter of organoids was measured at the 

end of the 2nd, 3rd, and 4th week. It was approximately 150-200 µm at the end of 2nd week. 

It became around 200-250 µm 1 week later, and the lumen started to be seen that week. 

At the end of 4th week, the diameter of organoids was higher than 250 µm, and a lumen 

was formed. There were 30-50 organoids per well. 

A

C D

B
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Figure 3. 13 Phase contrast microscope images of primary human bronchial epithelial 

organoids at the end of 2nd week at 4X, 10X, 20X, and 40X magnification, respectively. 

Scale bar=100 μm 

 
Figure 3. 14 Phase contrast microscope images of primary human bronchial epithelial 

organoids at the end of 3rd week at 4X, 10X, 20X, and 40X magnification, respectively. 

Scale bar=100 μm. Arrows show the lumen formation points. 
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Figure 3. 15 Phase contrast microscope images of primary human bronchial epithelial 

organoids obtained from primary bronchial epithelial cells line at the end of 4th week at 

4X, 10X, 20X, and 40X magnification, respectively. Scale bar=100 μm. Arrows show 

the lumen boundary point. 

At the end of 4th week, also bright-field microscope images were taken at 10x and 20x 

with  LEICA DMi8) as seen in Figures 3.16 and 3.17, respectively. 

 
Figure 3. 16 Bright-field microscope images of primary human bronchial epithelial 

organoids at the end of 4th week at 10X magnification. Scale bar=100 μm. 
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Figure 3. 17 Bright-field microscope images of primary human bronchial epithelial 

organoids at the end of 4th week at 20X magnification. Scale bar=100 μm. 

Obtained hBEOs were treated with PM2.5, ROS, and RNS inhibitors with or without 

infection as described in the methods. They were used for further analysis. As shown in 

Table 2.5 below, organoids were obtained from 6 different patient’s tissue-derived 

bronchial epithelial cells and healthy primary bronchial epithelial cell lines. All of them 

were treated with PM2.5 and PM2.5 + inhibitors for further experiments. Furthermore, 

organoids obtained from healthy primary bronchial epithelial cell lines and one of the 

smoker patients’ organoids were used for SARS-CoV-2 infection experiments following 

treatments. Passage 3 cells were used for the cell line to establish organoid structure. 

However, smoker organoids infected with SARS-CoV-2 were only used for qPCR 

analysis from supernatant to prove SARS-CoV-2 infection and incubation of organoids. 

Due to the low number of organoids, they were not enough to conduct gene analysis. 

 

Characterization of hBEOs by IF staining 

 Human bronchial organoids were characterized by the IF technique. Staining 

was performed for basal cell markers CK 5, 14, and p63; ciliated cell marker acetylated 

alpha-tubulin; secretory cell marker SCGB3A2; and goblet cell marker MUC5AC. 

Images were taken with a confocal microscope, as shown in Figures 3.18, 3.19, and 3.20 

below. 

A B 
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Figure 3. 18 Immunofluorescence staining of acetylated alpha-tubulin (red, cilia) and 

SCGB3A2 (green, cytoplasm) of primary human bronchial epithelial organoids at the 

end of 4th week at 20X (A-C) and 40x (D) magnifications. Hoechst (blue) used for 

nuclear staining, Scale bar=50 μm. 

 

As seen in Figure 3.18C, acetylated alpha-tubulin mainly observed in the luminal part of 

the organoids while club cell marker SCGB3A2 is mostly located in the outer surface of 

the organoids. 

Acetylated α Tubulin; SCGB3A2; Hoechst
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Figure 3. 19 Immunofluorescence staining of MUC5AC (red, lumen and cytoplasm) and 

CK5 (green, cytoplasm) of primary human bronchial epithelial organoids at the end of 

4th week at 20X (A-D) and 40X (E and F) magnifications. Hoechst (blue) used for 

nuclear staining, Scale bar=50 μm. 

 

As seen in Figure 3.19, MUC5AC is mainly observed on the surface of the epithelial cells 

that form the organoid, facing the lumen and occasionally in the cytoplasm. CK5, on the 

other hand, marked the cytoplasm of basal cells, which mainly covers the outer surface 

of the organoid and is located at the base of the further differentiated epithelial cells in 

vivo.  

 

 

 

MUC5AC; CK5; 
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Figure 3. 20 Immunofluorescence staining of CK14 (red, cytoplasm) and p63 (green, 

nucleus) of primary human bronchial epithelial organoids at the end of the 4th week at 

20X (A and B) and 40X (C and D) magnifications. Hoechst (blue) used for nuclear 

staining, Scale bar=50 μm. 

 

CK14 marked the cytoplasm of basal cells, mainly covering the organoid's outer surface, 

as shown in Figure 3.20, and it is located at the base of the differentiated epithelial cells 

in vivo. Another basal cell marker is p63, located in the cell's nucleus, and CK14 is 

expressed in the cytoplasm of basal cells. Both markers are expressed in the outermost 

layer, forming the organoid. This indicates that basal cells form the outermost layer of 

luminous organoids. On the other hand, the organoids we obtained contained progenitor 

cells forming the airway epithelium and highly differentiated cells containing ciliated, 

mucous, and secretory cell markers. 

CK14; P63; Hoechst
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Z stack images were analyzed using the FIJI program. Six different images were used for 

each sample. Red and green colors were normalized by using nucleus staining blue color. 

Counts of each cell type were calculated as shown in Figure 3.21. These results have 

demonstrated that the organoids we obtained are fully differentiated in one month, which 

may represent the features of bronchial epithelium. The percentages of cells are also 

presented in Table 3.1. 

 
Figure 3. 21 The ratio of each epithelial cell type in organoids is normalized by nucleus 

staining (Hoechst). 

 
Table 3. 1 Percentage of each epithelial cell type in organoids. 

 

 

 

 

 

 

 

 

 

 

Epithelial Cell Type Percentage in organoid 

Acetylated alpha tubulin 21.66% 

SCGB3A2 13.47% 

CK5 11.19% 

MUC5AC 9.87% 

P63 25.01% 

CK14 18.77% 
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3.2 Treatment of hBEOs with PM2.5 and ROS/RNS inhibitors 

3.2.1 Dose optimization of PM2.5 and ROS/RNS inhibitors by using BEAS-2B cell line 

BEAS-2B cell culture 

Confluent BEAS-2B cells, seen in Figure 3.22 below, were used for cell viability 

analysis. 

 

Figure 3. 22 Phase contrast images of confluent BEAS-2B cell cultures at 4X (A) and 

20X (B). 

MTT assay of BEAS-2B cells treated with PM2.5 and ROS/RNS inhibitors 

Firstly, PM2.5, NAC, and L-NMMA were applied in different concentrations 

separately to choose the optimum dose for cell viability (MTT) experiments. As seen in 

figure 3. 23, for PM2.5, there was a significant decrease in 100 µg/ml (mean=72.63; 

*p<0.05), 400 µg/ml (mean=64.22; **p<0.01), 500 µg/ml (median=39.449=0.122; 

****p<0.0001) and 800 µg/ml (mean=17.55; ****p<0.0001) compared to control 

(mean=100). Since 100 µg/ml and 400 µg/ml were almost the same, 100 µg/ml was 

chosen as a proper concentration above the IC50 (Half-maximal inhibitory concentration) 

value.  Also, 200 µg/ml was selected for further analysis. For L-NMMA, there was a 

significant increase in cell viability in 10 µM (mean=0.411; *p<0.05), 100 uM 

(mean=134.50; **p<0.01), 300 µM (mean=145.50; **p<0.01), compared to control 

(mean=100). These concentrations were chosen for further tests. For NAC, there was no 

significant decrease in the viability of cultures incubated with any doses of NAC; only 8 

mM (mean=129.33; *p<0.05) increased the viability significantly compared to the control 

(mean=100). 

A B
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Figure 3. 23 MTT results of BEAS-2B cells only treated with PM2.5 (25-50-100-200-

400-500-800 µg/ml) (A), L-NMMA (1-5-10-100-300-600 µM) (B), NAC (100-500 

uM,1-2-3-5-8-10-20 mM) (C). *p<0.05, **p<0.01, ****p<0.0001. PM2.5, particulate 

matter; L-NMMA, NG Methyl-L-arginine acetate salt; NAC, N-acetyl cysteine. 

 

Secondly, inhibitors and PM2.5 are applied simultaneously to understand whether those 

inhibitors can inhibit the effect of PM2.5 on cells. As seen in Figure 3.24, for 100 µg/ml 

PM2.5 treatment (mean=66.90; *p<0.05), there was a significant reduction in cell viability 

compared to the control (mean=100). It was reversed with the L-NMMA treatment 

together with PM2.5. There was a significant escalation in 100 µg/ml PM2.5 +10 µM L-

NMMA (mean=102.22; *p<0.05), 100 µg/ml PM2.5 +100 µM L-NMMA (mean=127.80; 

****p<0.0001), 100 µg/ml PM2.5 +300 µM L-NMMA (mean=131.78; ****p<0.0001) 

compared to only 100 µg/ml PM2.5 treatment. There was a significant decrease in 200 

µg/ml PM2.5 application (mean=70.32; *p<0.05) compared to control (mean=100). It was 

a similar result with 100 µg/ml PM2.5 application. Due to that, 100 µg/ml PM2.5 was 

determined for the experiment setup. Since the 100 µM and 300 µM L-NMMA 

concentrations gave almost the same results, 100 µM was chosen for further analysis. 
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Figure 3. 24 MTT results of BEAS-2B cells PM2.5 (100 ug/ml) (A)/ PM2.5 (200 ug/ml) 

(B)+ L-NMMA (10-100-300 uM) treatment. *p<0.05, **p<0.01, ****p<0.0001. PM2.5, 

particulate matter; L-NMMA, NG-Methyl-L-arginine acetate salt. 

 

As seen in Figure 3.25, when 100 µg/ml PM2.5 (mean= 75.76; *p<0.05) was applied to 

the cells, as expected, it decreased the viability significantly compared to the control 

(mean=100). This PM2.5-induced decrease was reversed by simultaneous exposure to 8 

mM NAC (mean=102.99; **p<0.01) treatment. So, 8 mM NAC was chosen for further 

experiments. Lastly, PM2.5 and inhibitors were applied to the cells simultaneously. As 

seen in Figure 3.25, 100 µg/ml PM2.5 (mean=75.76; **p<0.01) decreased the viability 

compared to the control (mean=100). 8 mM NAC increased the viability (mean=102.99; 

***p<0.001) compared to PM2.5 treatment, while 8 mM NAC and 100 µM L-NMMA 

increased viability more significantly compared to PM2.5 treatment (mean=113.71; 

****p<0.0001). 
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Figure 3. 25 MTT results of BEAS-2B cells treated with 100 ug/ml PM2.5 + NAC 

(5,8,10,20 mM) and only 100 µg/ml PM2.5, 100 µg/ml PM2.5 +8 mM NAC, 100 µg/ml 

PM2.5 +8 mM NAC+100µM L-NMMA. **p<0.01, ***P<0.001, ****p<0.0001. PM2.5, 

particulate matter; NAC, N-Acetyl-L-cysteine; -NMMA, NG-Methyl-L-arginine acetate 

salt. 

 

3.3 SARS-CoV-2 infection of hBEOs 

3.3.1 ACE2, TMPRSS2, and FURIN gene expression analysis of hBEOs 

Before starting SARS-CoV-2 infection trials, organoids were used to demonstrate 

ACE2, TMPRSS2, and FURIN gene expression, which makes them able to be infected 

with SARS-CoV-2. For this aim, organoids obtained from smokers, shown in Table 2.5, 

were used. qPCR was repeated 3 times for 2 patients and 2 times for 1 patient (n=8). As 

seen in Figure 3.26 below, organoids expressed ACE2, TMPRRS2, and FURIN genes. 

 

Figure 3. 26 Smoker hBEOs’ gene expression analysis of ACE2, TMPRSS2, and 

FURIN. 
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3.3.2 SARS-CoV-2 dose and duration optimization with IF by labeling Spike protein. 

In the first infection trial, hBEO were directly taken to the BSL3-lab after matrigel 

dissolvent while still in an inward position, and infection was tested for MOI 0.1, 0.5, and 

1 for 24 hours. At the end of 24 hours, it was seen that keeping hBEO with the virus for 

that long caused the morphological disruption and death of most hBEO. However, the 

desired infection images still needed to be obtained. Several ones with minimum damage 

were used for immunofluorescence, and their confocal microscope images were taken. 

Spike antibody (ab273433, Abcam) was used with 1:333 dilution together with 1:100 

diluted Alexa Fluor 594 (Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary 

Antibody, Invitrogen, A32742). Hoechst dye was used as nuclei staining. As seen in 

Figure 3.27 with arrows below, MOI 0.5 intensity was higher than MOI 0.1. However, 

there was a deficient expression of spike protein in Figure 3.27D, which was MOI  1. 

Therefore, new experiments were conducted because it was unclear whether the hBEO 

were inward or because the highest MOI value caused more deaths and inhibited the 

infection. 

 

Figure 3. 27 Confocal microscopy images of negative control inward hBEOs (A); 

inward hBEO infected with SARS-CoV-2 for 24h with MOI 0.1 (B), 0.5 (C) and 1 (D). 

