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ABSTRACT 

Environmental agents present in inhaled air, including pollutants and 
pathogens, present formidable challenges to human health. While 
components of air pollution, such as high levels of particulate matter (PM), 
are associated with increased premature deaths, communicable 
respiratory infections are among the leading causes of death worldwide. In 
particular, the advent of the COVID-19 pandemic highlighted the profound 
impact of airborne agents on health, leading to widespread fatalities and 
raising concerns about long-term health issues. This thesis explores the 
intersection of two environmental exposures, PM and respiratory 
infections, and their effects on cellular and molecular mechanisms of the 
respiratory system. 

Particulate matter with a diameter smaller than 2.5 µm (PM2.5), 
particulate matter with a diameter smaller than 10 µm (PM10), and 
ultrafine particles (UFP) with a diameter smaller than 0.1 µm, not only pose 
environmental concerns but also potentially exacerbate respiratory 
infections. Their interaction with the respiratory system, particularly their 
ability to breach defence mechanisms and impact responses to both 
bacterial and viral infections, is a complex and underexplored area that is 
addressed in this thesis. This thesis also highlights the importance of the 
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olfactory mucosa (OM) as a critical interface in this dynamic. Situated at the 
rooftop of the nasal cavity and in direct contact with the brain, the OM is 
linked to the brain translocation of PM, and neurological symptoms of 
COVID-19, such as anosmia. Moreover, the significance of the OM in 
neurodegenerative disorders, particularly Alzheimer's Disease (AD), is 
emphasized by evidence linking impairment in OM function to AD-
associated pathological changes. In addressing these challenges, this thesis 
employs advanced in vitro models to replicate complex, physiologically 
relevant scenarios. This approach allows for a more nuanced exploration 
of how PM impacts the body's response to respiratory pathogens, with a 
particular focus on SARS-CoV-2, which causes COVID-19. 

This doctoral thesis investigated the effects of PM2.5-1 exposure on 
innate immune responses at the lung barrier by utilizing a co-culture 
model of alveolar epithelial cells and macrophages. The findings revealed 
that PM2.5-1 enhances inflammatory responses to bacterial stimuli while 
diminishing responses to viral ligands, indicating a multifaceted role of PM 
in respiratory immunity and differential mechanism of altering the immune 
response toward various pathogens. Then in primary human OM cells, the 
thesis examined the effects of SARS-CoV-2 infection in cells from both 
healthy individuals and those with AD using a 3D in vitro model mimicking 
the interface between air and brain. This study revealed that while 
susceptibility to SARS-CoV-2 remains consistent across groups, AD cells 
exhibited unique transcriptomic responses, suggesting increased oxidative 
stress and altered immune responses, and highlighting a specific 
vulnerability of AD cells to viral infections. Lastly, the thesis explored the 
effects of urban PM, specifically PM10-2.5 and PM0.2, on OM cell responses to 
SARS-CoV-2 in the context of AD. It demonstrated that while PM exposure 
does not increase viral susceptibility, it significantly alters cellular immune 
responses, particularly in cells from AD individuals, suggesting intricate 
interactions between air pollution, viral infection, and neurodegeneration. 

This thesis provides crucial insights into the complex interactions 
between airborne agents, respiratory infections, and neurodegenerative 
diseases, particularly AD. It elucidates how PM exposure modifies immune 
responses, enhancing vulnerability to bacterial stimuli while diminishing 



11 

the body's defense against viral stimuli. Additionally, the research shows 
that AD can alter cellular reactions to SARS-CoV-2, possibly exacerbating 
COVID-19 outcomes. Moreover, it sheds light on the compounded effects 
of PM exposure and AD on immune responses in COVID-19 cases. These 
findings highlight the imperative need for integrated approaches that 
encompass environmental, immunological, and pathological factors. This 
research lays a solid foundation for future studies and public health 
strategies aimed at mitigating the impacts of environmental factors on 
disease susceptibility and progression, with a special focus on populations 
at risk for AD. 

National Library of Medicine Classification: QS 532.5.E7, QS 532.5.M8, 
QT 140, QU 55.7, QU 475, QU 550.5.S4, WA 754, WC 506, WT 155, WV 302. 
Medical Subject Headings: Air Pollution; Particulate Matter; Respiratory 
Tract Infections; Toll-Like Receptors; COVID-19; SARS-CoV-2; Olfactory 
Mucosa; Alzheimer Disease; Neurodegenerative Diseases; Environmental 
Exposure; Neuroinflammatory Diseases; Gene Expression Profiling. 

https://classification.nlm.nih.gov/schedules/QS#QS%20532.5.E7
https://classification.nlm.nih.gov/schedules/QS#QS%20532.5.M8
https://classification.nlm.nih.gov/schedules/QT#QT%20140
https://classification.nlm.nih.gov/schedules/QU#QU%2055.7
https://classification.nlm.nih.gov/schedules/QU#QU%20475
https://classification.nlm.nih.gov/schedules/QU#QU%20550.5.S4
https://classification.nlm.nih.gov/schedules/WA#WA%20754
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TIIVISTELMÄ 

Ympäristötekijät, kuten ilman epäpuhtaudet ja taudinaiheuttajat 
hengitysilmassa, ovat merkittävä haaste ihmisten terveydelle. Altistuminen 
ilmansaasteille on yhdistetty ennenaikaisiin kuolemantapauksiin, ja 
tarttuvat hengitystieinfektiot ovat yksi maailman johtavista kuolinsyistä. 
Erityisesti koronaviruksen aiheuttama COVID-19 pandemia on johtanut 
laajoihin kuolemantapauksiin ja herättänyt huolta pitkäaikaisista 
terveysongelmista. Tämä väitöskirja tutkii hengitysilmassa olevien 
altisteiden, erityisesti pienhiukkasten (PM), ja hengitystieinfektioiden välistä 
vuorovaikutusta ja niiden vaikutuksia hengityselimistölle. 
Altistuminen ilmansaasteiden pienhiukkasille aiheuttaa terveysriskejä, 
mutta voi myös pahentaa hengitystieinfektioita. Pienhiukkasten ja 
hengitysilmassa olevien virusten vuorovaikutus on monimutkainen ja 
pitkälti tutkimaton aihe. Tämä väitöskirja korostaa hajuepiteelin tärkeyttä 
tämän vuorovaikutuksen tutkimuksessa. Nenäontelon yläosassa sijaitseva 
hajuepiteeli on suoraan yhteydessä sekä hengitysilmaan että aivoihin. 
Hajuepiteelin kautta ilman pienhiukkasilla on mahdollisuus kulkeutua 
aivokudokseen asti ja muutokset hajuepiteelin toiminnassa on liitetty 
COVID-19 taudin neurologisiin oireisiin, kuten hajuaistin muutoksiin. Lisäksi 
keskushermostoa rappeuttavissa sairauksissa, kuten Alzheimerin taudissa 
(AT), on havaittu hajuepiteelin toiminnan heikkenemistä sekä tautiin 
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liitettyjä patologisia muutoksia hajuepiteelillä. Tässä väitöskirjassa 
hyödynnetään edistyneitä soluviljelymalleja tutkimukseen siitä, kuinka 
ilman pienhiukkaset vaikuttavat elimistön vasteeseen hengitysilman 
patogeenejä vastaan, keskittyen erityisesti COVID-19 taudin aiheuttajan 
SARS-CoV-2-viruksen vuorovaikutukseen kaupunki-ilman pienhiukkasten 
kanssa. 
Väitöskirjan ensimmäisessä osatyössä  tutkittiin pienhiukkasten vaikutuksia 
elimistön puolustusjärjestelmän vasteisiin keuhkoissa käyttäen 
alveolaaristen epiteelisolujen ja makrofagien yhteisviljelymallia. Tulokset 
osoittivat, että kaupunki-ilman pienhiukkaset muokkaavat keuhkojen 
solujen immuunivastetta eri tavalla bakteeri kuin virusinfektiota vastaan. 
Toisessa osatyössä vertailtiin hajuepiteelin solujen vasteita SARS-CoV-2-
infektiolle viljelemällä hajuepiteelin soluja kolmiulotteisissa 
soluviljelymalleissa. Hajuepiteelin solut olivat peräisin henkilöiltä, joilla on 
todettu AT sekä kognitiivisesti terveiltä kontrollihenkilöiltä. Tämä tutkimus 
paljasti, että vaikka alttius SARS-CoV-2 infektiolle ei ollut muuttunut 
tutkimusryhmien välillä, AT solujen vasteet poikkesivat terveistä soluista. 
Henkilöiden soluissa, joilla oli todettu AT, havaittiin muutoksia geenien 
ilmentymisessä, jotka viittasivat lisääntyneeseen hapetusstressiin ja 
solujen muuttuneisiin puolustusvasteisiin. Kolmannessa osatyössä 
altistuminen kaupunki-ilman hiukkaspäästöille ei lisännyt hajuepiteelin 
solujen infektioherkkyyttä SARS-CoV-2 virukselle, mutta se muutti 
merkittävästi solujen puolustusvasteita, erityisesti AT-potilaiden soluissa. 
Tämä väitöskirja tuo uutta solutason tietoa ilmansaasteiden, 
hengitystieinfektioiden ja AT:n monimutkaisista yhteyksistä. Se selventää, 
miten altistuminen kaupunki-ilman hiukkaspäästöille muokkaa 
immuunivasteita keuhkoissa ja hajupiteelillä. Lisäksi tutkimus osoittaa, että 
AT voi vaikuttaa solujen vasteisiin SARS-CoV-2 virusinfektiolle, ja tuo uutta 
tietoa pienhiukkasten ja SARS-CoV-2 viruksen yhteisvaikutuksista 
hajuepiteelillä. Väitöskirjan tulokset luovat vankan perustan 
jatkotutkimuksille, joiden tavoitteena on lieventää ilmansaastealtistuksen 
ja hengitystieinfektioiden haittavaikutuksia erityisesti riskiryhmiin, kuten 
AT, kuuluvien henkilöiden osalta. 
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1 INTRODUCTION 

The global health threat posed by air pollution is starkly evident in World 
Health Organization (WHO) data, which show that air pollution contributes 
to approximately 7 million premature deaths annually (WHO, 2024). 
Alarmingly, nearly 99% of the global population is exposed to pollutant 
levels exceeding WHO guidelines. A key component of air pollution is 
Particulate Matter (PM), consisting of microscopic solids or liquid droplets. 
PM includes particles of different size ranges, including those less than 10 
or 2.5 µm in diameter (PM10, PM2.5, respectively) and the minute ultrafine 
particles (UFP), which have a diameter of less than 100 nm. Depending on 
their physiochemical properties, PM can penetrate deep into the lungs, 
translocate to the brain via the olfactory nerve, or enter the bloodstream 
mainly via respiratory epithelium, thereby impacting not only the 
respiratory system but also cardiovascular and neurological health (Loane 
et al., 2013; Ain et al., 2021). 

Pathogenic respiratory infections, commonly caused by bacteria or 
viruses, have a significant global impact, affecting millions each year. The 
connection between these infections and air pollution, especially PM, is 
increasingly acknowledged as a major health concern. As of February 2024, 
the Coronavirus disease 2019 (COVID-19) pandemic has led to over 703 
million confirmed cases and approximately 6.98 million deaths worldwide 
(COVID-19 deaths | WHO COVID-19 dashboard, 2024). The diverse etiology 
of COVID-19, from asymptomatic to severe, highlights the complex 
interplay of environmental factors, lifestyle choices, and genetic 
predispositions on the outcome of infection (Zsichla et al., 2023). Among 
environmental contributors, epidemiological studies have suggested that 
exposure to PM, particularly PM2.5, can worsen COVID-19 symptoms and 
increase mortality rates (Marquès et al., 2022; Yu et al., 2024). While 
emerging in vivo and in vitro evidence has begun to shed light on how PM 
exposure affects the host response to the SARS-CoV-2 virus (Sagawa et al., 
2021; Zhu et al., 2021; Brocke et al., 2022; Miyashita et al., 2023), there 
remains a significant need for further research. This research is crucial to 
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understanding the interaction between COVID-19 and different fractions of 
PM, to better comprehend the impacts of air pollution exposure on the 
pandemic. 

COVID-19, primarily affecting the respiratory system, also presents 
neurological symptoms, such as loss of smell (Mutiawati et al., 2021). This 
symptom can be because of high viral loads in the nasal cavity (Kim et al., 
2020; Zou et al., 2020), which implicates the olfactory mucosa (OM) as a 
potential pathway to the brain (Butowt et al., 2021). Alzheimer’s Disease 
(AD) is the most common neurodegenerative disorder, and the number of 
individuals suffering from dementia is expected to triple by 2050 (Nichols 
et al., 2022). AD shares symptoms with COVID-19, including olfactory 
dysfunction (Jung et al., 2019). The relationship between AD and viral 
infections, especially SARS-CoV-2, is an area of active research. Individuals 
with AD are at a heightened risk of severe COVID-19, which might 
exacerbate AD pathologies, potentially linked to inflammatory processes. 
However, the specific dynamics between COVID-19 and AD progression, 
particularly concerning OM involvement, are yet to be fully understood. 

Air pollution has been identified as a modifiable risk factor for dementia 
(Livingston et al., 2020). Living in highly polluted areas is linked to an 
increased risk of AD (Shi et al., 2020; Ran et al., 2021; Urbano et al., 2023). 
However, the cellular and molecular events responsible for this link remain 
poorly understood. The OM, with its direct anatomical connection between 
the brain and the inhaled air, is an important site for studying the interplay 
between air pollution exposure, AD, and SARS-CoV-2. This intersection 
provides vital insights into how environmental factors and viral infections 
interact in the context of neurodegenerative diseases. 

Overall, in this thesis, we aim to employ advanced cell models to provide 
mechanistic insights into the roles of environmental pollutants, particularly 
PM, in exacerbating respiratory issues and their interplay with viral 
infections and neurological consequences. By focusing on the nasal cavity, 
a critical site for PM deposition and viral entry, the research aims to 
unravel the complex interactions between environmental exposures, and 
respiratory pathogens like SARS-CoV-2 in underlying neurological 
pathological conditions such as AD.   



29 

2 REVIEW OF THE LITERATURE 

2.1 AMBIENT AIR POLLUTION AND HEALTH 

 
Air pollution is a significant environmental challenge that has profound 
implications for human health. It involves a complex mixture of gaseous 
and particulate pollutants released into the atmosphere, impacting overall 
well-being (Finlayson-Pitts et al., 1997; Kelly et al., 2012). The Air Quality 
Index (AQI) is a critical tool for gauging air quality, yet its impact is limited 
by a lack of global standardization. While WHO guidelines target individual 
pollutants, recent data reveals a staggering 99% of the global population is 
breathing air below recommended standards (WHO Global Air Quality 
Guidelines, 2021). Shockingly, pollution claimed 9 million lives in 2015 
alone, with economic losses totalling a staggering US$ 4.6 trillion as 
reported by the Lancet Commission report (Fuller et al., 2022). A recent 
study used advanced atmospheric modelling, satellite data, and a new 
relative risk model. It is estimated that annually 8.34 million deaths are 
attributed to PM2.5 and ozone pollution alone, primarily from fossil fuel 
combustion emissions (Lelieveld et al., 2023). 

Various sources contribute to air pollution, including natural factors like 
volcanic activity and wildfires (Kelly et al., 2012), as well as human activities 
such as industrial processes, transportation emissions, household 
combustion, waste burning, and agriculture (Popescu et al., 2010). The 
acceleration of industrialization and urbanization increases the health risks 
associated with air pollution (Q. Wang, 2018). Recently the term, Traffic-
Related Air Pollution (TRAP) was introduced and it refers to pollution from 
vehicle emissions, comprising pollutants like carbon monoxide (CO), 
nitrogen oxides (NOx), PM, and volatile organic compounds (VOCs). These 
emissions, mostly from the exhaust of motor vehicles, disperse as aerosols 
in the air and are linked to various health issues including respiratory 
problems, cardiovascular diseases, and adverse neurological effects (Matz 
et al., 2019; Boogaard et al., 2022). Among all the pollutants, PM is a major 
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contributor to negative health outcomes (K. H. Kim et al., 2015). Therefore, 
regulatory authorities worldwide have placed significant emphasis on 
investigations related to health concerns associated with PM. However, 
further research is warranted to fully understand how PM exposure 
impacts the negative outcomes of and is linked to pathological conditions. 

 
2.1.1 Particulate matter (PM) in urban air pollution 

Urban aerosol constitutes a complex mixture of solid particles and liquid 
droplets suspended in the air, showcasing a diverse range of sizes and 
compositions. In urban air pollution contexts, PM is categorized based on 
size: PM10 (particles with a diameter of 10 µm or smaller), PM2.5 (fine 
particles with a diameter of 2.5 µm or smaller), and ultrafine particles (UFP) 
(particles with a diameter of 0.1 µm or smaller) (Particulate Matter Basics | 
US EPA, 2023). The composition of PM varies depending on emission 
sources and atmospheric processes. Common components include 
inorganic compounds such as metals, sulfates, nitrates, and ammonium 
salts, alongside organic compounds like hydrocarbons, polycyclic aromatic 
hydrocarbons (PAH), and other molecules. Exposure to PM primarily occurs 
through inhalation, with particles penetrating the respiratory system and 
potentially entering the bloodstream. Particle size is a critical factor 
influencing penetration, with smaller particles like PM2.5 and UFP reaching 
the alveoli of the lungs, while larger PM10 particles and the smallest 
nanoparticles typically deposit in the upper respiratory tract. 