Red dots represent spike protein; Hoechst (blue) is used for nuclear staining. 
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Secondly, the hBEOs were placed outward and incubated with a MOI of 0.5 for 2 hours, 

followed by post-infection incubation for 24 and 48 hours. The mortality rate significantly 

decreased when the infection lasted 2 hours, and the virus rate in the hBEOs increased as 

the post-infection time increased. White arrows point to the spike proteins in Figure 3.28. 

 
Figure 3. 28 Confocal microscopy images of negative control outward hBEOs (A), 

outward hBEOs infected with SARS-CoV-2 for 24h with MOI 0.5 (B) and for 48h with 

MOI 0.5 (C). Red dots represent spike protein; Hoechst (blue) is used for nuclear 

staining. 

Then, due to the increased matrigel prices, it was checked whether the hBEOs could be 

kept on a low attachment plate instead of being seeded into matrigel during the post-

infection period. hBEOs were infected with MOI 0.5 for 2h and incubated for 48h and 72 

h as a post-infection period.  Alexa Fluor Plus 488(Goat anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, Invitrogen, A32731) was used as a secondary 

antibody. Viral proliferation appears more clearly in matrigel at both 48 and 72 hours. 

Morphological disorders and clump formations were observed more in the hBEO 

remaining in the low attachment plate for 2-3 more days, especially in the ones with 72h 

post-infection incubation, as seen in Figures 3.29 and 3.30. Finally, it was observed that 

CA B
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72 hours post-infection gave better results than 48 hours and did not harm the hBEO in 

matrigel. 

 
Figure 3. 29 Confocal microscopy images of negative control outward hBEOs incubated 

48h in matrigel (A), in low attachment plate (B), outward hBEO infected with SARS-

CoV-2 for 2h with MOI 0.5, incubated 48h post-infection in matrigel (C), in low 

attachment plate (D). Green dots represent spike protein; Hoechst (blue) is used for 

nuclear staining. 

 
Figure 3. 30 Confocal microscopy images of negative control outward hBEOs incubated 

for 72h in matrigel (A), in low attachment plate(B), outward hBEOs infected with 

SARS-CoV-2 for 2h with MOI 0.5, incubated 72h post-infection in matrigel (C), in low 

A B DC

A B DC
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attachment plate (D). Green dots represent spike protein; Hoechst (blue) is used for 

nuclear staining. 

Finally, staining was performed with cytokeratin (CK) 5, a cytoplasmic marker, to find 

out where spike proteins appear in the cells infected by the virus, whether they only 

appear at attachment points outside the cell or they also multiply in the cytoplasm. CK5 

(ab53121, Abcam) antibody was used 1:500 diluted together with 1:100 diluted Alexa 

Fluor 594 (Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, 

Invitrogen, A32742). Spike ab (ab273433, Abcam) was used 1:333 together with 1:100 

diluted Alexa Fluor Plus 488(Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 

Secondary Antibody, Invitrogen, A32731). Post-incubation was repeated for 24,48, and 

72h, and it was concluded that 72h in matrigel is the best incubation period after 2h MOI 

0.5 infection. As seen in Figure 3.31 below, especially in 72h, viral replication was 

observed inside the cells, too. Lastly, the same protocol was applied to different patients’ 

hBEOs for 72 hours post-infection for double check. As seen in Figure 3.32, similar 

results were obtained. 
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Figure 3. 31 Confocal microscopy images of CK5 (red) in negative control outward 

hBEOs incubated for 72h in matrigel (A), Confocal microscopy images of CK5 (red) 

and spike protein (green) in outward hBEO infected with SARS-CoV-2 for 2h with 

MOI 0.5, incubated 24h post-infection in matrigel (B), 48h post-infection in matrigel 

(C), 72h post-infection in matrigel (D). Hoechst (blue) is used for nuclear staining. 
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Figure 3. 32 Confocal microscopy images of spike protein (green) replicated in outward 

hBEOs incubated as post-infection for 72h in matrigel (A), Confocal images of CK5 

(red) and spike protein (green) replicated in outward hBEO incubated as post-infection 

for 72h in matrigel (B). Hoechst (blue) is used for nuclear staining. 

3.3.3 N1 gene expression analysis in SARS-CoV-2 infected hBEOs and their 

supernatants 

qPCR was applied to the Wuhan variant of the SARS-CoV-2 virus with serial 

dilutions (10^7 to 10^1) to obtain an equation for CT values conversion to PFU/ml 

calculation. So that viral load was determined for each group. The amplification curve 

and CT values were obtained for each dilution. Based on these standards, the equation 

was calculated, as seen in Figure 3.33 below. 
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Figure 3. 33 SARS-CoV-2 N1 gene expression qPCR results represented as 

amplification curve (A), CT values (B), and viral load equation as PFU/ml (Log10) (C). 

Based on these results, CT values over 35,93 corresponding 102 viral load are accepted 

as negative results in terms of the presence of SARS-CoV-2 in the samples. 

Organoids demonstrated in Table 2.5 were treated with PM2.5 and ROS/RNS inhibitors. 

Also, SARS-CoV-2 infection-optimized dose and duration were determined as MOI 0.5 

for 2h infection and 72h post-infection. Optimum infection was presented with confocal 

images above. Lastly, qPCR was done with hBEOs and their supernatants treated with 

this dose and duration of SARS-CoV-2 to prove the infection as a second method. For 

this aim, 2h viral infection media was used as a positive control, and organoid media not 

infected with the virus were used as a negative control. The nucleocapsid 1 (N1) gene 

expression was analyzed for the presence of SARS-CoV-2 in organoids after 72h post-

infection, as suggested by the Centers for Disease Control and Prevention (CDC). For 

supernatant analysis, qPCR was repeated 3 times with triplicates for 3 non-smoker and 3 

smoker samples. 2h infection media and 72 hours post-infection organoids itself CT 

values varied between 30-35. PFU (Plaque Forming Unit)/ml values were between 3-6. 

There were no CT values for negative controls.  

 

As shown in Figure 3.34, 2h infection non-smoker organoid supernatant samples 

demonstrated that PM2.5 (mean=4.410) significantly increased the viral load in the 

Sample Cq

wuhan 10*7 17,43

wuhan 10*6 21,56

wuhan 10*5 25,21

wuhan 10*4 29,01

wuhan 10*3 32,26
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supernatant in terms of PFU/ml compared to the control (median=3.986). Also, when the 

ROS/RNS inhibitors were added to the culture media together with PM2.5, N1 gene 

expression was decreased (mean=3.8) significantly compared to the only PM2.5-treated 

samples (mean=3.986).  

 
Figure 3. 34 Comparison of PFU/ml values of N1 gene expression between control, 

PM2.5, and PM2.5 inhibitors treated non-smoker organoids’ supernatants which are 

infected with SARS-CoV-2 for 2 hours. ***p<0.001, ****P<0.0001. 

On the other hand, there was no significant difference in viral load between smokers' 

organoids supernatant samples, as shown in Figure 3.35 below. 

 
Figure 3. 35 Comparison of PFU/ml values of N1 gene expression between control, 

PM2.5, and PM2.5 + inhibitors treated smoker organoids’ supernatants which are infected 

with SARS-CoV-2 for 2 hours.  

  

After 72 hours post-infection incubation, non-smoker organoids obtained from HBECs 

were also used to determine the viral load inside the organoids and to prove that these 

organoids were infected by SARS-CoV-2 with this dose and duration. The experiment 

was conducted 2 times (containing 2 PCR setups with duplicates as a technical replicate, 

n=8). As seen in Figure 3.46, N1 gene expression was elevated in the PM2.5 (mean=4.471) 
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group compared to the control (mean=3.86) significantly, while it was reversed with the 

addition of inhibitors (mean=3.341) to the treatment. 

 
 

Figure 3. 36 Comparison of PFU/ml values of N1 gene expression between control, 

PM2.5, and PM2.5 + inhibitors treated non-smoker organoids infected with SARS-CoV-2 

for 2 hours and incubated as the post-infection period for 72 hours. ****p<0.0001. 

Also, a 2-way ANOVA analysis was done for 2h infection supernatant groups to 

determine whether there are differences between smoker and non-smoker organoid 

supernatants. It can be seen from Figure 3.37 at the end of 2h infection that non-smoker 

organoids treated with PM2.5 (mean=4.410) were significantly expressing a higher amount 

of N1 gene, and higher PFU/ml values compared to the smoker organoids treated with 

PM2.5 (mean=3.805).  

 
Figure 3. 37 Comparison of PFU/ml values of N1 gene expression between control, 

PM2.5, and PM2.5 + inhibitors treated non-smoker organoids’ supernatants with smoker 

organoids’ supernatants which are infected with SARS-CoV-2 for 2 hours. **p<0.01. 
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3.5 Gene expression analysis of hBEOs treated with PM2.5 and PM2.5+inhibitors 

with or without SARS-CoV-2 infection 

3.5.1 qPCR analysis of hBEOs treated with PM2.5 and PM2.5+inhibitors with or without 

SARS-CoV-2 infection 

Figure 3.38 below demonstrates qPCR analysis of non-smoker organoids treated with 

PM2.5 and PM2.5 + inhibitors without SARS-CoV-2 infection. As shown in Table 2.5, 3 

different patients non-smoker organoids were used. qPCR was repeated 2 times with 2 

technical replicates (n=12). SOD1 expression was significantly higher in the 

PM+inhibitors group (median=1.912) compared to the control (median=1.072). NQO1 

gene expression was significantly elevated with PM2.5 (median=5.941) treatment 

compared to the control (median=1.07), which is partly considerably reversed by the 

addition of inhibitors (median=3.94). For the NF2EL2 gene, PM2.5 (median=2.055) 

treatment increased the expression compared to the control (median=0.9985), and PM2.5 

+inhibitors (median=0.954) treatment decreased it compared to only PM2.5 group 

(median=2.055). ACSL4 gene expression was elevated in the PM group (median=3.036) 

compared to the control (median=1.127). PM2.5 + inhibitors (median=0.915) reduced the 

expression compared to the only PM2.5 -treated group (median=3.036). It can be seen that 

for CASP1 and CASP9, PM2.5 elevated the expression (median=2.198; 1.515) compared 

to the control (median=1.045; 0.926), which was attenuated together with PM2.5 

+inhibitor treatment (median=0.516; 0.269) compared to the only PM2.5 treated ones. 

BCL2 expression was higher in the PM2.5 +inhibitors group(median=2.354) compared to 

the only PM2.5 treatment (median=1.1995). No significant change was observed for 

HMOX1, CYGB, KEAP1, and GPX4.  
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Figure 3. 38 qPCR analysis of non-smoker organoids treated with PM2.5 and PM+ 

inhibitors without infection. *p<0.05, **p<0.01, ****p<0.0001. 

Figure 3.39 below demonstrates qPCR analysis of smoker organoids treated with PM2.5 

and PM+ inhibitors without SARS-CoV-2 infection. As shown in Table 2.5, 3 different 

patients smoker organoids were used. qPCR was repeated 2 times with 2 technical 

replicates (n=12). SOD1 gene expression SOD1 expression was significantly higher in 

the PM2.5 +inhibitors group (median=6.652) compared to the control (median=0.7085), 

similar to the non-smoker results explained in Figure 3.11. HMOX1 expression was 

elevated in the PM2.5 group (median=2.1755) significantly compared to the control group 

(median=0.882), while it was reduced with PM2.5 +inhibitor treatment (median=0.6445) 

compared to the only PM2.5 group (median=2.1755). For NQO1, there was an increase 

with PM2.5 treatment (median=28.4855) compared to the no-treatment group 

(median=0.698). PM2.5 +inhibitors treatment (median=18.797) was significantly higher 

than no treatment group. Also, there was a decreasing trend when compared with only 

PM2.5 treatment; however, it was not significant. NFE2L2 expression was elevated with 

PM2.5 treatment (median= 2.499) compared to the control (median=0.9215), which was 

reversed with the addition of inhibitors compared to the only PM2.5 treatment 

(median=0.8705). KEAP1 was higher control group (median=22.264) compared to the 
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PM2.5 treatment (median=0.2415) and PM2.5 inhibitors group (median=1.226). CASP9 

was higher in the PM2.5 treatment group (median= 4.02) than the control group 

(median=0.978). PM2.5 +inhibitors treatment (median=0.386) decreased the CASP9 

expression significantly compared to the only PM2.5 treatment (median=4.02) BCL-2 

expression was increased in PM2.5 +inhibitors group (median=2.404) compared to the 

control (median=1.196) and PM2.5 group (median=2.005) significantly. There was no 

significant change for CYGB, ACSL4, GPX4, or CASP1 genes. For the ACSL4 gene, 

there was an increasing trend with PM2.5 treatment compared to the control, which 

decreased with the addition of inhibitors; however, it was not statistically significant. 

 
Figure 3. 39 qPCR analysis of smoker organoids treated with PM2.5 and PM2.5 + 

inhibitors without infection. *p<0.05, **p<0.01. 