All sizes of the PM are considered to be a health concern (K. H. Kim et 
al., 2015). Mainly PM poses a health risk through oxidative stress and 
genetic damage (R. Chen et al., 2016; Mack et al., 2019). Oxidative stress 
induced by PM triggers an immune response leading to inflammation, 
negatively impacting cellular components like lipids, proteins, and DNA 
(Gangwar et al., 2020) and inducing an imbalance in calcium homeostasis 
and cytotoxicity (Y. Wang et al., 2020). The extent of oxidative damage 
depends on the specific type and concentration of PM constituents, and 
the ability of the target organ to neutralize the oxidative stress by 
protective scavenging elements (Lodovici et al., 2011). The genotoxicity 
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mechanism of PM, classified as a Group 1 carcinogen by the International 
Agency for Research on Cancer (IARC), primarily involves DNA damage 
through Reactive Oxygen Species (ROS)-induced oxidative stress and the 
formation of DNA adducts. These effects are particularly prominent due to 
exposure to PAH, which can induce oxidative stress and form DNA adducts, 
leading to an increased risk of cancer (Quezada-Maldonado et al., 2021). 
Furthermore, direct adsorption of the carcinogens on the PM surface 
indirectly induces mutagenesis and carcinogenesis when coming into 
contact with the respiratory surface (Knaapen et al., 2004). A recent review 
of the epidemiological and experimental evidence concluded that 
mechanisms underpinning adverse health outcomes involve oxidative 
stress, inflammation, apoptosis, autophagy, and emerging processes like 
pyroptosis, ferroptosis, and epigenetic modifications (Tianyu Li et al., 2022). 
These mechanisms contribute to a spectrum of health impacts, with 
respiratory effects including asthma exacerbation and chronic bronchitis, 
and cardiovascular effects encompassing an elevated risk of heart attacks 
and strokes. Furthermore, PM exposure correlates with adverse outcomes 
in the nervous, immune, and reproductive systems. 

While PM2.5 has been extensively researched and has been considered 
as the main culprit in most PM-induced adverse effects (Feng et al., 2016; 
Forouzanfar et al., 2015), UFP are gaining prominence due to their unique 
health risks (Politis et al., 2008; Chen et al., 2016; Schraufnagel, 2020). 
Defined by a diameter of 0.1 µm or smaller, allows deep penetration of 
these particles into the respiratory system, reaching the lungs' alveoli, and 
potentially entering the bloodstream. UFP have a larger surface area in 
comparison to the mass, potentially increasing absorption and exerting 
toxic effects (G. Oberdörster, 2001). Small mass and higher surface area 
increase the load of adsorbed toxic contaminants. Higher PAH content on 
UFP has been associated with elevated oxidative stress and mitochondrial 
dysfunction induced by the UFP than the other size fractions (N. Li et al., 
2003). Furthermore, unlike larger PM, UFP can evade effective capture by 
existing monitoring systems, emphasizing the necessity for specific 
attention in research and regulatory standards. UFP also exhibit unique 
toxicological properties, including the ability to traverse biological barriers 
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like the blood-brain barrier, raising concerns about potential impacts on 
neurological health (Calderón-Garcidueñas et al., 2022; Günter 
Oberdörster et al., 2004, 2005). Therefore, ongoing research is crucial to 
further understand the distinct health implications associated with 
different sizes of PM. 

 
2.1.2 Impact of PM on respiratory health 

 
PM pollution significantly impairs respiratory health by compromising 
natural defense mechanisms, exacerbating existing respiratory conditions, 
and contributing to chronic lung diseases, posing a particular risk to 
vulnerable populations such as children and the elderly (Tao Li et al., 2018; 
Yang et al., 2020;  Tran et al., 2023). PM2.5 plays a pivotal role in disrupting 
essential airway epithelial functions, compromising mucociliary clearance, 
barrier integrity, and antimicrobial peptide secretion (S. Zhang et al., 2019). 
The smaller size  of PM2.5 facilitates deeper penetration into the respiratory 
system, reaching the alveoli and exerting pronounced effects on host 
defense mechanisms, as mediated through oxidative stress and 
inflammatory pathways (Liu et al., 2018; Yang et al., 2020) 

The impact of PM on pre-existing respiratory conditions is noteworthy, 
with asthma and chronic obstructive pulmonary disease (COPD) patients 
experiencing heightened exacerbations (Delavar et al., 2023; C. Hoffmann 
et al., 2022). Furthermore, exposure to elevated PM concentrations are 
associated with increased emergency room visits for upper and lower 
respiratory infections (LRTI) (Xia et al., 2017; Horne et al., 2018; Strosnider 
et al., 2019; Ziou et al., 2022) This exacerbation extends to vulnerable 
populations, such as children and the elderly, who exhibit heightened 
susceptibility to respiratory infections caused by PM exposure (Xia et al., 
2017). 

Individuals with hereditary or underlying diseases, like cystic fibrosis, 
face an elevated risk of respiratory infections due to PM exposure, 
demonstrating the broad impact of PM on respiratory health (Psoter et al., 
2015). Respiratory infections, including acute respiratory outcomes and 
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upper respiratory tract infections, exhibit an increased risk in conjunction 
with PM exposure, further emphasizing the need for comprehensive 
strategies and targeted interventions to mitigate the adverse effects of PM 
on respiratory health and protect vulnerable populations from associated 
risks. 

 
2.1.3 Impact of PM on brain health 

PM exposure is extensively investigated for its potential impact on 
neurological health. One primary route for PM-induced effects on the 
central nervous system (CNS) begins with the inflammatory response 
resulting from direct PM contact in the lungs (Cipriani et al., 2018). This 
initial step potentially leads to systemic inflammation that contributes to 
neuroinflammation and neuronal tissue loss in various brain areas such as 
the olfactory bulb (OB), frontal cortex, and hippocampus (Brockmeyer and 
D’Angiulli, 2016). This inflammatory process can disrupt the blood–brain 
barrier (BBB), allowing adverse impacts on the brain, including subsequent 
monocyte infiltration, microglia activation, and increased cytokine activity 
(Calderón-Garcidueñas et al., 2008; Calderón- Garcidueñas et al., 2012). 

The nasopharynx serves as the entry point for air and potential 
particulate matter into the respiratory system. From here, a direct pathway 
to the brain is established via the olfactory system. Olfactory sensory 
neurons, located within the olfactory epithelium (OE) of the nasal cavity, 
extend projections directly to the olfactory bulb at the base of the brain, 
providing a direct nose-to-brain transport pathway for nanoparticles.  
(Lucchini et al., 2012; You et al., 2022). This direct route is supported by 
evidence from both human and rodent studies, demonstrating the 
deposition of nanosized particles in the OB and its translocation 
(Heusinkveld et al., 2016; Kao et al., 2012; Maher et al., 2016). PM can 
penetrate the vascular spaces of filia olfactory – with the OE having 
paracellular spaces of 10 nm that can directly transport PM to the olfactory 
bulb.  The size of particles that can pass through the OE and reach the 
olfactory bulb can vary, but typically, particles smaller than 100 nm have a 
higher likelihood of penetrating the epithelium. Specifically, nanoparticles 
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with diameters ranging from 1 to 100 nm are more likely to be transported 
through the paracellular spaces or intracellular transport via olfactory 
sensory neurons, allowing them to reach the olfactory bulb (Günter 
Oberdörster et al., 2004). 

Additionally, UFP may reach the brain through systemic absorption and 
entry through the BBB. Studies have demonstrated the systemic 
translocation of inhaled UFP to the brain through blood circulation, 
suggesting a potential role of the BBB in PM translocation (Nemmar et al., 
2002; Qi et al., 2022). These findings underscore the intricate pathways 
through which PM, including specific components like PM2.5 and UFPs, can 
influence neurological health. 

 
2.1.4 In vitro models to study cellular effects of PM 

In vitro cell culture models are indispensable tools to study cellular and 
molecular mechanisms, and to advance our understanding of the intricate 
interactions between PM and cellular events that influence human health. 
These models provide a controlled experimental setting for researchers to 
dissect specific cellular and molecular mechanisms underlying PM toxicity 
with precision. In comparison to in vivo models, in vitro approaches present 
distinct advantages, aligning with the 3Rs (Replacement, Reduction, 
Refinement) in research ethics by eliminating the need for animal 
experimentation (Tannenbaum et al., 2015). Cell models can be established 
from different organisms such as humans, rats, and mice. In vitro studies 
are common in the air pollution field and offer a foundational 
understanding of PM-induced effects before progressing to more complex 
in vivo investigations. The in vitro systems empower researchers to 
manipulate critical variables like PM concentration and composition, 
allowing a meticulous exploration of the intricate cellular and molecular 
pathways involved in PM-induced health impacts (Günter Oberdörster et 
al., 2005).  

The respiratory system consists of the nasopharyngeal, 
tracheobronchial, and alveolar regions, each subdivided into multiple sub-
regions (Günter Oberdörster et al., 2005). This complexity underscores the 
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importance of exploring various cell models to understand inhalation 
exposure implications. Several immortalized secondary cell lines from the 
human respiratory tract are commonly used for exploring inhalation 
exposure implications. Notably, human alveolar and human bronchial 
epithelial cell lines (Barron et al., 2021), such as A549 and BEAS-2B cells, 
have been pivotal in advancing comprehension of the direct impact of PM 
on lower respiratory tissues (C.-C. Cho et al., 2018). Primary cells derived 
from human biopsies, such as patient-derived cells, significantly enhance 
physiological relevance in studies. For example, human bronchial epithelial 
cells (HBECs) are crucial in understanding biological responses under stress 
conditions, as they closely mimic the natural physiological environment (C.-
C. Cho et al., 2018). Furthermore, Nasal and olfactory cell models extend 
the scope, enabling the exploration of pollutant effects on the upper 
respiratory tract and the brain, respectively (De Rudder et al., 2018; 
Kanninen et al., 2020). 

More complex cell models have been developed by utilizing co-culture 
systems involving the cultivation of diverse cell types in tandem, offering 
an advanced means to investigate intricate interactions within various 
respiratory cell types, capturing the complexity of the respiratory 
microenvironment. Co-cultures with immune cells, such as monocytes or 
macrophages, contribute to a holistic understanding of the immune 
response to PM exposure (Kasurinen et al., 2018), adding complexity to 
simple in vitro models. Animal-derived cells provide insights into cross-
species variations in PM responses, broadening the understanding of 
potential health impacts. Despite their fundamental role, the evolution of 
research necessitates more sophisticated methodologies mirroring 
respiratory system complexities. Innovative techniques, including air-liquid 
interface (ALI) cultures, co-culture systems, and organ-on-a-chip platforms, 
emerge as indispensable tools for creating physiologically relevant and 
intricate models in respiratory research. ALI cultures, representing three-
dimensional (3D) models, faithfully mimic respiratory system conditions, 
providing a closer approximation of cellular responses to PM exposure 
(Upadhyay et al., 2018). Lately, Organ-on-a-chip platforms further elevate 
sophistication, simulating dynamic physiological conditions of the 
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respiratory system within a controlled environment (M. Zhang et al., 2018). 
These cutting-edge methodologies significantly enhance the relevance of in 
vitro findings by bridging the gap between traditional cell cultures and the 
holistic organism.  
 

2.2 RESPIRATORY INFECTIONS 

Respiratory infections are a persistent global health challenge, causing 
concern already long before the arrival of the COVID-19 pandemic 
(Dasaraju et al., 1996). Each year, well before the pandemic, approximately 
4 million lives were claimed by acute respiratory infections. These 
infections spread rapidly through the air, via droplets and aerosols. 
Research reveals that environmental factors like air quality, humidity, and 
temperature play crucial roles in the life and transmission of respiratory 
pathogens (Chan et al., 2011; S. Kumar et al., 2021). The body defends 
against respiratory pathogens through physical barriers like mucociliary 
clearance of the epithelial surfaces in the respiratory tract. Additionally, 
antimicrobial peptides (AMPs) in the mucosal layer directly target 
pathogens and modulate immune responses, enhancing protection against 
respiratory threats. The immune system, comprising innate and adaptive 
components, deploys macrophages, T and B lymphocytes, and antibodies 
to recognize and eliminate pathogens (Johnstone et al., 2022). 
Inflammatory responses and immunological memory further enhance the 
body's ability to protect against respiratory insults (Tosta, 2021). Evidence 
suggests that vulnerability to respiratory infections is not uniform. Infants 
and young children, still developing their immune and respiratory systems, 
are more susceptible (Williams et al., 2002; Liao et al., 2011; Adane et al., 
2020; Avendaño Carvajal et al., 2020), while older adults and those with 
weakened immunity face higher risks of severe outcomes (Wu et al., 2021). 
Additionally, individuals with existing respiratory conditions like asthma 
and COPD are at increased risk. Modifiable risk factors for respiratory tract 
infections include smoking showing an increased likelihood of acquiring 
infections (C. Jiang et al., 2020; McGeoch et al., 2023). Additionally, 
environmental risk factors, such as exposure to ambient air pollution 
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increase the risk of respiratory infections as emphasized by the WHO 
(Loaiza-Ceballos et al., 2022).  

 
2.2.1 Bacterial and viral infections 

Respiratory infections are primarily categorized into bacterial and viral 
infections, eliciting unique responses from the innate immune system of 
the host. Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella 
catarrhalis are recognized as the primary bacterial pathogens commonly 
associated with infections affecting both the upper and lower respiratory 
tracts (Cappelletty 1998). Respiratory viruses play a crucial role in causing 
influenza-like illnesses and the common cold. Noteworthy respiratory 
viruses include respiratory syncytial virus (RSV), rhinovirus, enterovirus, 
coronaviruses (including SARS and MERS CoV), adenoviruses, and 
parainfluenza viruses (Kesson, 2007). The interaction between pathogens 
and the body involves bacteria using toxins and viruses employing evasion 
strategies against the immune system. The innate immune response, 
involving cells like natural killer cells and macrophages, serves as the first 
line of defense. In viral infections, the innate immune response is initiated 
by pattern recognition receptors (PPRs), such as Toll-like receptors (TLRs) 
specific to detect viral nucleic acids and proteins (R. Zhou et al., 2021). This 
activation leads to the release of interferons (INF), inhibiting viral 
replication (Kawai et al., 2006). Conversely, in Gram-negative bacterial 
infections, the host employs PRRs like TLR4 to recognize bacterial 
components, triggering a localized inflammatory response. This activates 
phagocytic cells, including neutrophils and macrophages, contributing to 
the elimination of bacterial threats (Aderem, 2003; B. S. Park et al., 2013; 
Stokes et al., 2015). In addition to direct bacterial and viral interactions, the 
immune response in the respiratory system can be influenced by 
environmental factors such as pollutants including PM (Nozza et al., 2021; 
Rebuli et al., 2021) and pollen (Gilles et al., 2020; Hajighasemi et al., 2023; 
Martikainen et al., 2023). PM2.5 has been identified as a potential modulator 
of immune responses (Wei et al., 2018). PM can carry microbial 
components that activate TLRs, particularly TLR2 and TLR4, adding an 
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environmental dimension to immune modulation. Studies suggest that 
exposure to PM can contribute to immune dysregulation by activating 
TLRs, leading to enhanced inflammatory responses. For instance, PM 
components may engage TLR2, recognizing microbial patterns such as 
lipopeptides, or stimulate TLR4 through the presence of endotoxins 
(Shoenfelt et al., 2009). This activation, occurring in conjunction with 
bacterial and viral encounters, creates a complex interplay between 
microbial and environmental stimuli in shaping immune responses(Bauer 
et al., 2012). 
 
2.2.2 SARS-CoV-2 and COVID-19 etiology 

SARS-CoV-2, a novel coronavirus that emerged in late 2019, belongs to the 
coronavirus family, sharing lineage with significant viruses like SARS-CoV 
and MERS-CoV. Initially identified in Wuhan, China, SARS-CoV-2 infection 
swiftly evolved into a global pandemic, as declared by the WHO and to 
date, in January 2024, the virus has claimed 6.98 millions lives (COVID-19 
deaths|COVID-19 dashboard, 2024). The ongoing global health crisis faces 
added complexity with the emergence of new viral variants, such as Alpha, 
Beta, Gamma, Delta, and Omicron, which have exhibited increased 
transmissibility and antigenic changes (Carabelli et al., 2023).  

The virus primarily spreads through respiratory routes, facilitated by 
respiratory droplets (Jayaweera et al., 2020). The angiotensin-converting 
enzyme 2 (ACE2) receptor, acting as the entry point for SARS-CoV-2 (M. 
Hoffmann et al., 2020), is expressed across the respiratory tract. In the 
upper respiratory tract, ACE2 is present in the nasal epithelium (Sungnak et 
al., 2020) and OM (Brann et al., 2020), establishing the initial interaction site 
between the virus and the host. As the infection progresses to the lower 
respiratory tract, ACE2 is prominently expressed in the type II alveolar cells 
of the lungs, underscoring the vulnerability of the lungs to SARS-CoV-2 
(Hamming et al., 2004). This widespread distribution of ACE2 contributes to 
the understanding of COVID-19 pathophysiology. Moreover, tissues 
beyond the respiratory system, including the heart, kidneys, and 
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gastrointestinal tract, also express ACE2, highlighting the intricate interplay 
between SARS-CoV-2 and various organs. 

The respiratory manifestations of the virus vary, ranging from 
asymptomatic or mild cases to severe respiratory distress and acute 
respiratory distress syndrome (ARDS). ARDS, a critical condition marked by 
impaired lung function and oxygen exchange, often presents with 
pneumonia, characterized by inflammatory changes and fluid 
accumulation in the lung tissue. This spectrum of respiratory outcomes is a 
crucial aspect of the complexity of the impact of SARS-CoV-2 on the human 
body. 

Current evidence for the recognition of SARS-CoV-2 by PRRs and innate 
immune response in the host is reviewed in (Diamond et al., 2022; Maison 
et al., 2023). Briefly, Upon SARS-CoV-2 infection, the host initiates a robust 
innate immune response involving PRRs such as TLRs, retinoic acid-
inducible gene-like receptors (RLRs), and nucleotide-binding 
oligomerization domain-like receptors (NLRs) (Diamond et al., 2022). TLRs, 
including TLR2 and TLR3, play crucial roles in recognizing viral components 
and initiating immune responses, resulting in the release of key cytokines 
like tumor necrosis factor-alpha (TNF-α) and IFN-γ (Maison et al., 2023). 
Activation of the TLR2 subsequently also activates NOD-like receptor family 
pyrin domain containing 3 (NLRP3) inflammasome leading to the release of 
IL-1β and IL-18. Additionally, TLR7, and TLR8 activation because of viral 
RNA can also trigger a surge in the cytokines (Manik et al., 2022). The 
immune response also engages the cGAS-STING pathway and proteasome-
mediated degradation of viral proteins (Diamond et al., 2022). However, 
the dysregulated immune response can contribute to a cytokine storm, 
causing significant tissue damage. 