Figure 3.40 below demonstrates qPCR analysis of non-smoker organoids treated with 

PM2.5 and PM2.5 + inhibitors with SARS-CoV-2 infection. A healthy bronchial epithelial 

cell line was used as a non-smoker organoid. The experimental setup was repeated 2 

times. For NQO1, qPCR was repeated 2 times containing triplicates (n=12); for NFE2L2, 

ACSL4, SOD1, GPX4, HMOX1, CYGB, and KEAP1 qPCR was repeated 2 times with 

duplicate technical replicates (n=8), for CASP1, CASP9, and BCL2, qPCR was repeated 



 
 

 
 

74 

74 

2 times one with duplicate one with single technical replicates (n=6). SOD1 gene 

expression SOD1 expression was significantly higher in the PM+inhibitors group 

(median=4.191) compared to the control (median=2.2715), similar to the non-smoker and 

smoker results without infection, which is explained in Figures 3.13 and 3.14, 

respectively. HMOX1 expression was elevated in the PM2.5 group (median=1.1555) 

significantly compared to the control group (median=0.947), while it was reduced with 

PM2.5 +inhibitors treatment (median=0.308) compared to the only PM group 

(median=1.1555) similar to the smoker organoids without infection as shown in Figure 

3.14. CYGB expression was augmented when those organoids were treated with PM2.5  

(median=4.2985) compared to the control (median=1.218), while it was decreased in the 

PM2.5 +inhibitors group (median=1.7635) compared to the only PM2.5  treatment 

(median=4.2985) similar to non-smoker organoids without infection. NFE2L2 gene was 

expressed at a lower level in the PM2.5 group compared to the control (however, it was 

not significant, while it was significantly increased in the PM2.5 +inhibitors group 

(median=1.628) compared to only PM2.5 treatment (median=0.944) and control 

(median=1.281). KEAP1 gene expression was significantly reduced in PM2.5 

(median=0.4665) compared to the control (median=1.13) and PM2.5 inhibitors group 

(median=1.22). ACSL4 gene was significantly higher in PM2.5 (median=1.5945) 

compared to the control (median=1.0475) and PM2.5 +inhibitors treated group 

(median=1.035). CASP1 and CASP9 were more expressed in PM2.5  groups 

(medians=1.217, 1.659, respectively) than in controls (medians=0.989, 1.0285, 

respectively). For BCL2 expression, there was a decrease in the PM2.5  treatment group 

(median=1.05) compared to the control (median= 1.6395). There was no significant 

change for NQO1 and GPX4. 
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Figure 3. 40 qPCR analysis of non-smoker organoids treated with PM2.5 and PM2.5 + 

inhibitors with infection. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

As seen in Figure 3.41 below, when non-smoker vs. smoker results without infection were 

compared, there were significant differences between SOD1, NQO1, KEAP1, and 

CASP1. Smokers' SOD1 expression was significantly greater than non-smokers’ in terms 

of the PM2.5 + inhibitors group (median=6.652; 1.912). Smokers’ NQO1 expression was 

significantly higher in terms of the PM2.5 group (median=28.4855; 5,941). For KEAP1, 

there was a significant increase in smokers’ results for controls (median=22.264; 0.94). 

For CASP1, there was an increase in smokers with PM2.5 + inhibitors treatment compared 

to the non-smokers. (median=1.393; 0.516). 
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Figure 3. 41 qPCR analysis comparison between non-smoker and smoker organoids 

treated with PM2.5 and PM2.5 + inhibitors without (w/o) infection. *p<0.05, **p<0.01. 

As seen in Figure 3.42 below, SOD1, HMOX1, NQO1, CYGB, NFE2L2, KEAP1, 

ACSL4, and CASP1 genes were significantly changed between non-smoker organoids 

with or without infection. SOD1 gene expression was significantly higher in the infected 

group compared to the non-infected group in terms of PM (median=4.5035; 1.599) and 

PM2.5 + inhibitors treatment (median=4.191; 1.192). Non-smoker organoids infected with 

SARS-CoV-2 had significantly lower expression of HMOX1 compared to the non-

infected ones when treated with PM2.5 + inhibitors (median=0.2845; 1.496). Non-smoker 

organoids not infected with SARS-CoV-2 had significantly higher expression of NQO1 

compared to the infected ones when treated with both only PM2.5 (median= 5.941; 1.438) 

PM2.5 +inhibitors (median=3.94; 0,6785). CYGB expression was significantly greater in 

infected organoids regarding PM2.5 treatment (median=4.2985; 1.556). NFE2L2 

expression was lower in the infected group (median=0.944) compared to the non-infected 

ones (median=2.055) in terms of PM2.5 treatment. KEAP1 gene expression was higher in 

the without infection group when organoids were treated with PM2.5 (median=0.734, 

0.4665).  Non-smoker organoids treated with only PM2.5 and not infected with SARS-

CoV-2 had higher ACSL4 levels than the infected ones (median=3.036, 1.035). CASP1 
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was greater in non-infected PM2.5 -treated organoids (median= 2.198) than in infected 

PM2.5 -treated ones (median= 1.217). 

 
Figure 3. 42 qPCR analysis comparison between non-smoker organoids treated with 

PM2.5 and PM2.5 inhibitors with and without(w/o) SARS-CoV-2 infection.  **p<0.01, 

***p<0.001, ****p<0.0001.  

 

3.6 RNA sequencing analysis of hBEOs treated with PM2.5 and PM2.5+inhibitors 

with SARS-CoV-2 infection 

For the RNA sequencing, SARS-CoV-2 infected organoids obtained from a 

healthy human bronchial epithelial cell line treated with PM2.5 and PM2.5 + inhibitors 

together with the control group were used. The sample size was 3 for each group. Table 

3.2 below show the quantity and quality of each RNA sample. 
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Table 3. 2 Quantity and quality measurements of sequenced RNA samples. 

 
 

All groups were compared as follows: SARS-CoV-2 infected hBEOs (G1 group) versus 

those also infected with SARS-Cov2 and exposed to PM2.5 (G2 group) and those exposed 

to both PM2.5 and ROS/RNS inhibitors (G3 group). The comparisons were “G1 vs. G2”, 

“G1 vs. G3”, and “G2 vs. G3”.  The list of genes associated with the viral entry, oxidative 

stress, cell death mechanisms, epithelial barrier, and bronchial epithelial cell markers that 

had been investigated are listed in Table 3.3 below. 

 

 

 

 

 

 

 

 

 

 

No. Sample 
Name

Sample 
Number

Tube No.
Concen-
tration(ng/
μL)

Volume(μ
L)

Total 
Mass(μg)

RIN 28S/ 18S Library 
Type

Test 
Result

Remark

1 1a 85224020
00715

1 12.835 14 0.1797 9.3 2.4
DNBSEQ 
Transcript
ome

Level B m<0.2μg

2 1b 85224020
00716

1 16.915 14 0.2368 9.2 2.1
DNBSEQ 
Transcript
ome

Level A

3 1c 85224020
00717

1 15.94 14 0.2232 9.3 2.3
DNBSEQ 
Transcript
ome

Level A

4 2a 85224020
00718

1 9.805 12 0.1177 9.5 2
DNBSEQ 
Transcript
ome

Level B
c<10.0ng/
μL. 
m<0.2μg

5 2b 85224020
00719

1 14.125 13 0.1836 9.4 2.3
DNBSEQ 
Transcript
ome

Level B m<0.2μg

6 2c 85224020
00720

1 11.29 14 0.1581 9.1 1.5
DNBSEQ 
Transcript
ome

Level B m<0.2μg

7 3a 85224020
00721

1 6.171 14 0.0864 9.2 1.9
DNBSEQ 
Transcript
ome

Level C
c<10.0ng/
μL. 
m<0.2μg

8 3b 85224020
00722

1 3.415 17 0.0581 7.9 1.2
DNBSEQ 
Transcript
ome

Level C
c<10.0ng/
μL. 
m<0.2μg

9 3c 85224020
00723

1 1.866 20 0.0373 6.8 1.3
DNBSEQ 
Transcript
ome

Level C

c<10.0ng/
μL. 
m<0.2μg. 
RIN<7.0
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Table 3. 3 The list of genes associated with viral entry, oxidative stress, cell death 

mechanisms; epithelial barrier, and bronchial epithelial cell markers investigated by 

using RNA sequencing data. 

 
 
25 viral entry-related genes (Table 3.3) were identified through literature reviews to 

analyze their expression changes in our transcription dataset and to perform group 

comparisons. According to the comparison results, the alanyl aminopeptidase (ANPEP) 

gene was upregulated in both the G2 and G3 hBEOs compared to the G1 hBEOs. 

Additionally, the Complement Component 1 (C1R) gene was upregulated in the G3 group 

compared to the G1 group. No other genes showed significant changes between groups 

as seen in Table 3.4. 
 
Table 3. 4 List of viral entry-related DEGs during SARS-COV-2 infection in response 

to PM2.5 and PM2.5+inhibitor treatments. 
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11 pro-oxidant, 14 oxidative response-related, and 11 antioxidant genes were identified 

through literature reviews to analyze their expression (Table 3.3). DEGs were identified 

based on criteria of padj < 0.05 and log2FC < 1. Our analysis revealed a significant change 

in the nitric oxide synthase 3 (NOS3) gene among the pro-oxidant genes examined. 

Specifically, NOS3 gene expression was upregulated in the group exposed to both the 

virus and PM2.5 (G2) compared to the group exposed only to SARS-CoV-2 (G1). No 

significant changes were observed in the comparisons of "G2 vs G3" and "G1 vs G3" for 

this gene as seen in Table 3.5.  

 

Table 3. 5 List of oxidative stress-related DEGs during SARS-COV-2 infection in 

response to PM2.5 and PM2.5+inhibitor treatments.  

 
 

Using the dataset containing 81 apoptotic genes from the KEGG PATHWAY 

(map04210), we analyzed the expression changes within our transcription dataset (Table 

3.7). Our analysis revealed significant differences in the BCL2-related protein A1 

(BCL2A1) expression, an anti-apoptotic gene. In the G2 group compared to the G1, the 

BCL2A1 gene was downregulated. In the G3 group compared to, the BCL2A1 gene did 

not show a significant change. No significant differences in the expression of this gene 

were observed in G2 vs. G3 as seen in Table 3.6. 

 

Table 3. 6 List of apoptosis-related DEGs during SARS-COV-2 infection in response to 

PM2.5 and PM2.5+inhibitor treatments. 

 
 
Using the dataset of 31 ferroptotic genes from the KEGG PATHWAY (map04216), we 

examined the expression changes of these genes in our transcription dataset (Table 3.3). 

The analysis revealed that the only gene with a significant expression change in our group 

comparisons was transferrin (TF). This gene was upregulated in both the G1 vs. G2 and 

G1 vs. G3 comparisons. However, no significant change was observed in the TF gene 

expression in the G3 compared to the G2 as seen in Table 3.7. 
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Table 3. 7 List of ferroptosis-related DEGs during SARS-COV-2 infection in response 

to PM2.5 and PM2.5+inhibitor treatments.  

 

We examined the expression changes of bronchial epithelial cell marker genes identified 

by (Ravindra et al., 2021) through single-cell longitudinal analysis of SARS-CoV-2 in 

human airway epithelial cells, using the data obtained from our study (Table 3.3). Among 

the total of 25 genes, we displayed the genes with significant changes in our group 

comparisons in Table 3.8 below. According to our analysis, the expression of the club 

cell marker gene LY6/PLAUR domain containing 2 (LYPD2) was significantly 

upregulated in both the G2 and G3 groups compared to the G1 group. Additionally, 

another club cell marker gene, SCGB1A1, was upregulated in the G3 group compared to 

the G1 group. Furthermore, in the G1 vs. G3 comparison, the proliferative basal cell 

marker gene marker of proliferation Ki-67 (MKI67) was upregulated. In the G3 compared 

to the G2, the expression levels of LYPD2, and SCGB1A1, remained unchanged, whereas 

MKI67 expression was upregulated. 

Table 3. 8 List of bronchial epithelial cell marker-related DEGs during SARS-COV-2 

infection in response to PM2.5 and PM2.5+inhibitor treatments.  

 

Additionally, we used the epithelial barrier gene set (31 genes) from the study by (Zhou 

et al., 2023) to determine the effects of the virus, PM2.5, and ROS/RNS inhibitors on the 

expression of epithelial barrier-related genes in our dataset. The gene list examined is 

presented in Table 3.3. The analysis showed no significant changes in the expression of 

epithelial barrier-related genes in any of the group comparisons.  
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3.4 Measurement of ROS (8-isoprostane)/RNS (nitrate+nitrite, nitrate, nitrite) and 

inflammatory cytokines (IL1b, TNFa, GM-CSF, IL-6 and IL-8) from COVID-19 

patients and healthy individuals plasma samples and hBEOs’ supernatants 

3.4.1 Measurement of RNS (nitrate+nitrite, nitrate, nitrite) from COVID-19 patients 

and healthy individuals plasma samples 

The objective of RNS analysis was to examine the association between plasma 

nitrate+nitrite, nitrate, and nitrite levels and the severity of  COVID-19. Firstly, a 

comparison between controls and all COVID-19 patients was performed for RNS 

measurements. According to that analysis, nitrite and nitrite/nitrate concentrations, 

respectively, were significantly higher in patients (median=1.21 and 0.029; 

****p<0.0001) compared to controls (median=0.53; and 0.022), as seen in Figure 3.44. 

 
Figure 3. 43 Plasma Nitrate+nitrite levels (A), nitrate levels (B), nitrite (C), and 

nitrite/nitrate (D) levels in healthy controls and COVID-19 patients. ****p<0.0001. 

Data are expressed as median ± interquartile range. 

After that, whether COVID-19 severity affects the RNS level was checked as seen in 

Figure3.45. Nitrate+nitrite and nitrate concentrations were respectively higher in severe 

patients (median=34.37 and 33.43; *p<0.05) compared to the mild (median= 22.25 and 

20.62) ones. Nitrite concentration was lower in controls (median= 0.53; ****p<0.0001) 

compared to mild, moderate, and severe patients (median= 1.56, 1.17 and 0.83; 

****p<0.0001 and *p<0.05). Also, there was a gradual decrease in nitrite concentration 

with the increase in the severity of patients. Nitrite /nitrate concentration was significantly 

lower in the control group (median=0.022; ****p<0.0001) compared to mild patients 

(median=0.073). Further, there was a gradual decrease from mild to moderate 

(median=0.034; *p<0.05) and severe (median=0.029; ****p<0.0001) patients. 
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Figure 3. 44 Plasma Nitrate+nitrite levels (A), nitrate levels (B), nitrite (C), and 

nitrite/nitrate (D) levels in healthy controls and mild, moderate, and severe patients. *p 

<0.05, ****p<0.0001. Data are expressed as median ± interquartile range. 

ROC analysis of RNS (nitrate+nitrite, nitrate, nitrite) level in COVID-19 patients 

ROC was conducted to assess the predictive accuracy in correlating Nitrate+nitrite, 

nitrate, and nitrite levels with COVID-19 infection. There was a significant result for 

nitrite levels in the control vs. all COVID-19 groups (area under the curve (AUC) was 

0.9765 to distinguish COVID-19 patients and controls with a p-value smaller than 0.0001) 

as seen in Figure 3.46 below. For the control vs. mild and moderate groups, the area was 

1 with a p-value smaller than 0.0001, which means that a 100% nitrite level is a predictor 

for mild and moderate COVID patients. While the area was 0.9228 with p value smaller 

than 0.0001 for control vs. severe groups. 
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Figure 3. 45 ROC analysis of nitrite in the control vs all COVID-19 groups together and 

control vs. mild, moderate, and severe groups separately. 

3.4.2 Measurement of ROS (8-isoprostane) in COVID-19 patients and healthy 

individuals’ plasma samples 

The objective of ROS analysis was to investigate the association between ROS level 

and the severity of COVID-19. 8-isoprostane is formed by the lipid peroxidation of 

arachidonic acid. It is one of the reliable oxidative stress markers used to measure ROS 

in plasma samples. As seen in Figures 3.47 and 3.48, 8-isoprostane levels were 

significantly higher in COVID-19 patients (median= 2990.983; **p<0.01) compared to 

the controls (median=278.745). A significant increase has been observed in the severe 

group (median=4073.15; **p<0.01). 

 

Figure 3. 46 Plasma 8-isoprostane level in healthy controls and COVID-19 patients. 

**p<0.01. Data are expressed as median ± interquartile range. 

 

 
Figure 3. 47 Plasma 8-isoprostane level in healthy controls and mild, moderate, and 

severe patients. **p<0.01. Data are expressed as median ± interquartile range. 
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ROC analysis of ROS (8-isoprostane) level in COVID-19 patients 

ROC analysis was conducted to assess the predictive accuracy of correlating 8-

isoprostane levels with COVID-19 infection as seen in Figure 3.49. AUC was 0.8472 to 

distinguish COVID-19 patients and controls with a p-value of 0.0016.  For the control vs. 

mild patients’ area, it was 0.8283 with a p-value equal to 0.0135; for the control vs. 

moderate group area, it was 0.7273 with a p-value of 0.874; for the severe group area, it 

was 1 with a p-value of 0.0002 which means that 8-isoprostane level is best for 

distinguishing severe COVID-19 patients from control group as a biomarker.  

 
Figure 3. 48 ROC analysis of 8-isoprostane concentration in the control vs all COVID-

19 groups together and control vs. mild, moderate, and severe groups separately. 

Figures 3.46 and 3.49 show that RNS and ROS levels were significant determinants of 

COVID-19 status.  

3.4.3 Measurement of inflammatory cytokines (IL1b, TNFa, GM-CSF, IL-6 and IL-8) in 

COVID-19 patients and healthy individuals plasma samples 

The objective of inflammatory cytokine analysis was to investigate the association 

between plasma IL-6, IL-8, IL-1β, GM-CSF and TNF-α, levels and the severity of 
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coronavirus disease. As shown in Figure 3.50 below, there was no significant difference 

between groups in IL-1β, TNF-α, and GM-CSF analysis. 

 

Figure 3. 49 IL1β, TNF-α, and GM-CSF levels in plasma samples of control vs. 

COVID-19 groups and control vs. mild, moderate, and severe groups, respectively. Data 

are expressed as median ± interquartile range). 

In our ELISA experiments, we found that IL-6 levels were significantly greater in the 

COVID-19 group (median= 18.5615; ****p<0.0001) compared to the control 

(median=2.729), as seen in Figure 3.51. There was no gradual increase from mild patients 

(median=23.744; ****p<0.0001) to moderate (median=15.683; ***p<0.001) and severe 

ones (median=22.531; ****p<0.0001). Each patient group was significantly higher than 

healthy individuals as seen in Figure 3.51. 
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Figure 3. 50 Plasma IL-6 level in healthy controls and COVID-19 patients. ***p<0.001, 

****p<0.0001. Data are expressed as median ± interquartile range. 

 

In our ELISA experiments, we found that IL-8 levels were significantly greater in the 

COVID-19 group (median=36.786; *p<0.05) compared to the control group 

(median=27.7275) as seen in Figure 3.52. Control (median=27.7275; **p<0.01), mild 

(median=34.4935; *p<0.05), and moderate (median=31.009; *p<0.05), groups were 

significantly lower than severe cases (median=48.128). 

 
Figure 3. 51 Plasma IL-8 level in healthy controls and COVID-19 patients. *p<0.05, 

**p<0.01. Data are expressed as median ± interquartile range. 

ROC analysis of inflammatory cytokines (IL-6 and IL-8) in COVID-19 patients  

ROC analysis was performed to understand whether using IL-6 level to distinguish 

healthy people from COVID-19 patients is possible. AUC was 0.9801 with a p-value 

smaller than 0.0001 for all patient groups together, while the area was 0.9596 with a p-

value smaller than 0.0001 for mild vs. control. AUC was 1 for the moderate vs. control 

group with a p-value smaller than 0.0001. Lastly, for severe vs. control analysis, the area 

was 0.9827 with a p-value smaller than 0.0001. As seen in Figure 3.53 below IL-6 is a 

good predictor for all COVID-19 patients’ groups. 
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Figure 3. 52 ROC analysis of IL-6 concentration in the control vs all COVID-19 groups 

together and control vs. mild, moderate, and severe groups separately. 

Lastly, ROC analysis was performed to understand whether it is possible to use IL-8 level 

to distinguish healthy people from COVID-19 patients as seen in Figure 3.54. AUC the 

curve was 0.6572, with a p-value of 0.0458 for all patients. It was 0.6080 with a p-value 

of 0.2681 for mil vs control, while the area was 0.5863 with a value of 0.3700 in the 

moderate group. Lastly, AUC was 0.07749, and the p-value was 0.043 for severe vs. 

control. These results demonstrate that IL-8 is not a better biomarker than IL-6, but still, 

it can be used especially for severe patients. 
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Figure 3. 53 ROC analysis of IL-8 concentration in the control vs all COVID-19 groups 

together and control vs. mild, moderate, and severe groups separately. 

3.4.4 Measurement of inflammatory cytokines (IL-6 and IL-8) in hBEO supernatants  

IL-6 and IL-8 measurements were done using supernatants of organoids infected or 

not infected with SARS-CoV-2, which are the control group, treated with PM2.5 and PM2.5 

+ inhibitors. A supernatant of organoids obtained from healthy bronchial epithelial cell 

lines was used as a non-smoker sample in without-infection groups, 2h infection groups, 

and 72h post-infection groups. Also, there were 3 different smokers’ organoids 

supernatants in the without infection group, while there was one smoker’ organoids’ 

supernatant for 2h infection groups and 72h post-infection groups. Each measurement 

was repeated twice with 3 technical replicates. 

Figure 3.55 represents the results of supernatants of organoids only exposed to the 

treatments without viral infection. As seen in Figure 3.55A, when the non-smokers’ 

organoids were treated with PM2.5 and PM2.5 +inhibitors without infection, it was 

observed that PM2.5 +inhibitors (median=83.278) decreased the IL-6 level compared to 

the control (median=193.147) and only PM2.5 (median=202.559) treated group. As seen 

in Figure 3.55B, when the smokers’ organoids were treated with PM2.5 (median=129.39), 

IL-6 levels increased significantly compared to the control (median=43.3), PM2.5 
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+inhibitors (median=54,523) treatment decreased the IL-6 level compared to the PM2.5 

(median=129.39) treated group significantly.  

 
Figure 3. 54 Comparison of IL-6 levels in supernatants of organoids obtained from non-

smokers (A) and smokers (B) between control, PM2.5, and PM2.5 + inhibitors treated 

groups without SARS-CoV-2 infection. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Data are expressed as median ± interquartile range. 

Figure 3.56 represents the results of supernatants of organoids exposed to the treatments 

before the 2h infection. As seen in Figure 3.56A, when the non-smokers’ organoids were 

treated with PM2.5 and PM2.5 +inhibitors without infection, it was observed that PM2.5 

(median=23.484) increased the IL-6 level significantly compared to the control 

(median=8.411) while PM2.5 +inhibitors (median=9.021) decreased the IL-6 level 

compared to the only PM2.5 (median=23.484) treated group. As seen in Figure 3.56B, 

when the smokers’ organoids were treated with PM2.5. IL-6 levels did not change 

significantly compared to the control; PM2.5+inhibitors (median=382.685) treatment 

increased the IL-6 level compared to the only PM2.5 (median=123.185) treated group 

significantly, which was unexpected. Also, there were significant differences between 

non-smokers’ and smokers’ IL-6 levels after treatment with SAR-CoV-2 for 2 hours, 

which can be seen in Figure 3.58. 
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Figure 3. 55 Comparison of IL-6 levels in supernatants of organoids obtained from non-

smokers (A) and smokers (B) in between control, PM2.5, and PM2.5 + inhibitors treated 

groups with 2h SARS-CoV-2 infection. *p<0.05, **p<0.01, ***p<0.001. Data are 

expressed as median ± interquartile range. 

Figure 3.57 represents the results of supernatants of organoids exposed to the treatments 

prior to the 2h infection and 72-post infection incubation. As seen in Figure 3.57A, when 

the non-smokers’ organoids were treated with PM2.5 and PM2.5 + inhibitors there were no 

significant changes in IL-6 levels. As seen in Figure 3.57B, when the smokers’ organoids 

were treated with PM2.5+ inhibitors (median=17.408), IL-6 levels were increased 

compared to the control (median=2.398),). Also, the drastic difference between non-

smoker and smoker’s IL-6 levels, after treatment with SAR-CoV-2 for 2 hours reduced 

after 72h post-infection incubation which can be seen in Figure 3.58. 

 
Figure 3. 56 Comparison of IL-6 levels in supernatants of organoids obtained from non-

smokers (A) and smokers (B) in between control, PM2.5, and PM2.5 + inhibitors treated 

groups with 72h SARS-CoV-2 infection. *p<0.05. Data are expressed as median ± 

interquartile range. 

In Figure 3.58 below, a 2-way ANOVA analysis was done to compare non-smokers vs. 

smokers. IL-6 levels of all non-smoker and smoker groups without infection can be seen. 

In control and PM2.5-treated groups, non-smokers’ IL-6 expression (median=193.147; 

195.964) was significantly higher than smokers (median=43.3; 129.39). IL-6 levels of all 

non-smoker and smoker groups 2h infection supernatants can be seen. In controls, PM2.5 

treated groups, and PM2.5+inhibitors treated groups, smokers IL-6 levels (median= 

150.442; 123.185; 382.685) were higher than the non-smokers (median=8.411; 

23.484;9.021). IL-6 levels in all non-smoker and smoker groups 72h post-infection 

supernatants can be seen. There was still a significant IL-6 level increase in smokers in 

terms of PM2.5 (median=17.28; 0.294) and PM2.5+ inhibitors (median=17.408; 0.715) 

compared to non-smokers. 
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Figure 3. 57 Comparison of IL-6 levels in supernatants of organoids treated with PM2.5 

and PM2.5+ inhibitors obtained from non-smokers vs. smokers without infection (A), 

with 2h infection (B) and 72h post-infection (C). *p<0.05, ***p<0.001, ****p<0.0001. 

Data are expressed as median ± interquartile range. 

 

In Figure 3.59 below, all non-smoker data collected in 1 graph and 2-way ANOVA 

analysis were done to compare w/o infection, 2h infection, and 72h post-infection groups. 

For controls, there was a significant decrease in 2h infected (median=8.411) and 72h 

(median=11.027) post-infected groups compared to the w/o infection group (median= 

193.147). For PM2.5 treatment, there was a significant decrease in 2h infected 

(median=23.484) and 72h (median=0.294) post-infected groups compared to the w/o 

infection group (median= 195.964). For PM2.5+ inhibitors treatment, there was a 

significant decrease in 2h infected (median=9.021) and 72h (median=0.715) post-infected 

groups compared to the w/o infection group (median= 83.278). 