 
2.2.3 Role of TLR in immune modulation 

PRRs constitute a vital aspect of the innate immune system, acting as 
vigilant sensors that identify specific molecular patterns linked to 
pathogens. Among these, the TLRs emerge as pivotal contributors to 
immune surveillance and response. Expressed by diverse immune cells, 
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including macrophages, dendritic cells, and B cells, TLRs play a widespread 
role in immune surveillance. Their functions involve recognizing pathogen-
associated molecular patterns (PAMPs) and initiating a signalling cascade 
that activates immune responses. TLRs are categorized based on their 
specificity for molecular patterns associated with bacteria and viruses.  

For bacterial threats, TLR4 takes the lead, recognizing 
lipopolysaccharides (LPS), a key component of the outer membrane of 
Gram-negative bacteria (Amemiya et al., 2021; Beutler, 2002). This 
recognition by TLR4 is instrumental in detecting bacterial infections and 
triggering subsequent immune responses. In the viral domain, TLR3 
specializes in identifying double-stranded RNA, a common feature in the 
genomes of certain viruses (Alexopoulou et al., 2001). Activation of TLR3 
contributes significantly to the host's defense against viral infections. 
Additionally, TLR7 and TLR8, responsive to single-stranded RNA prevalent 
in RNA viruses, are strategically positioned in endosomes and on the cell 
surface, respectively (Diebold et al., 2004; Heil et al., 2004). Both TLR7 and 
TLR8 play crucial roles in detecting viral nucleic acids and instigating 
immune responses to combat viral invaders. This orchestrated interplay 
highlights the nuanced yet effective role of TLRs in distinguishing and 
responding to bacterial and viral pathogens. In studies mimicking bacterial 
and viral stimulation, researchers utilize specific TLR ligands to replicate 
the molecular patterns associated with bacterial or viral infections. For 
instance, bacterial LPS can be used to simulate bacterial stimulation, while 
synthetic viral RNA or DNA mimics viral stimulation (Diebold et al., 2004; A. 
Kumar et al., 2006; Weidinger et al., 2014). These ligands serve as tools for 
investigating immune responses and developing a deeper understanding 
of the intricacies of TLR-mediated immune modulation. 
 

2.3 ALZHEIMER'S DISEASE (AD) 

AD is a neurodegenerative disorder characterized by intricate pathological 
features that gradually erode the neural landscape. At the core of AD 
pathology is the accumulation of toxic amyloid beta (Aβ) in the brain 
(O’Brien et al., 2011). Aβ peptides, resulting from the cleavage of amyloid 
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precursor protein (APP), form aggregates known as amyloid plaques. These 
plaques gather in the extracellular spaces between cells, disrupting 
intercellular communication and contributing to cognitive decline. 

Within neurons, tau proteins undergo abnormal phosphorylation, 
leading to the formation of neurofibrillary tangles (NFTs) in the AD brain. 
Tau, a microtubule-associated protein crucial for maintaining cell structure, 
loses its normal function and aggregates into twisted filaments within 
neurons. NFTs contribute to neuronal dysfunction, accentuating cognitive 
deficits (Metaxas et al., 2016). The combined impact of amyloid plaques 
and NFTs inflicts significant damage on neurons, compromising the 
integrity of neural circuits responsible for memory formation and storage. 
As these structural changes progress, memory impairment ensues. 

The classification of AD into familial (FAD) and sporadic forms adds 
further complexity. FAD is linked to specific genetic mutations in APP, 
Presenilin 1 (PSEN1), and Presenilin 2 (PSEN2) genes, unfolding 
predominantly before the age of 65. In contrast, sporadic AD, the more 
prevalent form, emerges later in life and is influenced by a myriad of 
genetic, environmental, and lifestyle factors. The intricate interplay of these 
factors contributes to the multifactorial nature of sporadic AD (Chakrabarti 
et al., 2015). 

2.3.1  Air pollution exposure as a modifiable risk factor for AD 

The Lancet Commission recently added air pollution to the list of the 12 
modifiable risk factors for dementia (Livingston et al., 2020). The intricate 
relationship between PM exposure and AD has been extensively 
investigated across diverse studies, encompassing epidemiological, in vivo, 
ex vivo, and in vitro research. Epidemiological studies indicate a direct 
correlation between PM exposure and AD pathology, with various cohorts 
exhibiting heightened risks, particularly among the elderly in global regions 
such as the United States, Europe, and Asia (Ran et al., 2021; Shi et al., 
2020; Urbano et al., 2023). Cohort studies have also suggested a 
correlation between PM exposure and cognitive decline (Aretz et al., 2021; 
Duchesne et al., 2022). High PM2.5 concentrations have been associated 
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with increased Aβ plaques in individuals with cognitive impairment  
(Iaccarino et al., 2021). In addition, AD-like cortical atrophy and decline in 
cognitive function have been observed in individuals exposed to high levels 
of PM10 ((J. Cho et al., 2023). In vivo studies on transgenic models and 
standard mice demonstrate an escalation of AD-related biomarkers, 
cognitive decline, neuroinflammation, and oxidative stress following PM 
exposure (Hullmann et al., 2017; Calderón-Garcidueñas et al., 2020;  Sahu 
et al., 2021; Saveleva et al., 2022). Additionally, ex vivo and in vitro studies 
highlight the role of oxidative stress and neuroinflammation in specific 
brain regions and OM areas associated with AD (Jang et al., 2018; B. R. 
Wang et al., 2018). Although some conflicting data are available,  overall the 
convergence of evidence from these diverse approaches underscores PM 
exposure as a significant risk factor for AD. However, the precise 
mechanisms underlying PM-induced adverse effects and their association 
with neurological implications, such as AD or the augmentation of 
pathology in individuals already suffering from AD, remain less 
understood. 

 

2.3.2  Olfactory Mucosa (OM) and AD 

The OM is situated in the olfactory cleft and plays a crucial role in our 
sense of smell. It comprises two main parts: the olfactory epithelium (OE) 
and the lamina propria (LP). The OE, positioned at the rooftop of the nasal 
cavity, includes various cell types such as olfactory sensory neurons 
(OSNs), sustentacular cells, microvillar cells, duct cells of the olfactory 
(Bowman’s) glands, and basal cells (Costa et al., 2020). Adjacent to the OE, 
the LP accommodates essential components for olfactory function. 
Airborne odorants interact with the olfactory receptors (OR) of the OSNs in 
the OE, initiating an axon potential that travels to the OB and subsequently 
to the brain. The OB, a crucial component of the primary olfactory brain 
network, processes olfactory signals received by OSNs, transmitting them 
to different parts of the central nervous system for further processing, 
modulation, and interpretation of smell (Pinto, 2011). 
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The OM is a sensitive tissue exposed to environmental insults, and basal 
cells play a pivotal role in regenerating lost cell types, including OSNs. In 
pathological implications or environmental insults, the recovery of 
olfaction could be attributed to the presence of progenitor cells in the OE, 
such as globose basal cells (GBCs) and horizontal basal cells (HBCs), giving 
rise to SUS cells and neurons, respectively (Choi et al., 2018; Fletcher et al., 
2017; Schwob, 2002). However, with age, the regenerative potential of 
basal cells diminishes, leading to age-related smell impairment. 
Furthermore, ageing-related smell impairment is associated with a 
decreased volume of the hippocampus, reduced thickness of the 
entorhinal cortex, and memory impairment (Growdon et al., 2015). 

Evidence suggests that the loss of smell is an early clinical indicator of 
AD (Roberts et al., 2016; Lafaille-Magnan et al., 2017;  Woodward et al., 
2017; Jung et al., 2019) and several other neurodegenerative diseases 
(Marín-Palma et al., 2023). Additionally, AD-associated changes have been 
observed in the OM. A study on postmortem OM from individuals with AD 
reveals the presence of hyperphosphorylated tau and Aβ, pathological 
proteins significantly elevated compared to individuals without 
neuropathology or with other neurodegenerative diseases (Arnold et al., 
2010). This positions OM as a potential window into early pathological 
changes associated with AD. Utilizing cells derived from the OM, 
researchers can gain unique insights into disease-related alterations in 
vitro. This encompasses variations associated with AD, such as 
modifications in APP metabolism and heightened levels of oxidative stress 
markers (Nelson et al., 2009; Stewart et al., 2013). Notably, recent studies 
demonstrated AD-related alterations in OM cells obtained from biopsies of 
individuals with AD (Lampinen et al., 2022a; Lampinen et al., 2022b), 
suggesting that these cells exhibit similar changes observed in AD-affected 
brains. 

 
2.3.3 Linking AD and Air Pollution at the OM 

The OM assumes a pivotal role not only in unravelling the intricacies of AD 
but also due to its strategic location in the upper airways, rendering it 
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susceptible to direct exposure to environmental insults and positioning it 
as a potential gateway to the brain for airborne substances (Amouei 
Torkmahalleh et al., 2022; Elder et al., 2006; Garcia et al., 2015; González-
Maciel et al., 2017; Günter Oberdörster et al., 2004). Research, exemplified 
by studies from Oberdörster and coauthors and Gonzalez-Maciel and 
coauthors., has elucidated the translocation of UFP to the brain through 
the olfactory nerve, spotlighting the potential role of the OM as a gateway 
for airborne pollutants. While existing studies have primarily focused on 
the impact of air pollutants on the human nasal epithelium, investigations 
into the exposure of various PM fractions to human nasal and OM cells 
have revealed heightened oxidative stress, inflammatory responses, 
epithelial barrier dysfunction, and mitochondrial dysfunction, unravelling 
potential mechanisms through which pollutants affect the OM (Chew et al., 
2020; Hong et al., 2016; N. Kim et al., 2019; R. W. Zhao et al., 2019). 
Furthermore, exposure to different engine emissions containing reactive 
nitrogen species and PAH induces significant disruptions in the 
inflammatory response, xenobiotic metabolism, and processes regulating 
OM integrity, raising alarming concerns about the compromised olfactory 
barrier (Mussalo et al., 2023). 

The link between AD and OM, coupled with its susceptibility to pollutant 
exposure, establishes this region as an intriguing interface for studying the 
intersection of AD and air pollution. Olfactory information processing 
engages key brain regions which are affected in AD, such as the 
hippocampus and prefrontal cortex, and dysfunction of olfaction has been 
reported in individuals exposed to high PM levels (Ekström et al., 2022). 
The observed damage in the OM of AD individuals underscores its 
potential role in comprehending the complex relationship between AD and 
the effects of air pollutants (Borgmann-Winter et al., 2015). 

 

2.4 LINK BETWEEN AD AND COVID-19 

Increasing evidence suggests that individuals with AD face an elevated risk 
of COVID-19 infection, with retrospective analyses in the US and the UK 
revealing higher odds of COVID-19 diagnosis and increased mortality rates 
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in AD patients (Chung et al., 2022; Hu et al., 2022; Q. Q. Wang et al., 2021a). 
This heightened susceptibility is attributed to factors such as existing 
cognitive impairment, compliance challenges, genetic predisposition, and 
underlying inflammation. Notably, the Apolipoprotein E4e4 (APOE4e4) 
allele, a major AD risk factor, is associated with increased risk of severity 
(Kuo et al., 2020a) and mortality (Kuo et al., 2020b) to SARS-CoV-2, with 
individuals possessing the e4 allele showing lower antiviral gene 
expression (Chung et al., 2022; Mok et al., 2022). 

The bidirectional relationship extends to severe COVID-19 cases, 
marked by inflammation and cytokine storms, posing concerns for 
exacerbating pre-existing cognitive impairment in AD patients (Beghi et al., 
2022; Crivelli et al., 2022). Evidence indicates that COVID-19 may induce 
long-term neurodegeneration, manifesting as cognitive dysfunction, 
memory issues, and structural brain abnormalities (Klein et al., 2021; 
Charnley et al., 2022; Douaud et al., 2022; W. Zhang et al., 2024). Charnley 
et al. further identified SARS-CoV-2 peptides that self-assemble into 
amyloid structures similar to toxic Aβ in AD (Charnley et al., 2022). The 
virus-induced cytokine storm can disrupt the BBB, damage neural cells, 
and foster amyloid plaque accumulation, a hallmark of AD. Furthermore, 
SARS-CoV-2-induced hypoxic alterations and hypercoagulation may 
contribute to brain ischemia, tau phosphorylation, and cognitive decline 
(Reiken et al., 2022). 

Anosmia, a prevalent neurological symptom in both COVID-19  
(Mutiawati et al., 2021) and AD (Murphy, 2018), provides insights into the 
consequences of SARS-CoV-2 infection in AD. Furthermore, the discussion 
of SARS-CoV-2 neurological manifestations as a consequence of viral 
translocation through the olfactory bulb route cannot be ruled out, 
although existing evidence supporting this hypothesis is lacking. However, 
the OM demonstrates signs of neuroinflammation, and changes in the OM 
can manifest effects on the brain. While common inflammatory processes 
may underlie their crosstalk between AD and COVID-19, further 
investigation is essential to elucidate the interplay between AD and COVID-
19 at the OM. 
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2.5 LINK BETWEEN PM EXPOSURE AND COVID-19 

An accumulating body of evidence since the onset of the pandemic 
continues to strengthen the substantial link between PM exposure and 
various dimensions of COVID-19, encompassing incidence, risk, severity, 
and mortality (Fattorini et al., 2020; Y. Jiang et al., 2020; H. Li et al., 2020; 
Linares et al., 2021; Travaglio et al., 2021). Recent systematic reviews of 
epidemiological evidence suggest that both short-term and chronic 
exposures to PM10 and PM2.5 significantly contribute to the incidence and 
severity of adverse outcomes in COVID-19 (Marquès et al., 2022; Sheppard 
et al., 2023; Yu et al., 2024). Despite the robust evidence supporting this 
association, the precise mechanisms governing the interplay between PM 
exposure and the severity of COVID-19 remain an active area of research. 
As PM enters the respiratory system, it can induce oxidative stress and 
trigger inflammatory responses, potentially compromising the host's 
immune defenses and exacerbating the severity of COVID-19 (Mishra et al., 
2020; Brocke et al., 2022; Marín-Palma et al., 2023; Upadhyay et al., 2024). 
Additionally, alterations in the expression of angiotensin-converting ACE2, 
the primary receptor for SARS-CoV-2, have been observed in response to 
PM exposure, influencing susceptibility to viral infection (Sagawa et al., 
2021; Miyashita et al., 2023). Despite investigations into various PM 
fractions, including urban PM, diesel PM2.5, and PM10, the understanding of 
how exposure to the smallest particles affects SARS-CoV-2 infection 
remains a critical research gap. Importantly, the nasal cavity emerges as a 
crucial battleground for both SARS-CoV-2 and PM exposure, with the OE 
potentially acting as a site for UFP translocation and neurologic 
manifestations of the virus. While the primary focus has been on the lungs 
for both agents, the specific size distribution of PM10 tends to accumulate 
in the upper respiratory tract. PM exposure has been shown to induce 
alterations in cytokine production, oxidative stress, and mitochondrial 
dysfunction in human OM providing valuable insights into the potential 
adverse effects associated with PM exposure (Chew et al., 2020; Santurtún 
et al., 2022; Mussalo et al., 2023). However, understanding how these 
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alterations might modulate SARS-CoV-2 infection requires further 
investigation. 
. 
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3 AIMS OF THE STUDY 

The overarching aim of the thesis is to investigate the cellular and 
molecular events induced by PM exposure in cells of the respiratory 
system, focusing on the immune response to respiratory infections and the 
potential implications for AD. The specific aim of the studies I-III are: 

I. To determine how exposure to urban air PM2.5-1 influences innate
immune responses to bacterial and viral stimuli in vitro, using a co-
culture model of alveolar epithelial cells and monocyte-derived
macrophages. The study seeks to uncover the differential
modulation of immune responses by PM and its implications for
bacterial and viral stimuli.

II. To explore the effects of SARS-CoV-2 infection in primary human
OM cells, and to decipher the interaction between SARS-CoV-2 and
AD using a 3D in vitro model. This includes examining the
susceptibility of OM cells to SARS-CoV-2 and analyzing the
transcriptomic alterations induced by the virus in cells of cognitively
healthy individuals and those with AD.

III. To assess the impact of subacute exposure to urban PM (specifically
PM0.2  and PM10–2.5) on the cellular and immune responses of OM
cells to SARS-CoV-2 infection, with a focus on comparisons between
cells from healthy individuals and those diagnosed with AD. The
study aims to understand how PM exposure influences the
progression and severity of SARS-CoV-2 infection in the context of
AD.
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SUBJECTS AND METHODS 

3.1 HUMAN SECONDARY CELL CULTURES (I) 

3.1.1 Type II alveolar epithelial cell line (A549)  

In study I, we used the type II human alveolar epithelial cell line (A549) 
which was obtained from ATCC (ATCCRCCL-185™). A549 cells were 
routinely cultured in Dulbecco's Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine (L-
glut), and 100 U/ml penicillin/streptomycin (all Sigma Aldrich, USA). 
 
3.1.2 Monocytic cell line THP-1 

The human monocytic cell line THP-1 was acquired from the German 
Collection of Microorganisms and Cell Cultures (DSMZ, Germany). THP-1 
cells were routinely cultured in Roswell Park Memorial Institute (RPMI) 
1640 culture medium (Life Sciences, Gibco)  supplemented with 10% FBS, 2 
mM L-glut, and 100 U/ml penicillin/streptomycin. Prior to co-culture 
experiments, THP-1 monocytic cells were differentiated into active 
macrophage-like cells using phorbol 12-myristate 13-acetate (PMA), 
following the procedure established by Kasurinen et al. (2018). Briefly, the 
differentiation process of THP-1 cells involved seeding 15,000,000 to 
20,000,000 cells in a T75 flask with a surface area of 75 cm². These cells 
were subjected to treatment with 0.5 μg/ml PMA and allowed to incubate 
for 90 minutes. Following this incubation period, detached cells were 
carefully removed, subjected to a washing step to eliminate residual PMA, 
and subsequently utilized in the co-culture experiments 

 
3.1.3 A549 and THP-1 co-culture 

The A549-THP1 co-culture system, previously described by Kasurinen et al. 
(2018), was employed in our study. Briefly, A549 cells were initially seeded 
at a density of 120,000 cells per well (with a surface area of 3.5 cm²) in 12-



52 

well plates using DMEM supplemented with 10% FBS, 2 mM L-glutamine, 
and 100 U/ml penicillin/streptomycin. After allowing attachment for 4 
hours, activated macrophage-like THP-1 cells, differentiated using 0.5 
μg/ml PMA, were seeded onto the attached A549 cells at a density of 
24,000 cells per well. The co-cultured A549 and THP-1 cells were incubated 
in DMEM at 37°C in a 5% CO2 environment for 40 hours, allowing the 
establishment of the co-culture system. 
 

3.2 HUMAN PRIMARY OM CELL CULTURES (II AND III) 

3.2.1 Human OM biopsy donors and ethical considerations 

For studies II and III, olfactory biopsies were obtained from both cognitively 
healthy individuals and those diagnosed with AD under the approved 
ethical permit from the Human Research Ethics Committees (HRECs) of 
Northern Savo Hospital District (permit number 536/2017). Written 
informed consent was obtained from all subjects, with proxy consent from 
family members of individuals with AD. The participants included three 
cognitively healthy individuals and three with AD, with an average age of 
74.3 years and 62.3 years, respectively, comprising both male and female 
donors. Individuals diagnosed with AD were recruited via the Brain 
Research Unit, Department of Neurology, University of Eastern Finland, 
while cognitively healthy individuals were recruited via the Department of 
Otorhinolaryngology, Kuopio University Hospital, Finland. 

 
3.2.2 Human OM cell culture (II and III) 

The procedure for collecting and processing OM biopsies collected from 
the rooftop of the nasal cavity was utilized with some modification from 
the protocol described in (Lampinen, Fazaludeen, et al., 2022; Murrell et al., 
2005). Briefly, the OM tissue collected from the nasal cavity was transferred 
to a Biosafety Level 2 (BSL2) facility in PneumaCult ‐ Ex Plus (Stemcell 
Technologies) supplemented with hydrocortisone (96 ng/mL; Stemcell 
Technologies) and 1% Penicillin–Streptomycin (Gibco). Initially, the tissue 
was rinsed in cold Hank’s Balanced Salt Solution (HBSS) to remove blood 
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and cartilage. Then, it was enzymatically digested with dispase II (2.4 U/mL) 
to separate the OE from the LP. The LP fraction was mechanically triturated 
and treated with collagenase H (0.25 mg/mL; Sigma Aldrich). After 
complete digestion, the OE and LP were combined and seeded on poly-D-
lysine-coated wells. The cultures were incubated to allow cell migration and 
proliferation, with regular media changes every 2–3 days. After 8–14 days, 
the cultures were passaged using TrypLE Express enzyme (Thermo Fisher 
Scientific) and expanded or frozen for later use. For studies II and III, 
cryopreserved human primary OM cells at passages 2–3 were thawed and 
grown in submerged cultures in supplemented PneumaCult‐Ex Plus media 
for 4–6 days under submerged conditions before plating the cells for 
exposures in study III and utilized for ALI cultures in study II. 

 
3.2.3 Establishment and maintenance of air-liquid interface culture 

(ALI) (II) 

For establishing ALI cultures, transparent inserts for a 24-well plate were 
used, coated with Matrigel Growth Factor Reduced (GFR) Basement 
Membrane Matrix (Corning) dilution (1:100). Submerged OM cells were 
seeded on coated transwell inserts and cultured in PneumaCult‐Ex Plus 
media for 2–4 days with media in both apical and basal chambers. Once 
confluent, cells were airlifted by replacing media in the basal chamber with 
PneumaCult ALI medium (Stemcell Technology) supplemented with final 
concentrations of 4 µg/mL heparin (Paranova), 0.48 µg/mL hydrocortisone, 
and 1% penicillin–streptomycin. Cultures were maintained in ALI for an 
additional 21 days for differentiation into pseudostratified epithelium, with 
regular media changes and washing to remove mucus secretion. These 
cultures, termed olfactory mucosa cell at air–liquid interface (OM-ALI), were 
utilized for exposures performed for study II 
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3.3 EXPOSURE PROTOCOLS 

3.3.1  Detailed protocols for PM exposure (I and III) 

For Studies I and III, PM samples were obtained from a sampling campaign 
conducted in China in 2014 at Nanjing University's Xianlin campus (NJU). A 
detailed methodology describing the collection method, sample source, PM 
composition, and size-segregation process has been previously reported 
(Jalava et al., 2015; Rönkkö et al., 2018, 2020). In summary, PM samples 
were acquired using a high-volume cascade impactor during nighttime 
operations, gathering four distinct size ranges (Sillanpää et al., 2003). 
Specifically, for Study I, PM2.5-1 (diameter<2.5 μm) samples were utilized, 
while Study III incorporated PM0.2 (diameter<0.2 μm) and PM10-2.5  
(diameter<10µm) and PM10-2.5  samples. These samples were preserved at 
−20 °C until the day of the exposure.

PM2.5-1 were selected for Study I due to their well-established association
with adverse respiratory health effects, including increased susceptibility to 
respiratory infections and exacerbation of existing respiratory conditions. 
On the other hand, PM0.2 and PM10-2.5 particles were chosen for Study III to 
explore their differential impacts on immune responses within olfactory 
mucosa cells. This decision was based on considering their deposition 
patterns in the respiratory tract. PM0.2 includes finer particles that may 
translocate to various tissues, including the brain, while PM10-2.5 

encompasses larger particles that tend to accumulate in the upper 
respiratory tract.  

On the exposure day, the samples were suspended in 10% DMSO 
(Sigma Aldrich, USA) in endotoxin-tested water (Sigma, W1503) and 
subjected to 30 minutes of sonication before use in the exposures. 
Following the administration of PM samples into the cell culture medium, 
the final DMSO concentration was maintained at <0.3%. 

The exposure protocol for Study I and III involved a two-step submerged 
exposure. In Study I, A549/THP1 co-cultured cells were exposed to varying 
concentrations of PM2.5-1 (25 μg/ml, 50 μg/ml, and 100 μg/ml equivalent to 
6.6, 13.2, and 26.3 μg/cm2) for 24 hours at 37 °C and 5% CO2. In Study III, 
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OM cells were exposed to either PM0.2 or PM10-2.5 particles at a 
concentration of 50 μg/ml (equivalent to 13.2 μg/cm2) for 24 hours. 

 
3.3.2 Bacterial and viral ligands exposure (I) 

In Study I, cells exposed to PM2.5-1 underwent a subsequent 24-hour co-
exposure to fixed doses of three distinct ligands aiming to mimic viral and 
bacterial infections. These ligands included 1 μM of ORN R-0006 (TLR7/8 
ligand, Miltenyi Biotech), 25 μg/ml of Poly IC (TLR3 ligand, Miltenyi Biotech), 
and 50 ng/ml of lipopolysaccharide (LPS) (TLR4 ligand). 
 
3.3.3 SARS-CoV-2 infection (II and III) 

The SARS-CoV-2 viral strains were acquired and exposures were conducted 
under the Helsinki University Hospital laboratory research permit 30 
HUS/32/2018 § 16 in the Biosafety level 3 (BSL3) facility at the University of 
Helsinki. The viruses were propagated in VeroE6-TMPRSS2 
(Transmembrane Serine Protease 2) cells, stored at -80 °C, and their titers 
were determined by plaque assay. In Study II, OM-ALI cultures from control 
and AD individuals were infected with WT SARS-CoV-2 (1 × 105 PFUs/insert), 
delta variant (1 × 105 PFUs/insert), or omicron variant (1 × 105 PFUs/insert). 
Apical OM-ALI cultures were exposed to 50 μL of SARS-CoV-2. A SARS-CoV-2 
negative medium was used as mock infection, while an investigation into 
the inhibition of WT-SARS-CoV-2 cell entry was conducted using the 
TMPRSS2 inhibitor Nafamostat (25 µM).  

For Study III, OM cells exposed to PM were transferred to a BSL3 facility 
and then inoculated with WT SARS-CoV-2. After a 90-minute incubation at 
37°C, the infected cells were washed with phosphate-buffered saline and 
incubated for either 48 or 72 hours at 37°C and 5% CO2, maintaining 
pollutant exposure throughout the experiment. Controls included 
unexposed, PM-exposed, ligand-exposed (Study I), and virus-only (Study III) 
setups. 
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3.4 FUNCTIONAL TOXICOLOGICAL IN VITRO ASSAYS 

3.4.1  Metabolic Activity Assay (I and III) 

The cellular metabolic activity (CMA) was assessed using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay in studies 1 
and 3. In Study I, A549/THP1 cells were examined for changes in metabolic 
activity following exposures to PM2.5-1, and PM2.5-1 along with bacterial and 
viral ligands, as detailed previously. In Study III, the impact on metabolic 
activity was specifically studied in OM cells exposed only to PM0.2  and PM10-

2.5. 
The MTT assay involved replacing the cell medium with fresh medium 

containing 1.2 mM MTT (Sigma-Aldrich). Subsequently, the cells were 
incubated at +37°C for 2 hours. In negative control samples, cells were 
treated with 30% (v/v) Triton X-100 for 5 minutes before adding the MTT-
supplemented medium. Following incubation, the formazan crystals 
indicating metabolically active cells were dissolved using sodium dodecyl 
sulfate (SDS) lysis buffer in Study I and pure dimethyl sulfoxide in Study III. 

The absorbance of the solubilized cells was measured at 595 nm using a 
Wallac Victor 1420 microplate reader (Perkin Elmer, Waltham, USA) for 
Study I and a Synergy H1 Microplate reader (BioTek, USA) for Study 3. The 
CMA was assessed by normalizing absorbance values of exposed cells 
against untreated controls. 

3.4.2 2′,7′-dichlorodihydrofluorescein diacetate assay (I) 

In Study I, cellular oxidative stress was assessed using the fluorescent dye 
2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA), which measures 
ROS accumulation within cells. Cells were treated with H2DCF-DA and the 
resulting fluorescence was measured at 0, 30, and 60 minutes using a 
microplate reader with excitation at 485 nm and emission at 530 nm. The 
area under the curve (AUC) for fluorescence over time was calculated to 
quantify ROS levels. The AUC values for treated samples were then 
normalized against the unexposed control, enabling a comparative analysis 
of oxidative stress induced by different treatments. 
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3.4.3 Propidium Iodide Exclusion Test (I) 

In Study I, the Propidium Iodide (PI) Exclusion test was employed to 
evaluate cell viability. PI, a fluorescent dye, permeates cells with 
compromised plasma membranes (such as dead or damaged cells), while 
live cells typically exclude PI due to their intact membranes. Cells 
previously assessed for cellular ROS underwent the PI exclusion test. The PI 
solution was added to each well, gently mixed, and incubated for 20 
minutes. Baseline PI fluorescence was measured at excitation/emission 
wavelengths of 540 nm and 610 nm, respectively, using a Synergy H1 
Microplate reader (BioTek, USA). Subsequently, 10% Triton X-100 was 
added to lyse the cells, and the plate was further incubated at room 
temperature for an additional 20 minutes. Maximum PI fluorescence was 
then measured under the same excitation/emission settings used for the 
baseline measurements. These fluorescence readings were utilized to 
calculate the percentage of live cells among the different treatments.  
 
3.4.4 Viability test (I) 

In Study I, cell viability and proliferation post various exposures were 
assessed by nuclear staining using 4',6-diamidino-2-phenylindole (DAPI). 
The samples underwent staining with a combination of Acridine Orange 
(AO) and DAPI, using solution 13. Subsequently, the stained samples were 
analyzed using the Nucleocounter NC-3000 (Chemometec, Denmark) 
according to the manufacturer's protocol. 
 
3.4.5 Measurements of the cellular thiols (I) 

In Study I, we examined the redox status of cellular thiols, an indicator of 
apoptosis in cells exposed to PM, TLR ligands, and both. Live cells 
suspended in PBS were stained with Solution 5 (VitaBright-48 (VB-48), AO, 
and PI. These samples were loaded onto NC-Slide A8 and analyzed using 
the Nucleocounter NC-3000 (ChemoMetec, Denmark) following the 
manufacturer's protocol. The scatter plots generated by the Nucleocounter 
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were processed using FlowJo software version 10 (FlowJo LLC, USA). Live 
and dead cell populations were distinguished, and among the live cells, 
those displaying low-intensity VB-48 staining were identified. This low-
intensity staining suggests cells undergoing apoptosis or having reduced 
thiol levels, indicative of apoptosis. The percentage of cells exhibiting this 
characteristic low-intensity VB-48 staining was quantified as the apoptotic 
cell population. 

3.4.6 Lactase dehydrogenase assay (III) 

In Study III, the lactate dehydrogenase (LDH) assay was employed to 
evaluate cell damage induced by exposures. After the exposures, culture 
media were collected and stored at -80°C until analysis. The CyQUANT™ 
LDH Cytotoxicity Assay Kit from Invitrogen was utilized for this purpose, 
following the manufacturer's recommended protocol. Triton-X-100 treated 
cells were utilized as a marker for cell death and served as a positive 
control. Absorbance values were measured at both 490 nm and 650 nm 
using the Wallac Victor 1420 plate reader. The results were analyzed and 
presented as the percentage of LDH release following the respective 
exposures. 

3.5 MOLECULAR BIOLOGY ASSAYS 

3.5.1 Cell cycle analysis (I) 

In Study I, we examined the cell cycle distribution of cells exposed to   
PM2.5-1, TLR ligands, and their combined exposure. After the exposures, 
cells were fixed using 70% ethanol and stored at −20°C for subsequent 
analysis. Following this, the fixed cells underwent centrifugation at 400–500 
RCF at 4°C to remove the ethanol without disturbing the cell pellets. The 
pellets were washed with PBS, centrifuged again, and suspended in PBS. 
The cells were then treated with RNAse-A (15 μg/ml concentration 
dissolved in DNAse/RNAse-free water) for 1 hour at 50°C in a dark 
environment. Subsequently, PI staining (0.01 mg/ml final concentration) 
was performed, followed by a 30-minute incubation at 37°C. After staining, 
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the samples were stored at 4°C in the dark until analysis using a BD 
FACSCanto™ II flow cytometer (BD Biosciences, USA). FlowJo software was 
used to analyze the data obtained from the flow cytometer. The results 
were presented as percentages of cells in various cell cycle phases such as 
Sub-G1, G1-G0, and G2-M.  

3.5.2 Quantitative Real-time PCR (III) 

In Study 3, OM cells were initially plated in 12-well plates at a density of 
70,000 cells per well before being exposed to PM and SARS-CoV-2 infection. 
Following exposure, the cells were treated with TRI Reagent and stored at -
70°C for later analysis. RNA extraction was conducted following the 
manufacturer's protocol, and the concentration and purity of the obtained 
RNA samples were assessed using a NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific, USA). Subsequently, cDNA synthesis was 
performed utilizing the High-Capacity Reverse Transcription Kit. The mRNA 
levels of specific genes were then measured in duplicate using the 
StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific, USA) 
following the manufacturer's instructions. 

To normalize the cycle threshold (Ct) values, the housekeeping gene 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as an 
internal reference. The relative gene expression was quantified utilizing the 
2–△△Ct method, with Ct representing the threshold cycle number, and the 
results were presented relative to the control conditions. For a 
comprehensive list of the TaqMan gene expression assays employed in this 
study, please refer to Table 1. 

Table 1. Taqman primers were obtained from ThermoFisher Scientific for 
study III.  

Gene Symbol Gene Name Assay ID 
ACE2 Angiotensin I 

Converting Enzyme 2 
Hs01085333_m1 
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TMPRSS2 Transmembrane 
Protease, Serine 2 

Hs01122322_m1 

NQO1 NAD(P)H Quinone 
Dehydrogenase 1 

Hs00168547_m1 

HMOX1 Heme Oxygenase 1 Hs01110250_m1 
NRP1 Neuropilin 1 Hs00826128_m1 
GAPDH Glyceraldehyde-3-

Phosphate 
Dehydrogenase 

Hs02758991_g1 

 
3.5.3 Quantification of viral RNA (RT PCR) (II and III) 

In Studies II and III, we assessed the release of SARS-CoV-2 RNA into the 
culture medium at 1, 48, and 72 hours post-infection (hpi) to monitor viral 
propagation within the OM cells. In Study II, apical washes from infected 
cells in transwell inserts, and Study III, cell-exposed media from various 
treatment conditions, were collected at the same time points from both 
SARS-CoV-2 infected and mock-infected OM-ALI cultures for RNA 
extraction. RNA extraction was performed using the QIAamp Viral RNA 
Minikit (Qiagen) following the manufacturer’s instructions. The isolated 
RNA samples underwent quantitative reverse transcription polymerase 
chain reaction (RT-PCR) targeting the SARS-CoV-2 RNA-dependent RNA 
polymerase (RdRp) gene. This analysis utilized established primers, a 
probe, and an in vitro synthesized RdRp control. SARS-CoV-2 RNA copies 
were quantified at each time point to determine the relative increase in 
viral load. 