 
Figure 3. 58 Comparison of IL-6 levels in supernatants of organoids treated with PM2.5 

and PM2.5 + inhibitors obtained from non-smokers without infection, 2h infection, and 

72h post-infection groups. **p<0.01, ****p<0.0001. Data are expressed as median ± 

interquartile range. 
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In Figure 3.60 below, all smoker data collected in 1 graph and 2-way ANOVA analysis 

were done to compare w/o infection, 2h infection, and 72h post-infection groups. For 

controls, there was an increase in 2h infection (median=150.442 compared to the not 

infected group (median=43.3), which was attenuated with 72h post-infection 

(median=2.398). For PM2.5 -treated ones, 72h post-infected group (median=17.535) was 

significantly lower than 2h infected (median=123.185) and not-infected groups 

(median=129.39). For PM2.5 +inhibitors treated ones, there was an increase in 2h infection 

(median=382.685) compared to the not infected group (median=54.523), which was 

attenuated with 72h post-infection (median=17.408). 

 
Figure 3. 59 Comparison of IL-6 levels in supernatants of organoids treated with PM2.5 

and PM2.5 + inhibitor obtained from smokers without infection, 2h infection, and 72h 

post-infection groups. *p<0.05, ****p<0.0001. Data are expressed as median ± 

interquartile range. 

 

Figure 3.61 represents the IL-8 results of supernatants of organoids only exposed to the 

treatments without viral infection. As seen in Figure 3.61A, when the non-smokers’ 

organoids were treated with PM2.5 + inhibitors without infection, it was observed that 

PM2.5 + inhibitors (median=4879.8) decreased the IL-8 level compared to the control 

(median=12358). As seen in Figure 3.61B, there were no significant differences for 

smoker groups.  
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Figure 3. 60 Comparison of IL-8 levels in supernatants of organoids obtained from non-

smokers (A) and smokers (B) between control, PM2.5, and PM2.5 + inhibitors treated 

groups without SARS-CoV-2 infection. *p<0.05. Data are expressed as median ± 

interquartile range. 

Figure 3.62 represents the results of supernatants of organoids exposed to the treatments 

prior to the 2h infection. As seen in Figure 3.62A, when the non-smokers’ organoids were 

treated with PM2.5 and PM2.5 +inhibitors, it was observed that PM2.5 (median=1035.57) 

increased the IL-8 level significantly compared to the control (median=682.254) while 

PM2.5 +inhibitors (median=1038.31) increased the IL-8 level significantly compared to 

the control (median=682.254) too. As seen in Figure 3.62B, there was no significant 

change for smoker groups.  

 
Figure 3. 61 Comparison of IL-8 levels in supernatants of organoids obtained from non-

smokers (A) and smokers (B) between control, PM2.5, and PM2.5 + inhibitors treated 

groups with 2h SARS-CoV-2 infection. *p<0.05, **p<0.01. Data are expressed as 

median ± interquartile range. 

Figure 3.63 represents the results of supernatants of organoids exposed to the treatments 

prior to the 2h infection—and 72-post infection incubation. As seen in Figure 3.63A, 

when the non-smokers’ organoids were treated with PM2.5 inhibitors (median=88.943), a 

significant change in IL-8 levels was observed compared to the control (median=30.567). 
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PM2.5+ inhibitors (median=88.943) group was significantly higher than only the PM2.5 

(median=41.894) group. As seen in Figure 3.63B, when the smokers’ organoids were 

treated with PM2.5 + inhibitors (median=698,387), the treatment also increased the IL-8 

level compared to the control group (median=274.191). Also, there was a significant 

difference between non-smokers’ and smokers’ IL-8 levels after 72h post-infection 

incubation, which can be seen in Figure 3.64. 

 
Figure 3. 62 Comparison of IL-8 levels in supernatants of organoids obtained from non-

smokers (A) and smokers (B) between control, PM2.5, and PM2.5 + inhibitors treated 

groups with 72h SARS-CoV-2 infection. *p<0.05, **p<0.01, **p<0.01. Data are 

expressed as median ± interquartile range. 

In Figure 3.64 below, a 2-way ANOVA analysis was done to compare non-smokers vs. 

smokers. IL-8 levels of all non-smoker and smoker groups without infection can be seen 

in Figure 3.64A. In the controls, smokers without infection group, IL-8 level 

(median=2661.47) was lower compared to the non-smokers (median=12358). The 

opposite situation was observed for 2h infected groups (Figure 3.64B), with IL-8 levels 

higher in control smokers (median=11393.5) vs control non-smokers 

(median=682.254). For 72h post-infection (Figure 3.64C), IL-8 levels were elevated in 

smokers for control (median=274.191), PM2.5 treatment (median=349.997), and PM2.5 

+inhibitors treatment (median=698.387) compared to the non-smoker (median=30.567; 

41.894; 88.943) respectively. 
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Figure 3. 63 Comparison of IL-8 levels in supernatants of organoids treated with PM2.5 

and PM2.5 + inhibitors obtained from non-smokers vs. smokers without infection (A), 

with 2h infection (B) and 72h post-infection (C). *p<0.05, **p<0.01, ****p<0.0001. 

Data are expressed as median ± interquartile range. 

 

In Figure 3.65 below, all non-smoker data collected in 1 graph and 2-way ANOVA 

analysis were done to compare w/o infection, 2h infection, and 72h post-infection groups. 

For controls, there was a significant decrease in 2h infected (median=682.254) and 72h 

(median=30.567) post-infected groups compared to the w/o infection group (median= 

12358). For PM2.5 treatment, there was a significant decrease in 2h infected 

(median=1035.57) and 72h (median=1038.31) post-infected groups compared to the w/o 

infection group (median=5706). For PM2.5 + inhibitors treatment, there was no significant 

change. 

 
Figure 3. 64 Comparison of IL-8 levels in supernatants of organoids treated with PM2.5 

and PM2.5 + inhibitors obtained from non-smokers without infection, 2h infection, and 

72h post-infection groups. **p<0.01, ****p<0.0001. Data are expressed as median ± 

interquartile range. 

In Figure 3.66 below, all smoker data collected in 1 graph and 2-way ANOVA analysis 

were done to compare w/o infection, 2h infection, and 72h post-infection groups. For 

controls, there was an increase in 2h infection (median=11393.5) compared to the not 

infected group (median=2661.47), which was attenuated with 72h post-infection 

(median=271.191). For PM2.5 treated ones, no significant change between groups was 

observed. For PM2.5+inhibitors treated ones, there was an increase in 2h infection 

(median=7571.56) compared to the not infected group (median=2496.18), which was 

attenuated with 72h post-infection (median=698.387). 
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Figure 3. 65 Comparison of IL-8 levels in supernatants of organoids treated with PM2.5 

and PM2.5 + inhibitors obtained from smokers without infection, 2h infection, and 72h 

post-infection groups. **p<0.01, ****p<0.0001. Data are expressed as median ± 

interquartile range. 
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CHAPTER 4 

DISCUSSION  

In this study, we investigated the role of reactive oxygen and nitrogen species in 

the pathogenesis and severity of COVID-19 and, the interaction between PM2.5 and 

SARS-CoV-2 by using human bronchial epithelial organoids. We demonstrated increased 

viral load due to PM2.5 which was partially possible to prevent by using ROS/RNS 

inhibitors. PM2.5 created oxidative and nitrosative stress together with SARS-CoV-2 

infection in terms of increased pro-oxidant expression and antioxidant mechanism 

activation, so elevated antioxidant expression. ROS/RNA inhibitors were relatively 

effective in the suppression of increased oxidative/nitrosative stress. Also, cell death 

mechanism activation was shown due to air pollutants. These molecular analyses were 

conducted by using qPCR, and RNA sequencing methods. Moreover, elevated ROS/RNS 

was shown in patients’ plasma samples with spectrophotometric measurements. 8-

isoprostane, ROS indicator, and nitrite, RNS indicator were determined as prognostic 

biomarkers for COVID-19 severity. Lastly, we established that IL-6 is a better biomarker 

than IL-8 for COVID-19 patients based on ELISA analysis. 

SARS-CoV-2 infection is mostly associated with cytokine production, 

inflammation, and cell death, which might further lead to organ failure. Besides 

pneumonia, COVID-19 can damage many organs, including the liver, kidney, heart, 

immune system, and blood. Therefore, it is significant to pay attention to the molecular 

mechanism underlying the infection for protection and treatment methods (T. Wang et 

al., 2020). Oxidative stress is crucial in the pathophysiology of various acute and chronic 

diseases such as cancer, lung diseases, cardiovascular diseases, and viral infections like 

COVID-19 (Milatovic et al., 2011). Oxidative stress and inflammation reinforce one 

another, contributing to the systemic hyperinflammatory state (Vollbracht & Kraft, 2022). 

RNS, produced by local inflammatory and pulmonary cells, plays a role in the 

development of pulmonary infections and chronic lung conditions (Konyalilar et al., 

2022). Moreover, in SARS-CoV-2 infection, RNS has been found to operate as a 

mediators of systemic inflammation (Ahmed et al., 2023).  

The major aim of the study was to elucidate the molecular mechanism of oxidative 

and nitrosative stress due to SARS-CoV-2 infection and PM2.5 in hBEOs and understand 

whether it might be prevented with ROS/RNS inhibitors. This step contained several 

objectives. The first one was organoid production. Initially, bronchial tissues obtained 
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from lobectomy or pneumonectomy surgeries are used to proliferate bronchial epithelial 

cells and then characterized with epithelial cell markers by immunofluorescence staining 

for further steps. Those cell cultures were expressing basal, ciliated, goblet, and secretory 

cells together with epithelial barrier proteins such as E-cadherin and occludin, which 

means that they are able to be used for bronchial organoid production. Most of the patients 

who underwent those surgeries were smokers or ex-smokers, which means there was a 

lack of non-smoker bronchial tissue, to overcome this problem, a human bronchial 

epithelial cell line was used for non-smoker human bronchial organoid production. The 

clinical and basic sciences in the field of lung research have been greatly impacted by 

traditional 2D cell culture methods. In contrast to in vivo and clinical observations and 

applications, it hasn't been sufficient to address all research questions, particularly in the 

past few years (Konar et al., 2016). What makes 3D cultures more advantageous than 2D 

cultures is that they have high heterogeneous tissue complexity and allow better 

observation of cell-cell and cell-matrix relationships (Joo et al., 2024). Nowadays, lung 

organoids are used in understanding the mechanism of various diseases and treatment 

methods (Chan et al., 2022). After the urge of the COVID-19 pandemic, with sequencing 

analysis, ACE2 and TMPRSS2, major SARS-CoV-2 entrance proteins, were proven to 

be predominantly expressed in transient secretory cells that are differentiated into goblet 

and ciliated cells. Therefore, bronchial organoids became one of the most valuable models 

to study SARS-CoV-2 infection (Lukassen et al., 2020). For these reasons, in our study, 

we conducted main cell culture experiments with hBEOs. Although COVID studies have 

accelerated very quickly due to the pandemic, mechanistic studies on the relationship 

between COVID and air pollution, especially those using 3D cultures, are still quite 

limited, so we believe that our study will make a significant contribution to the literature. 

Differentiated human bronchial epithelial organoids were obtained from proliferated 

human bronchial epithelial cells in 3-4 weeks; their characterization was done with 

epithelial cell markers before treatments. For organoid imaging, Dekkers et al.’s protocol 

was used as a reference (Dekkers et al., 2019). Also, characterized organoids were used 

to show ACE2, TMPRSS2, and Furin expression with qPCR analysis to be sure that these 

organoids could be infected with SARS-CoV-2.  

The second objective was the collection, isolation, and dose optimization of PM2.5 

samples. As indicated previously, air pollution is one of the most important health and 

environmental issues worldwide (Comunian et al., 2020). PMs are one of the major 

components of this pollution presented indoors and outdoors, especially in crowded and 
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traffic-heavy areas (Boogaard et al., 2022). They have a role as a crucial risk factor for 

various diseases like heart diseases, lower respiratory tract infections, COPD, asthma, 

lung cancer, and diabetes (Ritchie, 2024). Due to its small size, PM2.5 is one of the most 

dangerous ones that can be transported through alveoli and enter the circulation, leading 

to pulmonary inflammation together with increased oxidative, nitrosative stress that 

might lead to and further  (Donaldson et al., 2001; Pu et al., 2022). Due to these reasons, 

we collected PM2.5 samples from the city center for approximately 7 months to have a 

heterogeneous mixture that represents inhaled PM2.5 pollutants by individuals better. 

Teflon filters were preferred instead of quartz ones to eliminate the filter fiber 

contamination. In recent years, studies have been published from all around the world, 

establishing a linear correlation between COVID-19 cases, hospitalization and mortality, 

and air pollution in terms of PM2.5 (Andrée, 2020; Aykaç & Etiler, 2022; Conticini et al., 

2020; Travaglio et al., 2021; Wu et al., 2020; Yao et al., 2020; Zhu et al., 2020). In our 

previous study, we demonstrated that SARS-CoV-2 is present on those PMs, especially 

in busy locations, which makes the transportation of the virus for longer time periods and 

distances (Kayalar et al., 2021). Moreover, SARS-CoV-2 occupies ACE2 receptors, 

which causes the shift of the RAS system from an anti-inflammatory to an inflammatory 

pathway, while PM has an inhibitory effect on the release of some antiviral cytokines 

(Frontera et al., 2020; B. Wang et al., 2020). Also, some research showed an increased 

expression of the SARS-CoV-2 entrance-related genes and proteins with the elevated PM 

concentration in different models (Sagawa et al., 2021). It has been demonstrated that PM 

impairs epithelial barrier integrity, causing more virus uptake (Fiorito et al., 2022). 