 
3.5.4 Measurement of Transepithelial Electrical Resistance (II)  

In Study II, Transepithelial Electrical Resistance (TEER) measurements were 
regularly taken throughout the establishment and maturation of the OM-
ALI cultures. TEER serves as a crucial indicator of the functional integrity 
and tightness of the cellular barrier. Using the EVOM2 epithelial volt/ohm 
meter with STX2 chopsticks electrodes (World Precision Instruments), TEER 
was monitored for a duration of up to 5 weeks. TEER values were 
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determined using the formula: TEER (Ω/cm2) = (total resistance (Ω) – blank 
resistance (Ω) multiplied by the surface area of the transwell insert in cm2. 
By the 21st day, TEER values had reached their highest values, suggesting 
the achievement of a plateau and indicating optimal barrier stability. 
Consequently, the cell cultures at this stage were selected for subsequent 
exposure studies due to their established tight junctions and enhanced 
barrier functionality. 

3.5.5 mRNA sequencing (II) 

In Study II, mRNA sequencing was performed to analyze the gene 
expression changes in OM-ALI cultures following SARS-CoV-2 infection. 
Total RNA samples were collected post-infection and extracted using the 
AllPrep DNA/RNA/miRNA Universal Kit (Qiagen). Subsequent assessments 
for RNA integrity were conducted using the Agilent 2100 Bioanalyzer, and 
RNA concentrations were measured using the Qubit fluorometer 
(Invitrogen). Computational analyses and RNA sequencing were conducted 
in collaboration with Professor Jan Topinka (Institute of Experimental 
Medicine of the Czech Academy of Sciences, Czech Republic), as detailed in 
Study II. Specifically, ribosomal RNA was removed using the QIAseq 
FastSelect RNA Removal Kit (Qiagen). From the resulting RNA, 300 ng per 
sample was utilized to construct RNA libraries employing the QIAseq 
Stranded Total RNA Library Kit (Qiagen) following the manufacturer’s 
guidelines. The amplified libraries underwent a quality assessment on the 
Agilent 2100 Bioanalyzer using the High Sensitivity DNA Kit (Agilent), and 
their concentrations were determined with the Qubit fluorometer and 
dsDNA HS assay kit (Invitrogen). Subsequently, the libraries were 
sequenced on an Illumina NovaSeq 6000 platform (200 cycles), generating 
approximately 50 million reads per sample. Computational analysis 
involved adapter trimming using Trimmomatic, alignment to the hg38 
human genome with the STAR aligner, and gene annotation with 
FeatureCounts. Differential gene expression (DEG) analysis across various 
experimental conditions was conducted. Furthermore, the DEGs were 



62 

utilized for pathway analysis offering valuable insights into the gene 
expression alterations in OM-ALI cells post-SARS-CoV-2 infection. 

3.5.6 Immunocytochemistry (II) 

In Study II, OM-ALI cells subjected to SARS-CoV-2 infection were fixed and 
immunostained to investigate cellular markers at 72 hpi. The fixed cells 
underwent 4% paraformaldehyde treatment in both apical and basal 
chambers, followed by washing and permeabilization with Triton X-100. 
After blocking and overnight incubation with primary antibodies, 
secondary antibodies (Table 2) were applied for 3 hours at room 
temperature. Nuclei were visualized using Hoechst or bisbenzimide 
staining. Transwell membranes with OM cells were mounted on glass 
slides for imaging using the CellVoyager™ CQ1 Benchtop High-Content 
Analysis System (Yokogawa) and Zeiss Axio Observer inverted microscope 
with LSM800 confocal module (Carl Zeiss AG). Image analysis of 3D-
confocal image stacks was performed using the Cell Path Finder software 
embedded in the CQ1 microscope. Nuclei were automatically detected and 
fluorescence intensity of epithelial cell markers quantified within a nuclear 
volume expanded by 10 pixels. Cell classification based on marker 
positivity utilized manually determined fluorescence thresholds within the 
same software. Image processing was carried out using ZEN Blue version 
3.2 and ImageJ version 1.53q. 

Table 2. Primary and secondary antibodies were used in Study II. 

Antibodies Dilution 
Catalogue 
Number 

Source 

Monoclonal anti-
tubulin, acetylated 
antibody produced in 
mouse 

1:2000 
T6793-
100UL 

Sigma-Aldrich 
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Mouse monoclonal 
MUC5AC antibody 
(45M1) 

1:200 
MA5-
12178 

Thermo Fisher 
Scientific 

Mouse monoclonal 
human Cytokeratin 18 
antibody (810811) 

1:50 MAB7619 R&D Systems 

Goat anti-ACE-2 
polyclonal antibody 

5 µg/mL AF933-SP R&D Systems 

Recombinant Rabbit 
monoclonal Anti-
Neuropilin 1 antibody 
[EPR3113] 

1:250 ab81321 Abcam 

ZO-1 Polyclonal 
Antibody 

5 µg/mL 40-2200 Invitrogen 

SARS-CoV/SARS-CoV-2 
Nucleocapsid 

1:2000 - 

Kind gift by Jussi 
Hepojoki, Cantuti-
Castelvetri et al., 
Science, 2020  

Donkey anti-goat Alexa 
Fluor-488 

1:1000 A-11055 Invitrogen 

Donkey anti-mouse 
Alexa Fluor555 

1:500 A-32773 Invitrogen 

Goat anti-rabbit Alexa 
Fluor-647 

1:500 A-31573 Invitrogen 

Alexa Fluor-488 
conjugated phalloidin 

1: 200 A-12379 Invitrogen 

Hoechst DNA stain 1: 2000 62249 
Thermo Fisher 
Scientific 

3.5.7 Enzyme-linked immunosorbent assay (I and III) 

In Study I, a sandwich enzyme-linked immunosorbent assay (ELISA) was 
used to measure pro-inflammatory markers, including interleukin 6 (IL-6) 
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and TNF-α with ELISA Ready-SET-Go kits from Invitrogen, along with 
interleukin 8 (IL-8) from R&D Systems, USA. These assays were conducted 
using A549/THP1 co-culture cell supernatant samples. Conversely, Study III 
employed Invitrogen ELISA kits for Aβ1-42 and Aβ1-40 to assess the levels 
of secreted Aβ1-42 and Aβ1-40 in OM cells post-exposure to PM, SARS-CoV-
2 infection, or a combined exposure. Medium samples were collected, 
stored at -70°C, and analyzed using the respective ELISA kits following the 
recommended protocols. 

 
Table 3. ELISA kits were used for studies 1 and 3. 

Protein Name Catalogue Number Source 
IL-6 ELISA Ready-SET-Go kit Invitrogen 
TNF-α ELISA Ready-SET-Go kit Invitrogen 
IL-8 ELISA R&D Systems, USA 
Aβ1-42 KHB3544 Invitrogen 
Aβ1-40 KHB3481 Invitrogen 

 
3.5.8 Cytokine proteome profiler (III) 

The Proteome Profiler Human XL Cytokine Array Kit (R&D Systems) was 
employed in Study 3 to analyze 105 cytokines, chemokines, and acute 
phase proteins in medium samples from different treatments of control 
and AD OM cells. The aim was to comprehensively profile these 
biomolecules. Samples were pooled per treatment, and processed 
according to the kit instructions. Subsequently, processed samples from 
each exposure were exposed to membranes that contained immobilized 
capture antibodies specific to biomolecules overnight at +4oC. Following 
this incubation, the membranes underwent washing steps and were then 
incubated with detection antibodies. Streptavidin-HRP was subsequently 
applied to the membrane before imaging using the Bio-Rad ChemiDoc MP 
(Bio-Rad, USA). Image Lab 5.1 software (Bio-Rad) facilitated spot 
normalization and quantification on the membrane. The outcomes were 
presented as Log2 transformed fold changes (FC) relative to the vehicle 
treatments for both control and AD OM cells. 
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3.6 STATISTICAL ANALYSIS 

For statistical analyses in Study I, IBM SPSS statistics software, version 25, 
was used, while in Studies 2 and 3, GraphPad Prism version 9.4.1 
(GraphPad Software Inc.) was the primary software employed. Details of 
the statistical method used to analyse the results are indicated in the 
original publication. Briefly, error bars represented the standard deviation 
(SD) for Study II and the standard deviation (SEM) for Studies I and III. 
Significance for functional analyses was considered for values of p ≤ 0.05, 
and RNA sequencing data, significance was determined for genes with an 
adjusted p-value less than or equal to 0.05. Additionally, RNA sequencing 
datasets underwent analysis Panther overrepresentation analysis, and the 
QIAGEN Ingenuity Pathway Analysis Software (QIAGEN IPA, QIAGEN Inc., 
USA) to investigate alterations in canonical pathways. Graphical 
illustrations in Studies II and III were created using BioRender.com.  
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4 RESULTS 

4.1 URBAN AIR PM MODULATES IMMUNE RESPONSES TO 
RESPIRATORY INFECTIONS 

Exposure to PM2.5 has consistently been correlated with an increased 
susceptibility to bacterial and viral respiratory infections, as evidenced by 
epidemiological studies. While the detrimental health impacts of fine PM2.5 
are well-established (Feng et al., 2016), its specific immunomodulatory 
effects in the context of respiratory bacterial and viral infections remain 
inadequately understood. Study I sought to bridge this knowledge gap by 
investigating how acute exposure to varying concentrations of urban air 
PM2.5-1 influences the immune response to bacterial and viral stimuli in an 
in vitro model mimicking initial respiratory pathogen exposure. 

This investigation employed an in vitro co-culture model comprising 
A549 epithelial cells and THP1 monocytes differentiated into macrophage-
like cells to replicate the interaction between alveolar epithelium and 
macrophages. Toll-like receptor (TLR) ligands, chosen to activate specific 
pathways associated with respiratory infections, were utilized to simulate 
viral and bacterial stimuli. Cells underwent exposure to various doses of 
PM2.5-1 and were subsequently exposed to distinct TLR ligands. Key findings 
from Study I are summarized below. 
 
4.1.1  Inflammatory and Immune Response 

PM2.5 exposure has been linked to compromised lung immune responses. 
Our study demonstrated similar findings; dose-dependent increase in pro-
inflammatory cytokines (IL-6, TNF-α, IL-8) following PM2.5-1 stimulation in 
A549-THP1 co-cultures. This led us to further investigate whether PM2.5-1 
exposure could elicit pro-inflammatory responses in A549/THP1 cells that 
mimic the innate immune barrier in the lung, consequently affecting 
responses to bacterial and viral challenges. 
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To simulate bacterial and viral challenges in vitro, we employed viral TLR 
ligands (TLR 3 and TLR 7/8) and a bacterial TLR ligand (TLR4). Interestingly, 
these ligands independently modulated pro-inflammatory cytokines. 
TLR7/8 induced the highest IL-6 production, followed by TLR4, while TLR3 
had limited effects compared to controls. Surprisingly, PM2.5-1-primed co-
cultures exhibited altered responses to bacterial and viral TLR ligands. 

Co-exposure of PM with viral ligands TLR 7/8 and TLR3 revealed 
substantial alterations in expected pro-inflammatory cytokine responses 
associated with these viral ligands. Contrary to anticipated cytokine release 
induced by individual exposures to these ligands or PM alone, the 
combined exposure resulted in intriguing modifications of cytokine 
production. For instance, co-exposure to PM and TLR7/8 reduced IL-6 
concentrations compared to the response triggered by the TLR7/8 ligand 
alone. Moreover, at higher PM doses, cytokine levels not only decreased 
compared to the response from TLR7/8 ligand alone but were also lower 
relative to PM-only exposure. Similarly, co-exposure to PM and TLR3 
induced lower cytokine secretion than PM alone, indicating a deviation 
from the expected cytokine response. These findings suggest that prior 
PM2.5-1 exposure might diminish the co-culture's ability to mount an 
effective immune response, potentially exacerbating viral infections. 

Conversely, co-exposure of PM with the bacterial TLR4 ligand 
demonstrated a contrasting effect on the inflammatory response 
compared to individual exposures. When combined with PM, TLR4 
enhanced the pro-inflammatory response, notably increasing TNF-α 
production compared to exposures to PM or the TLR4 ligand alone. This 
amplified cytokine production suggests potential immune cell sensitization 
upon co-exposure. These observations underscore a distinct modulation in 
the immune response, highlighting the interplay between PM exposure 
and bacterial stimuli through TLR4 activation. 

4.1.2 Cellular metabolic alterations and viability 

Our investigation into cellular metabolic alterations following PM2.5 
exposure revealed a significant dose-dependent reduction in cellular 
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metabolic activity (CMA), consistent with prior observations (Kasurinen et 
al., 2018). Interestingly, our study did not reveal any significant impact on 
CMA when cells were exposed solely to TLR ligands, suggesting that the 
observed reduction in CMA primarily stems from PM2.5-1 exposure. 
Moreover, subsequent exposures failed to ameliorate CMA, indicating a 
persistent influence of PM2.5-1 on CMA. 

Assessment of cellular thiols, notably glutathione (GSH), depicted an 
increase in cells exhibiting low free thiol levels post-PM2.5-1 exposure. While 
viral ligands displayed minimal impact on thiol levels, exposure to bacterial 
TLR4 ligands notably depleted free thiols, correlating with an augmented 
pro-inflammatory response. Intriguingly, PM2.5-1 pre-exposure mitigated 
TLR4-induced effects on thiol depletion, suggesting a potential alteration in 
cellular responses to bacterial ligands due to PM2.5-1 priming. These 
outcomes suggest that PM2.5-1 pre-exposure induced early apoptosis on the 
acute challenge to bacterial TLR4 ligand as suggested through reduced 
CMA and cellular thiol levels.  

Contrary to expectations, our study did not reveal significant changes in 
ROS stress or viability. It is plausible that the co-culture model, fostering 
immune cell interaction with lung epithelial cells, mitigated oxidative stress, 
consistent with previous findings (Kasurinen et al., 2018; Persson et al., 
2013). This observation underscores the intricate interplay between 
immune cells and epithelial cells, potentially functioning to buffer oxidative 
stress within the co-culture context. 

 
4.1.3 Cell cycle dynamics 

Our investigation into cell cycle dynamics following PM2.5-1 exposure 
revealed striking alterations in cell phase distributions. PM2.5-1 exposure 
induced an increase in cells in the Sub-G1 phase, indicative of apoptosis, 
and concurrently reduced cells in the G2-M phase, implying cell cycle arrest 
and apoptosis induction, aligning with previous literature (Lambert et al., 
2003). Viral TLR ligands had distinct effects on cell cycle dynamics, 
particularly in the G2-M phase, potentially associated with viral strategies 
manipulating the cell cycle for replication (Davy and Doorbar, 2007). 
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However, PM2.5-1 priming appeared to modify viral ligand-induced effects 
on the cell cycle, suggesting alterations in viral virulence mechanisms. 
Interestingly, bacterial TLR4 ligand exposure increased cells in the Sub-G1 
phase, indicating an apoptotic response potentially exacerbated due to 
PM2.5-1 priming. This observation suggests PM-induced alterations in 
immune responses to viral and bacterial stimuli, emphasizing the complex 
interactions between PM exposure, TLR stimulation, and subsequent 
cellular responses. 

 

4.2 SARS-COV-2 INFECTION DYNAMICS IN 3D HUMAN OM 
MODEL IN THE CONTEXT OF AD 

The OM stands as a crucial entry point for inhaled air and its particles, 
making it a prime interface for pathogen exposure, including neurotropic 
viruses like SARS-CoV-2. Understanding its role gains prominence in the 
context of neurodegenerative diseases such as AD, which often presents 
olfactory dysfunction as an early symptom. Furthermore, AD OM has been 
shown to express changes associated with the disease. Therefore, 
exploring the effects of SARS-CoV-2 infection on the OM, particularly in the 
context of AD, assumes paramount importance in deciphering the 
potential links between viral infections and neurodegeneration. In Study II, 
we aimed to establish a physiologically relevant in vitro OM model to mimic 
the in vivo tissue by replicating crucial cellular components, and functional 
barriers to aid in the investigation of SARS-CoV-2 infection in the patient-
derived human OM. Key results from the investigation in Study II are 
summarized below. 

 
4.2.1 Establishment and characterization of 3D OM ALI Cultures 

We successfully established a novel 3D ALI culture model using human OM 
biopsies obtained from both cognitively healthy individuals and those 
affected by AD. After three weeks in ALI culture, thorough characterization 
revealed the presence of pseudostratified epithelium with ciliated cells, 
sustentacular cells, basal cells, and mucous-producing cells. Notably, the 
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ALI cultures demonstrated barrier formation, as confirmed by 
measurements of TEER and the expression of tight junction markers. 

4.2.2 Expression of SARS-CoV-2 entry proteins and cellular targets 

Our investigation aimed to comprehensively characterize the expression 
profile of key receptors and proteins crucial for SARS-CoV-2 entry and 
infection within the OM-ALI cultures. Understanding the significance of the 
ACE-2 receptor, known to be primarily targeted by SARS-CoV-2 for binding 
to host cell membranes (M. Hoffmann et al., 2020), and Neuropilin-1 
receptor (NRP-1), which has been shown to facilitate the infection of SARS-
CoV-2 (Cantuti-Castelvetri et al., 2020), is vital in deciphering the 
susceptibility of cells to the virus. Utilizing global mRNA sequencing data 
analysis from uninfected cells, we identified the presence of ACE-2, NRP-1, 
TMPRSS2, Cathepsin B (CTSB), Cathepsin L (CTSL), basigin (BSG), and furin 
mRNAs in the OM cultures. These genes are well-documented for their 
involvement in facilitating SARS-CoV-2 infection (V’kovski et al., 2021). To 
further validate the expression of these crucial entry receptors, ACE-2 and 
NRP-1 proteins, we conducted immunocytochemical staining of 
differentiated OM-ALI cultures which showed ACE-2 and NRP1 positive cells 
expressed in OM-ALI cultures. This molecular investigation was pivotal in 
comprehensively characterizing the OM-ALI cultures and evaluating their 
susceptibility to SARS-CoV-2 infection, particularly by assessing the 
presence and expression of these key receptors and proteins. 

4.2.3 SARS-CoV-2 infection in OM cells: effects of variants and disease 
state 

At the outset, our primary focus was to evaluate the effects of the wild-type 
(WT) SARS-CoV-2 variant on OM cells obtained from both cognitively 
healthy subjects and individuals diagnosed with AD. Our results indicate 
that up to 72 hpi, there were no discernible differences in viral replication 
patterns between the OM cells derived from the control group and those 
afflicted by AD. This evaluation was conducted through comprehensive 
immunocytochemistry and quantitative analysis of viral RNA load 
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determined with qPCR from the media samples collected in a time series 
following infection. Results collectively suggest a similar level of viral 
presence in both control and AD-derived OM cells. 

Moreover, we investigated the impact of different SARS-CoV-2 variants 
(e.g., omicron, delta, WT) on the infectivity of OM-ALI cultures derived from 
cognitively healthy individuals. Surprisingly, OM-ALI cells exhibited higher 
susceptibility to the WT virus in comparison to the omicron variant. No 
significant differences were observed between susceptibility to the delta 
variant in comparison to the WT virus. Importantly, our findings suggest 
that the underlying AD pathology did not render the AD OM-ALI cells more 
vulnerable to SARS-CoV-2 infection when compared to cells derived from 
cognitively healthy controls. These outcomes corroborated emerging 
epidemiological and in vivo evidence, supporting varying susceptibility 
among distinct SARS-CoV-2 variants in infecting OM cells (Rodriguez-Sevilla 
et al., 2022; von Bartheld et al., 2023). 

4.2.4 Differential gene expression patterns in SARS-CoV-2 infected OM 
cells of individuals with AD 

Transcriptomic analysis was conducted on OM cultures derived from 
individuals with AD and cognitively healthy controls following SARS-CoV-2 
infection. A comparative analysis of gene expression patterns unveiled 
1971 DEGs unique to infected AD cells. These DEGs indicated distinct 
molecular responses exclusive to AD pathology upon viral exposure. The 
exploration of DEGs highlighted the activation of critical pathways 
intricately linked to AD pathology within the infected AD OM cells. 
Noteworthy pathways included integrin signalling, the AD-presenilin 
pathway, and the Wnt-signaling cascade. These findings suggest potential 
crosstalk between viral infection and AD-specific molecular mechanisms, 
indicating a possible exacerbation of AD-associated pathology consequent 
to SARS-CoV-2 exposure. 
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4.2.5 Impaired immune responses in AD OM cells post-infection 

The AD OM cells exhibited a subdued immune response post-SARS-CoV-2 
infection, in contrast to the robust antiviral response observed in cells 
derived from cognitively healthy controls. This subdued reaction was 
characterized by the downregulation of key immune signalling molecules, 
notably IFN-γ and TNF, underscoring a potential vulnerability of AD cells to 
the prolonged viral presence and heightened inflammation occurring upon 
AD pathology in the OM. 

 
4.2.6 Insights into neurological consequences and AD progression 

Distinct transcriptomic alterations observed in the infected AD OM cells 
suggested a plausible exacerbation of AD pathology triggered by SARS-
CoV-2 infection. Elevated oxidative stress and compromised immune 
responses within the infected AD cells hint at an intricate interplay 
between viral-induced mechanisms and pre-existing AD-related 
pathophysiology, potentially influencing disease progression and 
neurological consequences. 

 

4.3 URBAN PM INFLUENCES CELLULAR AND IMMUNE 
RESPONSES TO SARS-COV-2 IN OM CELLS OF INDIVIDUALS 
WITH AD  

Building upon prior research, Study I delved into the immunomodulatory 
effects of PM2.5-1 exposure in an in vitro A549 and THP-1 derived 
macrophages co-culture model stimulated with TLR ligands resembling 
respiratory infections. Study II explored the impact of SARS-CoV-2 infection 
on human OM cells. In the continuum of this investigation, Study III aimed 
to elucidate the complex relationship between PM exposure and 
susceptibility to SARS-CoV-2 infection in human OM cells. 

Previous findings have indicated that PM can modify susceptibility to 
infection in vitro cell models of both upper and lower respiratory tracts 
(Brocke et al., 2022; Miyashita et al., 2023; Yamamoto et al., 2023). 
Additionally, in animal models, exposure to PM2.5 has demonstrated the 
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capacity to induce variations in ACE2 and/or ACE levels across diverse 
organs (Botto et al., 2023). This understanding assumes significance, 
particularly considering the adverse health effects caused by SARS-CoV-2 
infection. 

Therefore, Study III sought to decipher the potential impact of PM 
exposure, specifically PM0.2 and PM10-2.5, on the susceptibility of OM cells to 
SARS-CoV-2 infection. Physiologically, the OM stands as a crucial tissue due 
to the importance of the inhalational route and its role as a potential site 
for neurotropic effects associated with smaller-sized PM deposited in the 
nasal area. Given the significance of the OM as a potential site of infection, 
unraveling this connection has become pivotal, especially considering the 
neurotropic nature of the virus, and its potential associations with 
neurodegenerative conditions, as highlighted in prior studies. 
 
4.3.1 No significant influence of PM exposure on SARS-CoV-2 

susceptibility in OM Cells  

In study III, we first investigated the impact of exposure to PM0.2 and PM10-

2.5 on the expression of critical genes associated with SARS-CoV-2 entry 
(ACE2, TMPRSS2, and NRP1). Our findings revealed no significant alterations 
in ACE2 or NRP1 expression in cognitively healthy control or AD cells 
following exposure to either PM fraction. However, a notable increase in 
TMPRSS2 expression was observed only in AD cells after a 24-hour PM0.2 
exposure, suggesting a potential disease-specific response. Subsequent 
investigation aimed to understand how PM exposure influences SARS-CoV-
2 infection ability within OM cells. Our analysis indicated a transient impact 
of PM on viral RNA load at 1 hpi, yet this effect did not persist over later 
time points (24, 48, and 72 hours). The absence of alterations in viral RNA 
levels at later time points suggested minimal biological consequence of PM 
exposure on the infectibility of OM cells. Although PM particles potentially 
adhering to OM cells might transiently increase viral load at the onset, the 
consistent viral load patterns over time point to an absence of enhanced 
viral entry due to PM exposure. Additionally, the comparable effects of 
combined PM and SARS-CoV-2 exposure in both control and AD OM cells 



75 

suggest a similar impact on viral propagation, highlighting a lack of 
discernible susceptibility changes in AD OM cells exposed to PM in 
conjunction with viral infection. 

4.3.2 Transient oxidative stress response and cellular toxicity upon co-
exposure to PM and SARS-CoV-2 in OM cells 

Our study also focused on examining the impact of PM exposure in 
combination with SARS-CoV-2 infection on cell health. LDH assays revealed 
that at 24 hours post-infection, both control and AD cells exposed to PM0.2  
and PM10-2.5  exhibited a slight increase in cytotoxicity. However, a 
significant rise in cytotoxicity was observed only in cells exposed to PM10-2.5 
alongside the virus. At 72 hours post-infection, cells solely infected with 
SARS-CoV-2, in both control and AD groups, displayed increased 
cytotoxicity. Similarly, cells exposed to PM0.2  followed by SARS-CoV-2 
infection also exhibited elevated cytotoxicity, especially in AD cells 
compared to cognitively healthy control cells. Remarkably, exposure to 
PM10-2.5  slightly mitigated cytotoxicity in AD cells post-viral infection. 

Examining the interplay of PM and SARS-CoV-2 on oxidative stress 
marker genes revealed increased expression of NQO1 and HMOX1 after 24 
hours of combined exposure in both control and AD cells. However, by 72 
hours, a substantial decrease in mRNA expression levels for these genes 
was observed in cells co-exposed to PM and the virus compared to cells 
treated solely with PM. 

In summary, our findings suggest that PM exposure, especially PM10-2.5, 
influences virus-induced cell death. Additionally, while combined exposure 
initially increased oxidative stress marker expression, this effect 
diminished over time, indicating a transient nature in the cellular response 
to PM and SARS-CoV-2 co-exposure. These findings suggest a potential 
suppression of cellular defences by the virus, emphasizing the need for 
further exploration into complex PM-viral interactions and cellular 
responses. 
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4.3.3 PM and SARS-CoV-2 co-exposure effects on amyloid beta (Aβ) 
metabolism in OM cells 

In study 3, we also superficially explored the dynamics of Aβ metabolism in 
OM cells, important due to its strong association with AD pathogenesis. 
Our results revealed that while PM exposure alone did not notably affect 
Aβ secretion, the virus independently increased the Aβ1-42/Aβ1-40 ratio in 
both control and AD cells. Intriguingly, co-exposure to PM and the virus 
intensified Aβ secretion, indicating a potential combined impact on AD 
pathogenesis. This suggests a complex interaction between PM exposure 
and viral infection in shaping Aβ dynamics relevant to AD. 

4.3.4 Interplay between PM exposures and AD-related inflammation: 
impact on cytokine profiles following SARS-CoV-2 infection 

The study utilized the Proteome Profiler Human XL Cytokine Array, 
evaluating approximately 105 cytokines, chemokines, and growth factors 
to comprehensively examine cellular cytokine profiles following 
treatments. This analysis uncovered complex alterations in cytokine 
expression when OM cells were exposed to PM0.2 and PM10-2.5 concurrently 
with SARS-CoV-2 infection. Numerous cytokines exhibited notable shifts in 
their expression patterns in response to these combined treatments. 

In control OM cells, prior exposure to PM0.2 before SARS-CoV-2 infection 
attenuated many of the virus-induced cytokine responses observed in cells 
infected solely with the virus. PM10-2.5 treatment showed similar trends, 
indicating distinct alterations in cytokine expression levels, particularly in 
certain markedly downregulated cytokines. In Alzheimer's disease (AD) OM 
cells, the baseline inflammatory status influenced cytokine profiles across 
different conditions. Upon SARS-CoV-2 infection, significant changes in 
cytokine expression were noted compared to cells derived from cognitively 
healthy individuals. PM0.2 and virus treatment induced a trend of 
downregulation in AD cells, whereas PM10-2.5 elicited an enriched cytokine 
response. 
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To explore the impact of existing AD pathology on inflammation and 
antiviral immune response concerning PM and viral treatment, we 
compared the relative expression of inflammation-associated proteins in 
AD cells to control cells across various treatment groups. Remarkably, AD 
cells exhibited a significantly higher baseline level of cytokine expression 
compared to controls when treated with the vehicle alone, indicating a 
pronounced elevation in baseline cytokines in AD cells. Specifically, the top 
three most altered cytokines in vehicle-treated AD cells, compared to 
control cells, were RANTES, RAGE, and endoglin, suggesting an inherent 
inflammatory state in AD. 

Furthermore, in AD OM cells infected with the virus, more significant 
changes were observed in the levels of Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF), Trefoil Factor 3 (TFF3), and RANTES compared 
to control cells treated with the virus, indicating a heightened response to 
viral infection in the AD context. This baseline inflammation in AD cells 
notably influenced the cytokine profile in co-treatment conditions as well. 
Specifically, in response to PM0.2 and virus treatment, a general trend of 
downregulation was observed compared to treated control cells, with 
notable alterations in Interferon-Inducible Protein 10 (IP10), Retinol-
Binding Protein 4 (RBP-4), and kallikrein expression levels. 

Conversely, prior exposure to PM10-2.5 induced a significantly enriched 
general cytokine response in AD compared to the respective control 
treatment. Notably, cytokines like RANTES, Angiogenin, Stromal cell-derived 
factor 1 alpha (SDF-1a), and Interleukin-6 (IL-6) were among the topmost 
altered cytokines, indicating a distinct cytokine profile in AD cells exposed 
to PM10-2.5. These findings underscore the complex interplay between AD 
pathology, environmental exposures, and viral infection, emphasizing the 
critical role of considering AD-specific inflammation in understanding 
immune responses to environmental and viral stimuli. 



78 

  



79 

5 DISCUSSION 

The thesis presents a comprehensive overview of findings that illuminate 
the intricate interplay between environmental exposures, specifically PM 
and respiratory infections, with a particular emphasis on immune 
responses and neurological consequences. The significance of the research 
lies in its interdisciplinary nature, integrating methodologies from 
environmental science, immunology, and neurobiology to address crucial 
gaps in understanding. By employing advanced in vitro models of the 
respiratory system and investigating complex physiological scenarios, this 
approach yields valuable insights into the molecular and cellular 
mechanisms underlying the impact of air pollution on respiratory 
infections and neurological health and disease. These findings collectively 
deepen our comprehension of the complex mechanisms governing 
respiratory immunity and neurological well-being in the presence of 
environmental pollutants and viral infections. 

 

5.1 IMPACT OF PM2.5-1 POLLUTION ON IMMUNE 
DYSREGULATION AND INCREASED RISK OF BACTERIAL 
RESPIRATORY INFECTIONS 

Recent studies have shown that PM2.5 exposure is linked to an increased 
risk of bacterial respiratory infections, such as Streptococcus pneumoniae 
and Staphylococcus aureus, by impairing host defenses (Y.-W. Chen et al., 
2020; Hussey et al., 2017; Mushtaq et al., 2011; H. Zhao et al., 2014). 
However, the specific mechanisms by which PM2.5 exposure alters immune 
responses at a cellular level remain inadequately explored. This gap in 
understanding presents a crucial area for investigation, especially 
considering the global prevalence of PM2.5 exposure and its potential 
impact on public health. 
Our study contributes to this understanding by simulating the host-lung 
barrier interaction, specifically examining A549 epithelial cells and THP1 
macrophages. By utilizing co-cultures, we aimed to provide a more 
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comprehensive picture of PM2.5 adverse effects, acknowledging the 
limitations of single-cell line studies (Kasurinen et al., 2018). We observed 
that PM2.5-1 exposure leads to a dose-dependent alteration in the innate 
immune response. Specifically, it causes a marked increase in the 
production of pro-inflammatory cytokines like IL-6, IL-8, and TNF-α. This 
dysregulation potentially makes individuals more susceptible to bacterial 
respiratory infections, particularly at high PM2.5 exposure levels. 
Our study's hypothesis suggests that exposure to PM2.5 primes immune 
cells, particularly alveolar macrophages, to hyper-react to bacterial stimuli 
by activating TLR4 receptors, possibly through endotoxins present in the 
PM fraction (Alexis et al., 2006). This activation likely triggers heightened 
NF-κB signalling and cytokine production. Recent research employing TLR4-
enriched mammal models, like sheep, has reinforced the importance of 
TLR4 in bacterial infections. Specifically, it has been demonstrated that 
elevated TLR4 levels exacerbate the innate immune response to bacterial 
LPS-induced apoptosis in monocytes/macrophages by disrupting 
autophagic flux via NF-κB and MAPK signalling pathways (Gawda et al., 
2018; S. Wang et al., 2023). This discovery suggests a plausible mechanism 
by which heightened TLR4 expression could increase susceptibility to 
gram-negative bacterial respiratory infections, particularly in environments 
characterized by elevated PM2.5 levels. Consequently, individuals exposed 
to high concentrations of PM2.5 may exhibit increased vulnerability to 
bacterial respiratory infections due to dysregulated immune responses. 

The ramifications of our study are multi-dimensional and significant. 
Recent research has consistently identified a link between PM2.5 exposure 
and the rise of antibiotic resistance in various bacteria globally, with these 
correlations intensifying over time (Z. Zhou et al., 2023). Our findings 
contribute to this growing body of evidence, suggesting a proactive public 
health strategy. By aiming to reduce PM2.5 levels, we could potentially lower 
the incidence of bacterial respiratory infections. Such a reduction would 
not only lessen the dependence on antibiotics but also address the 
escalating challenge of antibiotic resistance. Furthermore, a key implication 
is the necessity for healthcare professionals to recognize the increased risk 
of bacterial respiratory infections in people exposed to high concentrations 
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of PM2.5. This understanding is crucial for accurate diagnosis and effective 
treatment, particularly in regions burdened by heavy air pollution. Further 
investigation into the mechanisms of PM2.5-induced immune dysregulation 
in bacterial infections is essential. Such investigations could lead to 
effective interventions to mitigate the adverse health effects of PM2.5 
exposure, benefiting both individual health and public health policy. 

 

5.2 PM2.5-1 INDUCED ALTERATIONS IN VIRAL IMMUNE RESPONSE 
DYNAMICS 

PM2.5 exposure has been closely linked with increased risk and severity of 
viral respiratory infections. This heightened susceptibility is attributed to 
the compromised lung immune responses that arise from various 
mechanisms, such as immune exhaustion (Tao et al., 2020), oxidative 
stress (Lee et al., 2014), and the inactivation of essential immune cells, 
including macrophages (Migliaccio et al., 2013). Among the critical facets of 
the immune response to viruses are the TLRs, specifically TLR7/8 and TLR3, 
which play a pivotal role in recognizing viral PAMPs (Bortolotti et al., 2021; 
Martínez-Espinoza et al., 2022; Stegemann-Koniszewski et al., 2018; 
Triantafilou et al., 2005). However, the precise influence of PM2.5 exposure 
on TLR-mediated immune responses against different viruses remains 
poorly understood, despite its importance given the global prevalence of 
viruses and PM2.5 exposure.  

The study specifically highlights the nuanced impact of PM2.5-1 on the 
immune responses mediated by different TLRs. Notably, TLR7/8, 
associated with detecting single-stranded RNA viruses such as influenza 
and HIV, demonstrated a dampened cytokine production in PM2.5-1 primed 
co-cultures, suggesting a potential suppression of the immune response to 
these viruses. It suggests that PM2.5-1 exposure can specifically modulate 
the immune system response to TLR7/8 ligand, implying that prior 
exposure to PM2.5-1 might precondition the immune system, potentially 
affecting its ability to respond effectively to single-stranded RNA viruses 
(Tao et al., 2020). This could lead to a change in the severity or nature of 
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respiratory infections caused by such viruses, particularly in polluted 
environments. 