Bayram and colleagues have demonstrated reduced ciliary beating frequency and elevated 

inflammatory stimulators due to the pollutants in primary human epithelial cells, which 

has an impact on defective immune response to infection and augmented cell death 

(Bayram et al., 1998; Bayram et al., 2013; Bayram et al., 2006). Research conducted with 

the PMs collected in London has shown increased ACE2 expression in primary human 

nasal epithelial cell line due to exposure to PM10 while it was attenuated by co-treatment 

of cells with PM10 and NAC (Miyashita et al., 2023). 

Prior to the SARS-CoV-2 infection, organoids were treated with PM2.5 to create 

oxidative/nitrosative stress and to check whether it influences the infection. Also, NAC 

and L-NMMA are used as reactive oxygen and nitrogen species inhibitors, respectively. 

NAC is a significant stimulator for antioxidant GSH production, a precursor in 

synthesizing reduced GSH. It has mucolytic effects and reveals a wide range of 
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antioxidant and anti-inflammatory activities by scavenging free radicals. It is an FDA-

approved drug recommended for various disease treatments, such as pneumonia, ARDS, 

and COPD (Liu et al., 2024). Moreover, previously, anti-thrombotic effects had been 

presented with an inhibitory effect on the NF-KB pathway in response to infections such 

as influenza and respiratory syncytial virus. Therefore, elevated scientific attention on 

NAC has prompted the evaluation of its efficacy in COVID-19 research (Alam et al., 

2023; Chen et al., 2023). Some randomized trials demonstrated that NAC treatment 

decreased the C-reactive protein and D-dimer levels in COVID-19 patients compared to 

the control group, which may have a reducing effect on the severity of the disease 

(Assimakopoulos et al., 2021; Avdeev et al., 2022; de Alencar et al., 2021). Also, few 

studies demonstrated the attenuated mortality rates due to the NAC treatment 

(Assimakopoulos et al., 2021; de Alencar et al., 2021; Faverio et al., 2022; Izquierdo et 

al., 2022). L-NMMA is a nonspecific NOS inhibitor, effective for all types of NOS such 

as eNOS (endothelial NOS), iNOS (inducible NOS) and nNOS (neuronal NOS) 

(Joneschild et al., 1999). The anti-inflammatory effect of L-NMMA in various diseases 

such as renal, neurodegenerative, and cardiovascular diseases has been presented (Haşimi 

et al., 2023). Reports have demonstrated higher levels of blood NO-3 and NO-2, which are 

metabolites of NO, in COVID-19 patients, especially in the severe ones, compared to the 

healthy controls. One of the reasons for this might be the higher iNOS synthesis during 

the inflammation (W. Fang et al., 2021). So, inhibition of NOS may be a treatment option 

to prevent the disease from worsening.  

NAC and L-NMMA were used simultaneously with PM2.5 and couldn’t be applied 

separately to check their individual effect on organoids, since it was necessary to keep 

the number of groups limited because of the high cost of 3D culture production. Dose 

optimization of PM2.5, NAC, and L-NMMA was conducted with bronchial epithelial cell 

line BEAS-2B cell by cell viability assay. 100 µg/ml for 24h was the most effective dose 

higher than the IC50 value for PM2.5 to create oxidative/nitrosative stress while not 

causing the death of the cell population. 8 mM NAC and 100 µM L-NMMA, 24h were 

chosen as the optimum concentrations and duration due to the increasing effect on cell 

viability compared to the control separately and in the presence of PM2.5 (100 µg/ml). 

Moreover, they had a higher protective effect when they were applied together.   

As the third objective, the SARS-CoV-2 infection dose and duration were 

optimized with the help of Chan and colleagues’ study (Chan et al., 2022). At the end of 
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the differentiation period, organoids were transferred to ultra-low attachment plates for 3 

days to change the inward position to the outward position. When organoids are obtained 

in matrigel mostly ciliated, goblet cells face the lumen while basal cells cover the outer 

layer. Since ciliated and goblet cells are the major cells in bronchial tissue expressing 

ACE2 and TMPRRS2, flip-flopping those cells outward raises the possibility of binding 

and getting into cells of SARS-CoV-2 so that the infection efficacy too (Chan et al., 2022; 

Lukassen et al., 2020). Since a longer stay without an extracellular matrix may cause 

deterioration in the organoid conformation and the flip-flop could be clearly observed in 

3 days, organoids were incubated at ultra-low attachment plates for 3 days. On the last 

day of 3 days, organoids were treated with PM2,5 and PM2,5+ inhibitors for 24h. At the 

end of those treatments, organoids were infected with SARS-CoV-2 in the BSL3 lab. 

MOI 0.5 for 2h was chosen as the optimum dose and duration of the infection with 

immunofluorescence staining of SARS-CoV-2 spike a structural protein facilitating viral 

entry (V’kovski et al., 2021). Lower doses were not enough for the infection while 

increasing infection periods such as 24 and 48h led to cell death and deformed organoid 

structure. To overcome these problems and increase the infection efficacy, it was decided 

to infect cells in an ultra-low attachment plate for 2h and incubate them 72h in matrigel 

as a post-infection period so that viruses taken into cells can be proliferated inside. Post-

infection periods of more than 72h were also detrimental for cells even in the matrigel. 

Furthermore, qPCR for the SARS-CoV-2 N1 gene, encoding a structural protein bounded 

to the viral RNA and forming the nucleocapsid, was applied to the 2h infection media as 

a positive control and to the organoids after the 72h post-infection to check whether the 

organoids are infected with the virus and also to check if the PM2.5 and inhibitors have 

any effect on infection (V’kovski et al., 2021). Before that, for viral load calculation, 

SARS-CoV-2 N1 gene qPCR was applied to the serial dilutions (10^7 to 10^1) to create 

a standard equation of the virus sample itself. According to qPCR results, it was shown 

that CT values above 35,93 were negative. In our samples of non-smoker organoids 2h 

infection media, which has CT values between 30-35, corresponding to 3-5 PFU/ml, there 

was a significant increase in viral load in the PM2.5- treated group compared to the 

controls while it was decreased with the addition of inhibitors. Viral load was similar 

between non-smoker and smoker organoids supernatants. Only smokers had a lower 

amount of virus in the PM2.5 treated group.  Viral load was parallel in the 72h post-infected 

organoids itself. There was a significantly increased viral load after the PM2.5 treatment 

compared to the control, and it was reduced when the organoids were treated with PM2.5+ 
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inhibitors compared to the control and only the PM2.5-treated group. These results support 

the phenomena of increased viral infection due to air pollution, which is explained above. 

On the other hand, smoker organoids 2h infection media showed no differences between 

PM2.5 and inhibitor treatment. It can be speculated that smoker organoid susceptibility to 

SAR-CoV-2 was not altered with air pollution. 

At the end of treatment and infection protocols, organoid qPCR analyses were 

conducted to investigate the oxidative/nitrosative stress-related mechanisms. Redox 

homeostasis in infected cells and lung inflammation are hallmarks of infections caused 

by respiratory viruses (Komaravelli & Casola, 2014)  Firstly, the antioxidant mechanism 

NFE2L2 pathway was checked. NFE2L2 is a transcription factor bound to KEAP1 

protein in the cytosol in physiological conditions while transported to the nucleus and 

activating the expression of antioxidant genes such as HMOX1, and NQO1 in the 

presence of oxidative stress (Gain & Kelesidis, 2023). It has been demonstrated that 

NFE2L2 activation contributes to the preservation of lung architecture in response to 

inflammatory stimuli. Additionally, NFE2L2 activation has been found to have 

therapeutic benefits in animal models of ARDS and respiratory infections, among other 

lung illnesses (Cuadrado et al., 2020). In our analysis, we demonstrated the increased 

NFE2L2 gene expression in non-smoker and smoker organoids treated with PM2.5 without 

infection, showing the sufficiency of PM2.5 to create an oxidative stress that activates this 

pathway. Also, it was reversed in both groups when the organoids were exposed to the 

inhibitors which present that inhibitors were effective on this mechanism in suppressing 

oxidative/nitrosative stress. On the other hand, in the SARS-CoV-2 infected groups, 

PM2.5 was not enough by itself to create transcriptional difference while PM2.5+ inhibitors 

were increasing the expression of the NFE2L2 gene. Based on 2-way ANOVA results, 

PM2.5 treated organoids expressed lower levels of NFE2L2 when infected.  A study 

conducted with COVID-19 lung biopsies revealed the suppression of this pathway while 

NFE2L2 inducer drugs prevent the replication of SARS-CoV-2 and inflammation 

(Olagnier et al., 2020). So based on our result, we can speculate that PM2.5 might cause 

an extra burden to those cells in terms of stress in which the antioxidant mechanism was 

not able to reverse this situation, with the activation of the antioxidant pathway by 

NFE2L2 transcription factor. When it was reversed with oxidative/nitrosative stress 

inhibitors, the organoids were able to create an antioxidant answer for the virus. For 

KEAP1 expression, the non-infected smoker group represented the opposite results of 

NFE2L2 which was expected since KEAP1 acts as an inhibitor of NFE2L2 in the cytosol. 
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There were no changes for the non-smoker, not-infected groups. The level of the KEAP1 

gene was significantly higher in control groups of smokers compared to non-smokers, the 

low amount of KEAP1 gene in non-smokers might be the reason not to see any changes 

in transcription level, a relatively significant difference might be observed in translational 

level. Furthermore, an antiviral response against numerous viruses, such as HIV, 

influenza virus, RSV, and Ebola virus, has been linked to upregulation of the NFE2L2-

transcriptional target HMOX1 (Espinoza et al., 2017). HMOX1 can initiate an antiviral 

response by activating the interferon response (Koliaraki & Kollias, 2011). In our results, 

it was increased in the smoker, non-infected group, and non-smoker, infected group with 

the PM2.5 treatment while reversed with the addition of inhibitors. In contrast, non-

smoker, not-infected groups were not affected in terms of HMOX1 expression after PM2.5 

and PM2.5 inhibitors treatments while NQO1 expression was significantly increased with 

the PM2.5 exposure and attenuated with the inhibitors. According to these results, it can 

be said that in non-smoker groups without infection, there might be increased oxidative 

stress by PM2.5, activating NQO1 antioxidant first instead of HMOX1, while it was the 

opposite for non-smokers, SARS-CoV-2 infected groups. In smoker groups without 

infection, both were activated. Remarkably, the antioxidant and cytoprotective effects of 

NFE2L2/KEAP1 axis activation are long-term persistent, due to enzyme-mediated 

mechanisms instead of small molecules and longer half-lives, in contrast to direct 

antioxidants like vitamin C, which are extrinsic, short-lived (minutes to hours) and 

depleted during the process of ROS scavenging, (Gao et al., 2001; Schmidt et al., 2015). 

So, pharmacological activation of this pathway in the context of SARS-CoV-2 infection 

might be a better solution in the treatment by protecting the host cell more consistently, 

promoting an anti-inflammatory response, and inhibiting the viral proliferation (Cuadrado 

et al., 2020). Olagnier et al. demonstrated decreased expression of HMOX1 and NQO1 

with SARS-CoV-2 infected Vero-6 cells (Olagnier et al., 2020). In our analysis, we 

observed reduced HMOX1 levels in the PM2.5+inhibitors treated group and attenuated 

NQO1 in PM2.5, PM2.5+inhibitors treated groups in the infected organoids compared to 

the non-infected ones. These results will contribute greatly to the knowledge on this 

subject, as they contain 3D culture data that support the results obtained in 2D studies in 

the literature. GPX4 and SOD1 are other antioxidant enzymes induced by the 

NFE2L2/KEAP1 pathway (Emanuele et al., 2021). However, there were no significant 

differences in any circumstances for GPX4 in our 3D cultures, while SOD1 was elevated 

in PM2.5+ inhibitors groups compared to the controls in each condition. CYGB, a 
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scavenger of NO that decreases the production of peroxynitrite so RNS, was measured to 

assess nitrosative stress due to air pollution and SARS-CoV-2 infection. Thuy and 

colleagues established increased nitrate+nitrite levels in CYGB knockout mice compared 

to the wildtype (Thuy et al., 2016). Also, CYGB level elevates in hypoxic conditions 

(Burmester et al., 2007; Huang et al., 2006). Based on our analysis, in the SARS-CoV-2 

infected groups, PM2.5 elevated CYGB expression which means nitrosative stress was 

created by air pollution, so the anti-nitrosative mechanism activated in contrast to non-

infected groups. Moreover, this nitrosative stress was reversed by the addition of 

ROS/RNS inhibitors. 

Furthermore, cell death mechanisms ferroptosis and apoptosis were investigated. 