Conversely, TLR3, which is activated in response to double-stranded 
RNA viruses like RSV and reoviruses, elicited only low cytokine levels 
following PM2.5-1 exposure. This distinct response pattern indicates that 
PM2.5-1 exposure might affect the immune response to double-stranded 
RNA viruses differently than to single-stranded RNA viruses. This complex 
interaction between PM2.5-1 exposure and viral pathogen type could be 
pivotal for comprehending the diverse clinical outcomes in respiratory viral 
infections, especially in regions characterized by high levels of air pollution. 

Furthermore, the study observed that TLR3 and TLR7/8 ligands 
increased the percentage of cells in the G2-M phase of the cell cycle, a 
strategy often employed by viruses to create favorable conditions for 
replication (Fan et al., 2018). However, this cell cycle response was altered 
in PM2.5-1 primed co-cultures, indicating that prior PM2.5-1 exposure could 
influence viral replication and virulence. 

The study's findings offer crucial insights into the complex interaction 
between environmental pollutants such as PM2.5-1 and the body's response 
to viral infections, particularly relevant in the COVID-19 pandemic. Our 
observations on immune response alterations to various viral ligands post-
PM2.5-1 exposure contribute to the growing evidence, prompting a 
reassessment of public health strategies, especially in highly polluted 
regions. Further research is urgently needed to identify the viruses most 
affected by PM2.5 and understand the specific mechanisms driving these 
responses, essential for developing targeted interventions, particularly in 
polluted areas, to mitigate respiratory viral infections' risks. Moreover, the 
study acknowledges the need to consider a broader spectrum of factors, 
including genetic predispositions, environmental influences, and lifestyle 
choices, in understanding the full impact of air pollution on health. This 
comprehensive approach is necessary for gaining a deeper insight into 
how these various elements interact and contribute to the overall scenario 
of respiratory health, particularly in the context of prevalent viral 
infections. Additionally, exploring Toll-like receptor (TLR) ligands' 
therapeutic potential presents a promising avenue for combating viral 
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infections (Dyavar et al., 2021). Leveraging TLR agonists to modulate the 
innate immune response, alongside traditional antiviral therapies, offers 
diverse therapeutic opportunities across medical fields like inflammation, 
cancer, infection, allergy, and autoimmunity. This underscores the 
importance of innovative strategies targeting TLR signalling pathways to 
improve health outcomes in various conditions (Hennessy et al., 2010). 

5.3 IN VITRO MODELING OF THE HUMAN OM: INSIGHTS INTO 
ENVIRONMENTAL EXPOSURE AND NEUROLOGICAL HEALTH 

The new cell culture model developed in this project consists of primary 
human OM cells cultured in ALI conditions and addresses a pressing need 
stemming from the significance of the olfactory-brain connection 
concerning environmental exposure and disease pathology. The olfactory 
system serves as a direct conduit for environmental agents and pathogens 
to access the brain, establishing itself as a pivotal interface between 
external exposures and neurological health. However, the intricate 
dynamics of this route and its implications for disease pathogenesis have 
been hindered by the absence of physiologically relevant in vitro models of 
the OM. 

The observed increase in TEER over time, coupled with the 
confirmation of tight junctions and the presence of cilia, signifies the 
successful differentiation of OM cells into pseudostratified epithelium, 
closely resembling the physical barrier of the OM. This characterization 
underscores the model's ability to replicate essential features of the nasal 
cavity microenvironment, facilitating the exploration of infection, 
inflammation, and immune responses within the OE. Moreover, the 
identification of specific cell types within the OM-ALI cultures, such as 
goblet cells and sustentacular cells, further enhances the model's 
physiological relevance, enabling the investigation of cell-type-specific 
responses to environmental stimuli and pathogens (Barrila et al., 2018). 
Furthermore, the expression of entry receptors essential for SARS-CoV-2 
infection in differentiated OM-ALI cultures underscores the model's 
potential for studying viral pathogenesis and host-virus interactions. 
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Overall, these findings support the notion that the developed in vitro model 
of the OM holds promise for advancing our understanding of 
neuroinvasive infections, neurological outcomes, and potential 
interventions targeting the olfactory route. Leveraging patient-derived cells 
in this model also enables researchers to explore how underlying 
neurological conditions influence susceptibility to infection and responses 
to environmental exposures, paving the way for targeted therapeutic 
strategies. Moreover, there is an exciting opportunity to further enhance 
this model to establish an in vitro system that recapitulates the entire nose-
brain axis. By improving upon the current model, researchers could 
incorporate additional components such as olfactory bulb neurons or 
brain organoids connected to the OE, allowing for the study of bidirectional 
signalling between the nose and the brain. This advancement could 
revolutionize our understanding of how environmental exposures and 
pathogens impact neurological health in brain cells, providing invaluable 
insights for the development of novel therapeutic interventions targeting 
the olfactory route and beyond. Ultimately, the establishment of such a 
comprehensive in vitro model holds the potential to accelerate research in 
neurology. 

5.4 SARS-COV-2 INFECTION DYNAMICS IN THE OM AND ITS 
NEUROLOGICAL IMPLICATIONS 

Recent research has significantly advanced our understanding of SARS-
CoV-2, particularly its potential to cause neurological symptoms (Wan et al., 
2021). Among these, anosmia, or loss of smell, has been a prominent 
symptom, suggesting the virus might affect the CNS via the trans olfactory 
route (Meinhardt et al., 2021). While previous studies in vivo and ex vivo 
have shown that SARS-CoV-2 infects sustentacular cells in the OM, direct 
infection of the OSNs, which are responsible for smell perception, has been 
less evident (Shahbaz et al., 2022). Our study is the first to demonstrate in 
vitro that SARS-CoV-2 primarily infects non-neural cells in the human OM, 
including apical ciliary cells and sustentacular cells. Sustentacular cells also 
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known as supporting cells, provide structural and metabolic support to 
OSN in the OM.  

Infection of the supporting cells resulting in death and loss of cilia 
results in desquamation of the OM as observed in animal models (Bryche 
et al., 2020). This damage could disrupt normal olfactory function, 
contributing to anosmia. Furthermore, our study highlights the potential of 
Nafamostat, a TMPRSS2 inhibitor, in preventing SARS-CoV-2 infection in an 
OM as previously demonstrated in several susceptible cell lines from both 
human and animal origins (M. Hoffmann et al., 2020). This points to the 
crucial role of the TMPRSS2 enzyme in viral entry into cells via the ACE2 
receptor and suggests that inhibiting this pathway could be a viable 
strategy for preventing or reducing the severity of anosmia and potentially 
other neurological impacts of the virus. 

Moreover, our transcriptomic analysis of SARS-CoV-2-infected OM cells 
offers deeper insights into the virus's effects at the molecular level. We 
observed the activation of the COVID-19 pathogenesis pathway, with 
significant changes in genes related to inflammation, antiviral immune 
response, oxidative phosphorylation, and mitochondrial function. While 
this response is part of the bodily defense mechanism against the virus, it 
can inadvertently damage the OM and could impair the function of OSNs, 
exacerbating the problem of anosmia.  

Furthermore, these alterations may contribute to a wide range of 
COVID-19 symptoms and complications. Particularly noteworthy is the 
downregulation of genes linked to neuronal plasticity, axonal guidance, 
and neuronal survival in infected OM cells. This suggests that SARS-CoV-2 
infection could have long-term effects on neuronal health and function 
(Brockington et al., 2010), providing a potential explanation for some 
aspects of 'long COVID' and highlighting the need for further research into 
protective strategies for neural cells. 

In summary, our study not only enhances our understanding of how 
SARS-CoV-2 affects the olfactory system but also opens new avenues for 
potential treatments. It emphasizes the importance of focusing on the 
supporting cells in the OE and managing the body's inflammatory response 
to the virus. Furthermore, the insights into the molecular changes induced 
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by the virus could have significant implications for understanding and 
addressing the broader neurological effects of COVID-19. 

5.5 VARIABILITY IN THE OM RESPONSE TO DIFFERENT SARS-COV-
2 VARIANTS 

The prevalence of anosmia during the COVID-19 pandemic has varied with 
different SARS-CoV-2 variants, indicating variable olfactory impacts. These 
variants, including Alpha, Beta, Gamma, Delta, and Omicron, identified as 
variants of concern (VOCs) by the WHO, each possess distinct modifications 
in their spike proteins (Andre et al., 2023). These mutations can lead to 
increased infectivity, transmissibility, and immune evasion, which are 
critical factors in the emergence of new VOCs (Andre et al., 2023). The 
Omicron variant shows a reduced impact on olfactory dysfunction, with a 
lower incidence of anosmia compared to variants like delta, possibly due to 
its spike protein affecting their ability to infect OM cells or penetrate the 
mucus layer (Butowt et al., 2022; Rodriguez-Sevilla et al., 2022). Our study 
demonstrated varying susceptibility to infection among OM-ALI cultures 
exposed to different SARS-CoV-2 variants. The original WT strain showed 
greater infectivity compared to the Omicron variant in these cultures. This 
variation in infectivity among the variants, particularly in the context of the 
OM, is crucial for understanding not only the transmission patterns of the 
virus but also the clinical outcomes associated with infection. It suggests 
that the specific mutations in the spike proteins of these variants 
significantly influence their impact on the olfactory system (de Melo et al., 
2023). In conclusion, the variability in the SARS-CoV-2 variants and their 
consequent differences in infectivity in the OM are key to understanding 
the varied clinical manifestations of COVID-19, including changes in the 
sense of smell. This knowledge is essential for devising targeted 
interventions and public health strategies, especially as new variants 
continue to emerge. The ongoing study of these variants, focusing on their 
specific spike protein mutations, remains crucial for effectively managing 
and mitigating the impacts of the pandemic. 
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5.6 INTERSECTING PATHWAYS OF COVID-19 AND AD AT THE OM 

Recent studies have brought to light the intricate relationship between 
COVID-19 and dementia, particularly AD. It has been observed that 
individuals with pre-existing dementia are at a heightened risk of 
experiencing severe COVID-19 symptoms and have increased mortality 
rates compared to those without dementia (Q.Q Wang et al., 2021b; 
Bianchetti et al., 2022). Conversely, COVID-19 has been associated with an 
elevated likelihood of new AD diagnoses (Rudnicka-Drożak et al., 2023; L. 
Wang et al., 2022), suggesting a bidirectional link between the two 
conditions. While the presence of the SARS-CoV-2 virus in the brain 
remains a topic of debate among researchers, there is growing evidence to 
suggest that post-COVID-19 AD-like dementia is becoming increasingly 
prevalent as a long-term complication (S. Zhao et al., 2023). Recent 
investigations have also uncovered a potential connection between AD and 
the OM, the tissue responsible for smell perception. Anosmia, or loss of 
smell, has emerged as a common neurological symptom in COVID-19 
patients and may serve as an early indicator of neurodegeneration 
associated with AD (Jung et al., 2019; Lampinen et al., 2022a; Lampinen et 
al., 2022b; Rantanen et al., 2022; Roberts et al., 2016). This suggests that 
the OM could be a key site for understanding how SARS-CoV-2 impacts AD 
pathology.  

Studies proposed that elevated ACE-2 expression in brain cells of AD 
individuals may enhance neurotropism in individuals with AD (Reveret et 
al., 2023). However, in contrast, this study demonstrates that in the OM, 
the susceptibility to SARS-CoV-2 infection may not differ significantly 
between AD patients and cognitively healthy individuals. This observation 
can be primarily attributed to the fact that OM cells, both in control 
subjects and in individuals with AD, express similar mRNA levels of ACE-2 
and TMPRSS2 and other main proteins which are implicated in the virus to 
gain entry into the cells. Since their expression levels do not differ 
markedly between AD patients and healthy individuals, it suggests that the 
vulnerability of OM cells to SARS-CoV-2 infection is comparable in both 
groups.  
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Furthermore, there is a working hypothesis proposed that 
neuroinflammation and oxidative stress in AD patients may exacerbate the 
inflammatory response to COVID-19, potentially leading to more severe 
outcomes (W. Li et al., 2023). In our study, DEG analysis not only 
highlighted several key genes associated with AD but also higher basal 
levels of innate immune response genes and INF-stimulated genes 
suggesting underlying disease pathology could potentially influence the 
response of the host and contribute to disease severity. Interestingly, post-
infection transcriptomic analysis revealed that AD cells showed differential 
gene expression patterns in comparison to healthy control cells, potentially 
influencing disease outcomes. AD cells exhibited increased oxidative 
stress, altered mitochondrial function, desensitized inflammation and 
immune responses, and altered genes associated with olfaction. SARS-CoV-
2 infection enriched AD-associated pathways in AD cells, indicating a 
deeper involvement of AD pathology in response to the infection. Although 
this study reflects the acute response of the AD cells to the SARS-CoV-2 
infection, initial studies with long COVID reported changes in brain 
structure (Douaud et al., 2022), cognitive health (Braga et al., 2023; He et 
al., 2023; Taquet et al., 2023), and neuroinflammation (Roczkowsky et al., 
2023). Our findings propose that the immediate cellular changes triggered 
by SARS-CoV-2 in the context of AD might underpin the prolonged and 
complex neurological manifestations seen in long COVID. However, further 
investigation is warranted in this regard. 

This study uncovered crucial findings regarding anosmia in the context 
of both SARS-CoV-2 and AD. We identified a significant upregulation of 
UGTA2A in AD cells, suggesting a heightened risk of olfactory dysfunction 
in AD individuals compared to healthy controls. This enzyme, typically 
expressed in the sustentacular cells of the OM, has been linked to COVID-
19-induced anosmia (Khan et al., 2021; Shelton et al., 2022), indicating a
shared pathophysiological mechanism between AD and COVID-19-related
anosmia. Additionally, our data showed a notable reduction in ciliary cells
and downregulation of key olfactory receptor genes in AD OM-ALI cultures
following SARS-CoV-2 infection, reflecting a potential vulnerability in AD
individuals to olfactory damage from COVID-19. These findings not only
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provide insights into the shared aspects of anosmia in COVID-19 and AD 
but also suggest the need for targeted olfactory health monitoring and 
treatment approaches in AD patients during the pandemic. 

5.7 PM EXPOSURE EFFECTS ON VIRAL INFECTIONS IN THE 
CONTEXT OF AD OM 

The investigation of PM exposure and its effects on viral infections, 
particularly with a focus on AD at the OM presents a comprehensive 
narrative on the effects of agents derived from the inhaled air on 
respiratory health and neurodegenerative disease. In this study an 
emphasis was placed on different PM fractions, notably PM10-2.5  and PM0.2 

(including UFP), to enrich our understanding of their distinct deposition 
behaviors and cellular implications. PM10-2.5  particles, known to 
predominantly deposit in the upper respiratory tract, can influence local 
immune responses within the OM. In contrast, UFPs, due to their minute 
size, have the potential for translocation to the brain, exploiting the 
olfactory route for systemic impacts, as demonstrated in studies like 
(Günter Oberdörster et al., 2004) 

The findings that PM0.2 and PM10-2.5  do not alter ACE-2 expression or 
viral replication in OM cells offer a new perspective on the relationship 
between PM exposure and SARS-CoV-2 susceptibility. Contrary to previous 
in vitro studies primarily conducted on nasal epithelial, alveolar lung cell 
lines, which suggested that PM exposure might increase susceptibility to 
viral infections through upregulation of entry receptors (Sagawa et al., 
2021; Marchetti et al., 2023; Miyashita et al., 2023). The study instead 
highlights significant alterations in cellular and immune responses in OM 
cells, especially in cells derived from individuals with AD. This suggests that 
PM might modulate the cellular response post-infection rather than 
directly impacting initial infection rates at the OM. This observation aligns 
with prior in vitro investigations involving alveolar epithelial cells and co-
culture models, which have documented alterations in immune responses 
to SARS-CoV-2 and Avian Influenza viruses following exposure to PM 
(Marín-Palma et al., 2023; Mishra et al., 2020). Moreover, exposure to 



90 

woodsmoke particles before SARS-CoV-2 infection alters host immune 
gene expression in primary human nasal epithelial cells in a sex-dependent 
manner, dampening antiviral and INF responses, and potentially 
suppressing host defense mechanisms against viral infection. 

Lastly, exposure to PM fractions such as PM10-2.5 and PM0.2 is associated 
with distinct increases in pro-inflammatory cytokines, crucial for combating 
infections, yet capable of inducing excessive inflammation or desensitizing 
epithelial cells to viral infections. This study further extends this 
understanding by demonstrating that PM exposure results in altered 
immune and cellular responses following SARS-CoV-2 infection, particularly 
evident in AD cells with elevated baseline cytokine levels. In OM of AD 
individuals, elevated baseline transcriptomic signatures were also 
observed in study II and other studies reported OM to show AD-associated 
pathological changes as mentioned earlier. Therefore, in study III the 
observed changes in cytokine release and oxidative stress markers suggest 
that exposure to PM fractions may modulate the body's response to the 
virus, potentially contributing to the heightened severity of COVID-19 
observed in populations exposed to high levels of air pollution, especially 
among individuals with pre-existing conditions like AD. 

 

5.8 LIMITATIONS OF THE STUDIES AND FUTURE PERSPECTIVES 
 

It is essential to acknowledge the inherent limitations in our study design, 
including the need for further validation through in vivo studies and larger 
clinical cohorts. Integrating findings from the in vitro studies with 
epidemiological data and clinical observations could facilitate the 
translation of research findings into practice, informing preventive 
strategies and therapeutic interventions targeting susceptible individuals 
(Seyhan, 2019; Steger-Hartmann et al., 2020). Despite these challenges, our 
research lays a robust foundation for future investigations into the links 
between environmental factors, immune responses, and neurological 
health. 