ACSL4, the main indicator of ferroptosis was significantly elevated due to PM2.5 

compared to the control group; PM2.5+ inhibitors decreased the expression compared to 

the only PM2.5 treated group in non-smoker groups both SARS-CoV-2 infected and not 

infected ones. As mentioned previously, HMOX1 catalyzes heme degradation causing an 

iron release to the cytosol, accumulation of the iron leads to the induction of ROS 

production through the Fenton reaction which initiates ferroptosis. So, the NFE2L2 

pathway has a regulatory role in ferroptosis too.  (Ju et al., 2021). In our infected groups 

both HMOX1 and ACSL4 expression was increased with the PM2.5 and reversed with the 

inhibitor addition which supports the literature. Since NFE2L2 partly modulates 

ferroptosis and ferroptosis may take part in organ damage during COVID-19, targeting 

the NFE2L2 pathway combating SARS-CoV-2 infection might be a more efficient than 

directly inhibiting cell death when the antioxidant system considered (Fratta Pasini et al., 

2021).   

 As an intrinsic apoptotic pathway marker CASP9, as an anti-apoptotic marker 

BCL-2 expression was investigated. In all groups (non-smoker, smoker not infected, and 

non-smoker, infected ones) apoptosis was induced by PM2.5 as CASP9 expression was 

raised compared to the control while decreased with the inhibitors. As supporting data, 

inhibitors increased BCL-2 expression in not-infected groups even the PM had no effect. 

On the other hand, PM decreased the BCL-2 expression in infected ones which means 

there might be higher apoptotic activation in infected organoids. Lastly, CASP1, an 

inflammatory cell death pyroptosis marker was measured. It was significantly higher in 

PM2.5 treatment groups for non-smokers both infected and not-infected ones while 

inhibitors reversed it in not-infected non-smokers indicating the importance of prevention 
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of ROS/RNS on the inflammatory cascade. Due to insufficient mRNA isolation, the 

infected organoids had no PM2.5+ inhibitor groups for CASP1, CASP9, and BCL-2. 

Furthermore, SARS-CoV-2 infected and not-infected organoids’ culture 

supernatants were collected to investigate inflammatory mediators released due to PM2.5, 

PM2.5+ inhibitors, and SARS-CoV-2 from organoids. Since a significant difference was 

observed in IL-6 and 8 in the in vivo setup, these cytokines were also examined in the in 

vitro setup too. Numerous studies using cell lines, human samples, and animal models 

demonstrated increased IL-6 levels due to air pollution. For instance, Quay et al., showed 

elevated IL-6 mRNA in BEAS-2B cells due to fine particles (Quay et al., 1998). 

Thompson and colleagues presented strong correlation with air pollutants and IL-6 in 

healthy adults blood samples (Thompson et al., 2010). Liu et al. presented increased IL-

6 levels in lung tissue and plasma of wild-type mice due to intratracheal exposure to PMs 

(Liu et al., 2018). Moreover, cigarette smoke’s effect on cytokine release was investigated 

in different models. Higher IL-6 level was observed in breath condensate and plasma of 

smokers (Carpagnano et al., 2003; Elisia et al., 2020; Helmersson et al., 2005). Today, 

antioxidant therapy is a subject being researched for use in the treatment of inflammation-

related problems. Recently, NAC’s reducing effect on IL-6 release was demonstrated in 

different meta-analyses of randomized clinical trials with blood samples (Askari et al., 

2020; Faghfouri et al., 2020). It is known that normal physiologic concentration of NO 

stimulates IL-6 release and pharmacological inhibition of NO was found to attenuate IL-

6 mRNA (Siednienko et al., 2011; Steensberg et al., 2007). We used L-NMMA as an 

inhibitor agent of NO synthase together with NAC as an antioxidant. In our results, for 

the not-infected organoids, there was an escalation of IL-6 level with air pollutant in the 

smoker group, which was not significant for non-smokers. Inhibitors decreased the IL-6 

release compared to only PM2.5 exposure in both smokers and non-smokers. So, these 

finding supports the literature.2h SARS-CoV-2 infection, increased the IL-6 level in non-

smoker organoids which were treated with PM2.5 while inhibitors reversed it. However 

similar results were not obtained for smokers, there was an increase in IL-6 levels with 

the treatment of PM2.5+ inhibitors. But still, IL-6 level was significantly higher in smoker 

groups compared to the non-smokers. After 72h post-infection, the smoker graph 

represented a significant increase in PM2.5+ inhibitors compared to only PM2.5 exposure. 

However, the drastic difference between non-smokers’ and smokers’ IL-6 levels after 

treatment with SAR-CoV-2 for 2 hours reduced after 72h post-infection incubation. But 

still significantly higher than non-smokers.  
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IL-8 expression in not-infected groups did not change with PM2.5 exposure. It 

could be explained as short-term exposure to this pollutant was not sufficient for IL-8 

stimulation. A study conducted with 251 COPD patients’ blood samples showed that 

short-term exposure to PM2.5 was not associated with IL-8 level (Dadvand et al., 2014). 

A randomized cross-over study established an insignificant change in IL-8 levels due to 

short-term exposure to PM2.5 too (Kumarathasan et al., 2018). Moreover, studies 

investigating long-term PM exposure and IL-8 levels are very limited in performing meta-

analysis (Tang et al., 2020).SARS-CoV-2 infection for 2h and increase the IL-8 level in 

PM2.5 and PM2.5+ inhibitors treated non-smokers. However, the significance was higher 

for only PM2.5 exposure which can be speculated as inhibitors were relatively effective in 

the suppression of IL-8 due to pollutant. In the 72h post-infection group, opposite results 

were obtained for both non-smokers and smokers. Inhibitors stimulated IL-8 release. 

After the post-infection period, IL-8 levels were significantly greater in smokers 

compared to non-smokers. Different studies reveal the association of increased IL-8 

levels with cigarette smoke exposure too (Caruso et al., 2021; Cui et al., 2021).  

Another objective of the study was to investigate the transcriptional alterations in 

SARS-CoV-2 infected hBEOs treated with air pollutants and ROS/RNS inhibitors. For 

this objective, oxidative stress and cell death-related genes were investigated. Moreover, 

bronchial epithelial cell markers, epithelial barrier markers, and viral entry-related genes 

were examined. RNA sequencing was done to the hBEOs which were SARS-CoV-2 

infected. Before the infection, organoids were treated with PM2.5 and PM2.5+ROS/RNS 

inhibitors. Only the virus-infected group without treatment was used as their control. 

RNA sequencing offers a comprehensive analysis of cellular gene expression profiles, 

playing a significant role in the investigation of biological processes and elucidation of 

the molecular mechanisms of diseases. This methodology significantly provides new 

targets for the diagnosis and treatment of diseases (Stark et al., 2019; Wang et al., 2009). 

Our findings indicate that in SARS-CoV-2 infected hBEOs, exposed to PM2.5, the 

expression of major viral entry genes such as ACE2, and TMPRSS2, did not change, 

whereas the expression of the ANPEP gene was increased. Similar elevation was 

observed in the PM2.5+inhibitors group too. There was no significant difference between 

only PM2.5 and PM2.5+inhibitors treated groups. ANPEP gene encodes an alanyl 

aminopeptidase that serves as a receptor for certain coronaviruses. Specifically, ANPEP 

is known to be the primary receptor for HCoV-229E, an alpha coronavirus. While its 

direct involvement in the entry of SARS-CoV, MERS-CoV, and SARS-CoV-2 has not 
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been established, studies suggest that different coronaviruses utilize distinct receptors and 

co-receptors for cell entry. For example, the entry of SARS-CoV and SARS-CoV-2 

predominantly relies on the ACE2 receptor, while MERS-CoV uses Dipeptidyl peptidase-

4 (DPP4) as its receptor (Kratzel et al., 2021; Murgolo et al., 2021). So based on this data, 

it can be said that air pollutant PM2.5 increased the virus receptor ANPEP in hBEOs while 

ROS/RNS inhibitors were not effective in suppressing this elevation. C1R gene encodes 

a member of the peptidase S1 protein family which is part of the complement system and 

plays a crucial role in the immune response. Although C1R is not a direct receptor for 

coronavirus entry, the complement system's overall state can influence viral pathogenesis 

and the host's inflammatory response. Dysregulation of the complement system can 

exacerbate disease severity, as seen in severe COVID-19 cases where complement 

activation contributes to hyperinflammation and tissue damage (Kulasinghe et al., 2022; 

Yu et al., 2022). Yan and colleagues presented that complement pathways were among 

the most greatly enriched of all pathways due to SARS-CoV-2 infection by examining 

the transcriptome of primary human bronchial epithelial cells and the alveolar epithelial 

cell line A549. They have demonstrated increased C1R in the SARS-CoV-2 infected cell 

line compared to the control (Yan et al., 2020). Another sequencing research conducted 

with autopsy patient samples revealed upregulation of C1R  in the lungs of COVID-19 

patients compared with those from patients who died of non-viral causes (Kulasinghe et 

al., 2022). In our dataset, C1R was upregulated in the PM2.5+ inhibitors group after the 

virus infection.  Usually, complement activity is defensive during viral infections and 

critically essential to control the pathogen however there are few exceptions (Stoermer & 

Morrison, 2011). The mechanism that alters this usually protective system into a 

dangerous one during COVID-19 is still not clear. It might be due to the virus's 

overwhelming combined local and systemic complement activation. Another unique 

aspect of our study is that it proves the altered expression of these two genes related to 

virus entry, due to air pollutants and ROS/RNS inhibitors, which are not widely covered 

in the literature and especially not shown in 3D cultures.  

Oxidative stress association with SARS-CoV-2 infection and the impact of PM2.5 

and ROS/RNS inhibitors were studied at the transcriptomic level. NOS3 is critical for 

producing NO, a molecule that modulates vascular tone and oxidative stress used as a 

marker of pro-oxidant. In the lungs, primarily pulmonary endothelial cells, also bronchial 

and alveolar epithelial cells express NOS3. It is localized at the basal membrane of ciliary 

microtubules which has a role in CBF along with induction of epithelial inflammatory 
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mediators (Bove & van der Vliet, 2006). According to our analysis, NOS3 was 

upregulated in the PM2.5 group compared to the control which indicates oxidative stress 

mechanism activation due to pollutant. There were no significant changes between the 

PM2.5+inhibitor group versus the control so it can be speculated that ROS/RNS inhibitors 

were effective in suppressing the activation of oxidative stress which is induced in only 

the PM2.5 treated group. Since we used L-NMMA, a nonspecific NOS inhibitor as an RNS 

inhibitor, it was expected to see inhibition of NOS.  

Apoptosis related genes were also included in the transcriptomic analysis. There 

was downregulation of the anti-apoptotic BCL2A1 gene in the PM2.5-treated group 

compared to the control. Even though there was no significant difference between only 

PM2.5 exposed and PM2.5+inhibitors exposed groups it can be speculated that ROS/RNS 

inhibitors partly affected the inhibition of apoptosis since there were also no changes 

between control and PM2.5+inhibitors group.  This gene encodes a member of the BCL-2 

protein family which can reduce the release of pro-apoptotic cytochrome c from 

mitochondria that prevents caspase activation (Vogler, 2012). Goel et al. revealed 

induction of BCL2A1 due to SARS-CoV-2 infection in nasopharyngeal swab samples of 

COVID-19 patients (Goel et al., 2021). The bioinformatic analysis demonstrated the 

upregulation of BCL2A1 in human lung epithelial cells within 24 hours too (Ramana, 

2021). Studies suggest that viruses can manipulate apoptotic pathways to enhance their 

replication (Thomson, 2001). For instance, upregulation of BCL2A1 can prevent 

apoptosis of infected cells, allowing the virus more time to replicate before the host cell 

dies.  Unfortunately, since we do not have a control group without SARS-CoV-2 infection 

in sequence data it was not possible to confirm these results. However, we can contribute 

to the literature by providing a clue for altered host metabolism due to PM2.5’s apoptotic 

effect after the SARS-CoV-2 infection. Moreover, it supports our qPCR results too. In 

the SARS-CoV-2 infected setup, PM2.5 decreased the expression of the anti-apoptotic 

BCL2 gene which was not altered in the non-infected groups by only PM2.5 stimulation. 

So, we can conclude that due to air pollutants’ overwhelming induction of different 

signaling pathways, such as inflammation and oxidative stress-related ones may switch 

the viral survival mechanism in the host to cell death activation. Furthermore, there was 

a TF gene upregulation in PM2.5 and PM2.5+ inhibitors groups compared to the only 

SARS-CoV-2 infected controls refers to the induction of ferroptosis in the treated groups. 

Also, it can be said that inhibitors were not effective in the prevention of ferroptosis 

activation since there were no significant differences between PM2.5 treated and 
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PM2.5+inhibitor treated ones. Transferrin is the main protein in charge of iron transport 

found in serum that can be transported into the cell via transferrin receptor (TFR1) 

mediated endocytosis. Increased transferrin inside of the cell, means augmented iron ions 

creating oxidant radicals which causes lipid peroxidation further, ferroptosis. (Yan et al., 

2021). Gao et. al discovered that transferrin is an essential extracellular component of 

ferroptosis (M. Gao et al., 2015). Moreover, increased expression of TFR1 has been 

associated with viral entry and replication, suggesting that viruses like SARS-CoV-2 

might exploit the TF-TFR1 axis to modulate iron availability and induce ferroptosis (Li 

et al., 2023). Sequencing results related to ferroptosis were supportive of qPCR analysis 

making our work more comprehensive. As mentioned above ACSL4, and HO-1 were 

upregulated in PM2.5 treated SARS-CoV-2 infected hBEOs setup. 

SARS-CoV-2 infected, PM2.5 and PM2.5+inhibitors treated hBEOs were also used 

to identify DEGs related to bronchial epithelial cell markers. Based on these analyses it 

was found that PM2.5 increased the expression of the LYPD2 gene, in virus-infected 

hBEOs. Upregulation was also observed in the PM2.5+inhibitors group. Moreover, there 

was an upregulation of the SCGB1A gene in the PM2.5+ inhibitors group compared to the 

control. LYPD2 and SCGB1A are mainly expressed in cell populations intermediate 

between basal cells to club cells and club cells and are also found in ciliated cells in lower 

amounts (Ravindra et al., 2021). Moreover, there was an upregulation of MKI67 gene, a 

proliferative basal cell marker, in the PM2.5+inhibitor group compared to only PM2.5 

treated ones and controls. These findings suggest that PM2.5 exposure increases the 

expression of LYPD2 and SCGB1A1 genes, markers of secretory club cells, indicating 

cell differentiation while the addition of ROS/RNS inhibitors leads to an increase in 

proliferative basal cells. It is known that major SARS-CoV-2 entrance-related proteins 

such as ACE2, and TMPRSS2, are mainly expressed in transient secretory cells which 

may differentiate into ciliated cells (Lukassen et al., 2020). As mentioned above viral load 

was higher in PM2.5-treated hBEOs, so, we can hypothesize that air pollutants facilitate 

the virus entry indirectly by causing the differentiation of cells that express higher 

amounts of viral entry proteins in the host organism. On the other hand, ROS/RNS 

inhibitors may have a protective effect by inducing proliferative basal cells with a 

relatively lower amount of virus entry-related protein expression. Moreover, increased 

expression of viral entry receptor ANPEP due to exposure to PM2.5 in hBEOs might be 

one of the reasons for higher SARS-CoV-2 infection too. 
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As explained above, studies have shown oxidative and nitrosative stress together 

with the cytokine storm, influences the pathogenesis and severity of SARS-CoV-2 

infections (Ahmed et al., 2023; Bastin et al., 2023; Coronel et al., 2023; Wieczfinska et 

al., 2022; Wolszczak-Biedrzycka et al., 2024). Due to that, it is very significant to 

determine prognostic biomarkers related to oxidative and nitrosative stress to aid in 

identifying high-risk patients and predicting major outcomes such as ARDS or mortality 

(Semiz, 2022). Rapid identification of potential critical patients will help to prioritize 

healthcare resources, which were under strain during the pandemic (Zhao et al., 2020). 

The second aim of this study was to validate ROS/RNS markers and inflammatory 

cytokines in blood plasma samples of COVID-19. For this aim, mild, moderate, and 

severe COVID-19 patient samples were used with healthy control samples who had never 

had a COVID-19 infection. The severity of patients was categorized based on NIH 

guideline (NIH, COVID-19 Treatment Guidelines 2024).  

Firstly, nitrosative stress was determined by quantifying RNS using nitrite (NO-2) 

and nitrate (NO-3)  measurement kit, which are physiological metabolites of NO, one of 

the key signaling molecules, in multiple systems such as host defense, vascular 

homeostasis, and neurotransmission (Hidaka et al., 2016). The very limited half-life (2-6 

sec.) of NO presents unique challenges for quantification. It is a lipophilic molecule that 

can diffuse rapidly through cells (Griendling et al., 2016). NO-2 and NO-3 are relatively 

stable reservoirs of NO, facilitating the determination of the nitrosative stress in the 

biological samples (Möller et al., 2019). Most of the studies conducted with blood 

samples concentrate on only oxidative stress and the COVID-19 relationship; the impact 

of nitrosative stress on disease is not well elucidated. Few studies demonstrated increased 

nitrosative stress in patients compared to the healthy controls. For instance, in a study 

conducted with 110 COVID-19 patients and 50 healthy controls, terms of RNS, NO•, 

ONO−, and ONOO− were measured from serum samples, and all three of them were 

significantly higher in the patient group. Moreover, ICU patients exert a higher amount 

of RNS compared to the ones not admitted to the ICU (Ahmed et al., 2023). Wang and 

colleagues quantified serum nitrate levels in 109 recovered adults and 166 uninfected 

individuals. Nitrate concentration was higher in recovered patients compared to the non-

infected ones, indicating that nitrate might be a long-term biomarker for irreversible 

outcomes of COVID-19 (Wang et al., 2021). A prospective study including 11 non-

survivor and 42 survivor patients found greater serum nitrate levels in non-survivors, 
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representing that nitrosative stress might be a marker for COVID-19 mortality (Lorente 

et al., 2022). 

In our quantification, we measured nitrate+nitrite as a representative of total RNS 

and nitrite separately. So, the nitrate level was calculated by subtraction. Based on our 

results, there was a significant increase in the COVID-19 group compared to the controls 

in terms of nitrite levels. Also, whether COVID-19 severity affects the RNS level was 

checked. We demonstrated that nitrite concentration was significantly higher in the mild, 

moderate, and severe patient groups, while the concentration decreased with the severity. 

For total RNS and nitrate levels, there were significant elevations in severe patients 

compared to the mild ones. According to ROC analysis of nitrite concentration, there 

were significant results for all COVID-19 patients and each subgroup separately, 

indicating the novelty of our analysis. AUC was 0.9765 for all COVID-19 patients, while 

it was 1 for mild and moderate ones and 0.922 for severe groups. Based on these results, 

we can speculate that nitrite measurement can be used as a biomarker for COVID-19, 

especially for mild and moderate patients, which is a perspective not yet in the literature. 

Secondly, oxidative stress was determined by quantifying ROS using an 8-

isoprostane kit, which is one of the emerging gold standard methods for ROS 

measurement (Kitano et al., 2006). In the cells, ROS oxidize lipids, causing structural 

changes that might stimulate or inhibit different mechanisms. Lipid peroxidation is one 

of the major estimators of oxidative stress in biological samples. It creates hydroperoxides 

subsequently converted to relatively more stable molecules such as prostaglandin F2α 

isomer 8-isoprostane (also known as 8-isoPGF2α) (Graille et al., 2020). It is produced by 

the peroxidation of arachidonic acids, presenting detectable amounts in all tissues and 

biological fluids even in the exhaled breath condensate; elevated oxidative injury makes 

them more advantageous over other detection methods, together with chemical stability 

(Milne, 2017; Stathopoulos et al., 2014). It has been used as a disease marker in tissue 

fibrosis, prostate, and lung cancer; however, there are limited studies using this method 

for COVID-19, especially in blood plasma samples. (Meera et al., 2020). This is one of 

the major novelties of our study. Soto and colleagues measured increased levels of 8-

isoprostane in blood plasma samples of moderate and severe COVID-19 patients 

compared to the healthy controls. However, there was a lack of mild patient group in that 

study (Soto et al., 2022). A cross-sectional comparative study in which 50 COVID-19 

symptomatic patients and 21 controls were included showed a higher serum 8-isoprostane 
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level in the patient group. Conversely, this time, the majority of the patients were mild, 

and there were no subgroup comparisons (Muhammad et al., 2021).  

According to our results, the 8-isoprostane (pg/ml) level was significantly higher 

in the patient group compared to the controls. When the patient group was divided based 

on the severity of the disease as mild, moderate, and severe, a significant increase was 

observed in severe patients. ROC analysis was conducted to assess the predictive 

accuracy in correlating 8-isoprostane level with COVID-19 infection. Based on that 

analysis, it was possible to detect COVID-19 patients by 8-isoprostane level with 84,7% 

accuracy from healthy individuals, while this ratio was 100% for severe ones. So, it can 

be speculated that 8-isoprostane measurement from plasma samples can be used as a 

COVID-19 biomarker, especially in severe patients. Since 8-isoprostane was more 

sensitive and specific for severe patients, while nitrite was more specific to mild and 

moderate ones, it would be better to quantify both ROS and RNS to obtain more 

consistent results. These results, which support the literature in this respect, are one of the 

original parts of our study. As explained above, most studies concentrate on reactive 

oxygen or nitrogen species measured in blood independently. Even if all of them present 

possible prognostic factors, what makes our work unique from others is that it includes 

patients from each severity stage and suggests the measurement of both ROS/RNS to 

have more accurate results giving an opportunity to use them as indicators of disease 

severity and might influence patient survival. 

In a manner of cytokine quantification, there were no significant differences 

between patients and healthy individuals in terms of IL-1b, TNF-a and GM-CSF. IL-6 

and 8 were found to be elevated in COVID-19 groups compared to the healthy 

individuals. Since these inflammatory mediators (IL-1b, TNF-a , and GM-CSF) have 

pro-inflammatory properties, they might have been produced and depleted before blood 

samples were taken from patients and stimulated other epithelial and immune cells, 

causing the release of other inflammatory cytokines such as IL-6 and 8. They may not 

have been observed in plasma samples due to their short half-lives. For IL-6, mild, 

moderate, and severe patients presented higher values compared to controls, while it was 

only severe ones for IL-8. According to ROC analysis of IL-6, AUC was almost 1 for all 

patients and the severe group too, while it was 1 for the moderate group, which indicates 

the power of IL-6 as a biomarker. On the other hand, the accuracy of IL-8 as a biomarker 

was between 58-78% for all patients and separately for each group, representing that IL-

8 by itself is not sufficient and accurate as IL-6 as a prognostic factor.  
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Limitations of this study are a restricted number of patients included for biomarker 

validations. For the results obtained to be useful in the clinic, the sample size needed to 

be expanded. Due to the small number of non-smoker patients who undergo surgery in 

which we obtain bronchial tissue, part of the virus infection experiments was conducted 

with the primary human bronchial epithelial cell line. Moreover, the proliferation of 

bronchial cells from tissue and hBEO production by using these cells requires long 

periods and high costs. It could be better if the experimental setup repeated more than 3 

times however due to the time and budget restrictions it was not possible. Lastly, as 

conducted in the in vivo part, it was planned to check ROS/RNS level in organoid 

supernatants too. Unfortunately, since the kits coming from abroad were unavailable at 

this time interval, it is intended to be held in the future. In future directions, for statistically 

more significant results, all experiments can be repeated by increasing the number of 

samples. The effects of ROS and RNS inhibitors on organoids can also be examined 

separately. Due to the low amount and quality of RNAs treated with PM2.5 and PM2.5+ 

inhibitors without infection, sequencing could not be conducted for these groups. It would 

be best at least to have control without infection or any treatment to make more relevant 

comparisons in the sequencing part. Moreover, significant results at the mRNA level can 

also be checked at the protein level.  

In summary, we can divide this study into two parts in vitro and in vivo. The in 

vitro part contains hBEOs production, PM2.5 sampling, and treatment of hBEOs with 

PM2.5, PM2.5+ inhibitors, and their infection with SARS-CoV-2. Elucidation of the 

molecular mechanisms by qPCR and RNA sequencing analysis, underlying the 

relationship of SARS-CoV-2, PM2.5, and ROS/RNS production revealed that PM2.5 

increased the viral load in hBEOs. Moreover, PM2.5 created oxidative/nitrosative stress in 

hBEOs that activated the antioxidant NFE2L2/KEAP1 pathway which was partly or 

completely reversed with inhibitors showing the effectiveness of NAC+L-NMMMA as a 

protective agent. PM2.5 elevated the antioxidant genes while PM2.5+inhibitors had the 

opposite effect in terms of HMOX1 in SARS-CoV-2 infected hBEO and in terms of 

NQO1 in not-infected hBEOs. Moreover, pro-oxidant NOS3 was upregulated in SARS-

CoV-2 infected PM2.5 treated samples which was reversed with the ROS/RNS inhibitors. 

Also, cell death mechanisms apoptosis and ferroptosis were activated due to pollutant 

exposure. Lastly, IL-6 and 8 levels were lower in smokers in the presence or absence of 

pollutants and inhibitors without infection while non-smokers had higher IL-6 and 8 

levels after the SARS-CoV-2 infection. Even though many studies investigate COVID-
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19, air pollution, and oxidative/nitrosative stress relationship; most of them are conducted 

with 2D cell culture methods and do not contain mechanistic results covering all 3 

subheadings. The in vivo part contains ROS/RNS and inflammatory cytokine 

measurements from plasma samples. Based on these analyses, as supporting literature, 

we concluded that ROS/RNS and inflammatory cytokine levels are higher in COVID-19 

patients compared to the controls, especially in severe ones. IL-6 is a better biomarker 

than IL-8 to distinguish COVID-19 cases and healthy individuals.  The novel results are 

explained below. 8-isoprostane as ROS indicator and nitrite as RNS indicator are 

potential biomarkers for COVID-19, that should be tested in larger study groups for 

routine clinical tests. 8-isoprostane was more accurate for severe patients while nitrite 

was more accurate for mild and moderate patients, measurement of both would be more 

convenient. This study will make a significant contribution to the literature as it contains 

both in vivo and in vitro setups that support each other. The in vitro part, conducted with 

a 3D cell culture model, reveals novel data covering antioxidant mechanisms, 

inflammatory response, cell death pathways, and viral host cell entry markers, bronchial 

epithelial cell markers associated with SARS-CoV-2 infection, and air pollution. In vivo 

part conducted with patients’ plasma samples revealed novel biomarkers for severity 

detection in COVID-19 cases.  For these reasons, this study has the potential to reveal 

predictive, preventive, and therapeutic contributions to COVID-19. 
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