In Study I, the A549-THP1 co-culture model provides a valuable 
platform for studying the effects of PM2.5-1 on innate immune responses, 
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representing the innate physical barrier at the alveolar lung level. However, 
this model inherently lacks the complexity of in vivo systems, potentially 
limiting its ability to fully capture the dynamic interplay between different 
cell types, immune responses, and environmental factors present in the 
human respiratory system. In addition, while TLR agonists used in the 
study offer insights into the sequence of events, infections with actual 
viruses could provide a more accurate representation of real-life exposure 
scenarios.  

The utilization of primary human OM cells in Study II and Study III is 
important given human in vitro data with controlled experimental 
conditions is scarce to date. In Study II, we explored the effects of SARS-
CoV-2 in OM cells and the potential link to AD. However, Study II 
encountered constraints due to the limited availability of OM biopsies and 
donor variability, potentially impacting the generalizability of findings. 
Additionally, the emphasis on the non-neural epithelial cell fraction of OM 
cells overlooked the potential direct infection of OSNs and the intricate 
crosstalk between neural and non-neural cells, highlighting the importance 
of exploring the broader cellular landscape within the olfactory system.  

Study III focused on the impact of PM exposure on SARS-CoV-2 
infection, and specifically on immune responses within OM cells. Study III 
primarily examined specific PM fractions present in urban air, neglecting 
the broader spectrum of pollutants and their varied impacts on immune 
responses. Additionally, it's worth noting that the source of PM can heavily 
influence its composition, thereby substantially impacting the effects 
triggered by these particles (Park et al., 2018; Rönkkö et al., 2020, 2021). 
More information is thus needed on the effects of specific components 
present in inhaled air.  

In the future, integrating more diverse cell types, conducting 
comprehensive immune response analyses, and employing advanced 
experimental models could enhance our understanding of respiratory 
health and susceptibility to infections. Further research on the crosstalk 
between neural and non-neural cells upon PM exposure and infection is 
warranted, given the potential implications for transmission to the brain. 
Such investigations hold promise for elucidating the physiological 
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relevance and complexity of the nose–brain axis in response to exposure 
to pathogens and environmental agents, including SARS-CoV-2. 

While our study marks a significant milestone, there are additional 
avenues for exploration. For example, longitudinal studies are warranted 
to assess the cumulative impact of chronic PM exposures over time, 
elucidating the persistence of immune alterations, susceptibility to 
infections, and development of respiratory diseases. In addition, the 
employment of 3D in vitro models for a deeper understanding of cellular 
integrity and the role of AMPs will be important in providing new avenues 
for future work. Furthermore, assessing the interplay of genetic and 
environmental factors is important. For example,  the APOE ε4 allele plays 
a pivotal role in both AD and the severity, and mortality of COVID-19 (Kuo 
et al., 2020a; Kuo et al., 2020b; Kurki et al., 2021). Carriers of the ε4 allele 
face a substantially increased risk of developing AD, with homozygous 
carriers experiencing even greater susceptibility. Moreover, individuals 
with the ε4 allele are at a heightened risk of severe COVID-19 outcomes, 
including a more than fivefold increase in severity and a seventeen-fold 
increase in severe symptom development for homozygous carriers (Safdari 
Lord et al., 2022).  
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Figure 1. Illustration of the study I-III and key findings. Created with bio 
render. 
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6 CONCLUSIONS 

This thesis provides a comprehensive cellular exploration of the complex 
interplay between ambient PM exposure, respiratory infections, and their 
link to AD. Integrating environmental science, immunology, and 
neurobiology, the research sheds light on the molecular and cellular 
mechanisms by which air pollution affects respiratory and neurological 
health. 

In the first publication, PM2.5-1 exposure is shown to alter immune 
responses, increasing pro-inflammatory cytokines and potentially 
heightening susceptibility to bacterial respiratory infections. This study also 
reveals a suppression of immune responses to viral infections, indicating a 
differential impact of PM2.5-1 on bacterial versus viral threats. 

The second publication delves into the intersection of AD and SARS-CoV-
2, using an innovative 3D in vitro model of the human OM. It uncovers that 
while AD does not affect SARS-CoV-2 susceptibility, it does lead to distinct 
transcriptomic responses in infected cells, suggesting more severe COVID-
19 outcomes in AD patients due to pre-existing neuroinflammation. 

The third study examines the effects of PM exposure on SARS-CoV-2 
infection in the context of AD. It finds that while PM exposure does not 
increase infection susceptibility, it significantly alters cellular immune 
responses, particularly in AD patients. This implies that environmental 
factors, coupled with underlying disease pathology, may contribute to the 
variability in COVID-19 severity and manifestations. 

Overall, these findings emphasize the critical need for integrated 
approaches that consider environmental, immunological, and pathological 
factors. This research lays a foundation for future studies and public health 
strategies aimed at mitigating the impacts of environmental factors on 
disease susceptibility and progression, especially in vulnerable populations 
like those with AD. 
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A B S T R A C T

Epidemiological evidence has shown the association between exposure to ambient fine particulate matter (PM) 
and increased susceptibility to bacterial and viral respiratory infections. However, to date, the underlying 
mechanisms of immunomodulatory effects of PM remain unclear. Our objective was to explore how exposure to 
relatively low doses of urban air PM alters innate responses to bacterial and viral stimuli in vitro. We used 
secondary alveolar epithelial cell line along with monocyte-derived macrophages to replicate innate lung barrier 
in vitro. Co-cultured cells were first exposed for 24 h to PM2.5-1 (particle aerodynamic diameter between 1 and 
2.5 μm) and subsequently for an additional 24 h to lipopolysaccharide (TLR4), polyinosinic-polycytidylic acid 
(TLR3), and synthetic single-stranded RNA oligoribonucleotides (TLR7/8) to mimic bacterial or viral stimulation. 
Toxicological endpoints included pro-inflammatory cytokines (IL-8, IL-6, and TNF-α), cellular metabolic activity, 
and cell cycle phase distribution. We show that cells exposed to PM2.5-1 produced higher levels of pro- 
inflammatory cytokines following stimulation with bacterial TLR4 ligand than cells exposed to PM2.5-1 or bac
terial ligand alone. On the contrary, PM2.5-1 exposure reduced pro-inflammatory responses to viral ligands TLR3 
and TLR7/8. Cell cycle analysis indicated that viral ligands induced cell cycle arrest at the G2-M phase. In PM- 
primed co-cultures, however, they failed to induce the G2-M phase arrest. Contrarily, bacterial stimulation 
caused a slight increase in cells in the sub-G1 phase but in PM2.5-1 primed co-cultures the effect of bacterial 
stimulation was masked by PM2.5-1. These findings indicate that PM2.5-1 may alter responses of immune defense 
differently against bacterial and viral infections. Further studies are required to explain the mechanism of im
mune modulation caused by PM in altering the susceptibility to respiratory infections.   

1. Introduction

Exposure to ambient air pollution causes up to 4.2 million annual
premature deaths worldwide (Cohen et al., 2017). One major compo
nent of air pollution is particulate matter (PM). PM is a mixture of solid 
and liquid particles (organic and inorganic-derived particles) dispersed 
in ambient air. Its size, shape, and composition vary depending on the 
source of origin. Generally, PM originates from natural (e.g. airborne 
dust, volcanic activity, and pollen) or anthropogenic sources (e.g. in
dustry and traffic primarily by different combustion processes). It has 
been classified according to aerodynamic diameter into coarse (≤10 
μm), Fine (≤2.5 μm), and ultra-fine (≤0.1 μm) PM (US EPA, 2016). The 
size of the particles directly links with the potential of PM for causing 
detrimental health outcomes. PM with an aerodynamic diameter less 

than 2.5 μm (PM2.5) are among the most studied air pollutants of health 
concern since smaller particles are more likely to penetrate deeper in the 
lungs and encounter lung surface (Xing et al., 2016). PM2.5 is not a 
self-contained pollutant; it contains a heterogeneous combination of 
solid and liquid particles, which not only includes chemicals but also 
biological fractions (Kelly and Fussell, 2012). Epidemiological evidence 
suggests that there is an increasing risk of developing bacterial and viral 
respiratory infection with exposure to ambient air pollution, in partic
ular, fine particulate matter (Ciencewicki and Jaspers, 2007; Croft et al., 
2019; Horne et al., 2018; Zhang et al., 2019). Furthermore, the recent 
coronavirus epidemic emphasizes the need for a detailed understanding 
of the link between air pollution and respiratory infection. Nationwide 
U.S cross-sectional study has highlighted the association between a
small increase in long term exposure to PM2.5 and an increased risk of
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mortality due to COVID-19 infection (Wu et al., 2020). In experimental 
models, fine PM exposure has increased the risk of pneumonia due to the 
deleterious effect on alveolar macrophages and alveolar epithelium 
(Migliaccio et al., 2013; Mushtaq et al., 2011). As reviewed in Wei and 
Tang (2018) few studies have focused on the immune-modulatory effect 
of fine PM and its effects on the immune response to respiratory in
fections. Therefore, it is crucial to explore links between fine PM expo
sure and alteration in the immune response to bacterial and viral 
respiratory infections since large populations are exposed to air pollut
ants and respiratory infections may spread more rapidly in the densely 
populated areas. 

Alveolar epithelium and alveolar macrophages serve as pillars in the 
innate immune system of the respiratory tract. Inhaled pathogens must 
evade the innate immune system to establish infections (Bhattacharya 
and Westphalen, 2016). In vitro co-culture of secondary epithelial cells 
(A549 cells) and THP1 monocytes, differentiated into macrophage-like 
cells have been used in immunological and toxicological studies on 
the respiratory health to better understand the effect of cell-cell inter
action and to better mimic the first line of defense i.e., alveolar 
epithelium and macrophages (Dehai et al., 2014; Holownia et al., 2015). 

Family of Toll-like receptors (TLRs) expressed by epithelial and 
dedicated immune cells are an important component in pathogen 
recognition and innate immune response (Medzhitov, 2001). Activation 
of TLRs on airway epithelial cells has been shown to induce the pro
duction of several cytokines, chemokines, and antimicrobial peptides 
(Guillot et al., 2005; Hertz et al., 2003; Sha et al., 2004). The importance 
of TLRs for the host defense in the lung has been demonstrated by the 
increased susceptibility of TLR knockout mice towards viral or bacterial 
infections (Takeuchi et al., 2000; Wetzler, 2003). This is because each 
member of TLR family recognizes specific pathogen-associated molec
ular patterns (PAMPs), e.g., TLR3 is activated by virus-derived dou
ble-stranded RNA (Alexopoulou et al., 2001) and TLR4 by bacterial 
lipopolysaccharides (Beutler, 2002), whereas TLR7 and TLR8 recognize 
single-stranded viral RNA (Diebold et al., 2004; Heil et al., 2004). In our 
study, TLR ligands were used to mimic bacterial and viral stimuli, i.e., 
polyinosinic-polycytidylic acid (Poly I:C), which represents 
virus-derived double-stranded RNA and activates TLR3, lipopolysac
charide (LPS) (Gram-positive bacteria, TLR4), and synthetic 
single-stranded RNA oligoribonucleotide (ORN R-0006) (single-
stranded viral RNA, TLR7/8). Previously, ligands have been also used 
for mimicking bacterial and viral stimuli (Diebold et al., 2004; Kumar 
et al., 2006; Park and Lee, 2013). 

In the present study, we aimed to unravel how acute exposure to 
relatively low doses of fine PM alters the immune response to bacterial 
and viral stimuli. We used urban air PM2.5-1 (fraction of PM that have an 
aerodynamic diameter of 2.5–1.0 μm) to expose the co-cultured cells in a 
two-step submerged exposure model. First, cells were primed with a 
dose range of PM2.5-1 for 24 h, and in the second step, they were exposed 
to bacterial TLR4 ligand (LPS), viral ligand TLR3 (Poly I:C), and TLR7/8 
ligand (ORN R 006). 

2. Methods

2.1. Particulate matter samples

We used PM samples obtained from a sampling campaign conducted 
in China during 2014. PM samples were collected at Nanjing University 
(NJU) Xianlin campus. Details of the collection method, the origin of the 
sample, PM composition, and method of size-segregation have been 
described earlier by Jalava et al. (2015) and Rönkkö et al. (2018). In 
brief, we used PM2.5-1 samples collected with high volume cascade 
impactor during night time. The sampler collects four different size 
ranges, from which the fine particle size was chosen for this study. 
PM2.5-1 samples were stored at −20 ◦C until the day of the exposure. On 
the day of exposure PM2.5-1 samples were suspended in 10% dimethyl 
sulfoxide (DMSO) (Sigma Aldrich, USA) in endotoxin tested water 

(Sigma, W1503) and sonicated for 30 min before utilization for expo
sure. After administrating the samples to cell culture medium, the final 
DMSO concentration was <0.3%. 

2.2. Co-culture model 

We utilized the A549-THP1 co-culture, which has been previously 
described by Kasurinen et al. (2018). Briefly, type II human alveolar 
epithelial cell line (A549) and human monocytic cell line THP-1 were 
purchased from ATCC (ATCCRCCL-185™) and German Collection of 
Microorganisms and Cell Cultures (DSMZ, Germany) respectively. A549 
cells were routinely maintained in Dulbecco’s Modified Eagle Medium 
(DMEM), supplemented with 10% fetal bovine serum (FBS), 2 mM 
L-glutamine (L-glut), and 100 U/ml penicillin/streptomycin. THP-1 cells
were maintained in Roswell Park Memorial Institute (RPMI) 1640 cul
ture medium (Life Sciences, Gibco) supplemented with 10% FBS, 2 mM
L-glut, and 100 U/ml pen/strep. THP-1 monocytic cells were differen
tiated to active macrophage-like cells before co-culture experiments
with phorbol 12-myristate 13-acetate (PMA) (Kasurinen et al., 2018).
After establishing co-culture, both cell lines were cultured in DMEM. All
reagents were purchased from Sigma-Aldrich (USA) unless noted
otherwise.

For the co-culture experiments, A549 cells were seeded in 12-well 
plates at a seeding density of 120,000 cells per well in FBS supple
mented media and allowed them to attach for 4 h. Once the A549 cells 
were attached to the bottom of the well, media in the wells was aspirated 
and activated macrophage-like THP-1 cells were seeded at a seeding 
density of 24,000 cells per well on top of attached A549 cells. The co- 
cultured cells were incubated at 37 ◦C and 5% CO2 for 40 h before 
exposing the cells to the first exposure. The seeded co-culture yields 
approximately 400,000–600,000 cells per well after the end of the 
exposure. One hour before the exposure the co-culture medium was 
replaced with fresh medium supplemented with 5% FBS, 2 mM L-Glut, 
and 100 U/ml (pen/strep). 

2.3. Cell exposure 

The study was designed as a two-step submerged exposure. Co- 
cultured cells were exposed to three concentrations of PM2.5-1 (25 μg/ 
ml, 50 μg/ml, and 100 μg/ml corresponding to 6.6, 13.2, and 26.3 μg/ 
cm2) in duplicate wells for 24 h at 37 ◦C and 5% CO2. 

The PM2.5-1-exposed cells were then co-exposed for next 24 h to fixed 
doses of three different ligands: 1 μM of ORN R-0006 (TLR7/8 ligand, 
Miltenyi Biotech), 25 μg/ml of Poly IC (TLR3 ligand, Miltenyi Biotech), 
and 50 ng/ml of lipopolysaccharide (LPS) (TLR4 ligand). All the ligands 
were reconstituted and used according to the manufacturers’ in
structions. Various controls were included in the experimental setup, i.e. 
unexposed control, PM2.5-1 control (for each concentration), ORN R- 
0006 control, Poly IC control, and LPS control. 

At the end of co-exposure, cell culture media was retrieved and 
stored at −80 ◦C for the cytokine analysis. The cells were then detached 
using 1 ml trypsin-EDTA and 5 min incubation at 37 ◦C, followed by 
adding 100 μl of FBS to inactivate trypsin. 300 μl of the cell suspension 
was then separated for MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazoliumbromide) assay and viability assay. The remaining 700 μl 
of cell suspension was centrifuged at 4000 RCF for 5 min at 4 ◦C. The 
supernatant was carefully removed, and the cell pellet was then sus
pended in PBS. FBS-free cell suspension was used for 2′,7′-dichlor
odihydrofluorescein diacetate (H2DCF-DA) assay, propidium iodide (PI) 
exclusion assay, and thiol assay. 

2.4. Inflammatory cytokine analysis 

We performed the sandwich enzyme-linked immunosorbent assay 
(ELISA) for quantitative cytokine analysis from the co-culture cell su
pernatant samples stored at −80 ◦C. Measured pro-inflammatory 
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markers included interleukin 6 (IL-6), tumor necrosis factor-alpha (TNF- 
α) (all ELISA Ready-SET-Go kit, Invitrogen), interleukin 8 (IL-8) (ELISA, 
R&D-Systems, USA). All the ELISA’s were performed according to the 
manufacturer’s instruction for each kit. 

2.5. Cellular metabolic activity 

Cellular metabolic activity (CMA) was analyzed by treating 100 μl 
aliquots of cell suspension from each sample in duplicates with 25 μl of 
MTT solution (5 mg/ml in PBS) in 96 well plate for 2 h at 37 ◦C and 5% 
CO2. During incubation, live cells uptake yellow MTT and metabolize it 
to purple formazan. After incubation, 100 μl of sodium dodecyl sulfate 
(SDS) lysis buffer was added to each well. Cells were then lysed for 2 h at 
37 ◦C and 5% CO2 followed by 30 min at room temperature on a plate 
shaker to release formazan from the cells. After incubation, absorbance 
was measured at 570 nm using a Synergy H1, Microplate reader (BioTek, 
USA). The absorbance values of the exposed cells were then normalized 
against the untreated controls and the percentage of cellular metabolic 
activity was calculated by the following formula: ((absorbance exposed/ 
absorbance control) *100%). 

2.6. Oxidative stress 

2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) was used to 
measure the cellular oxidative stress. Cells suspended in PBS (100 μl 
aliquots) were pipetted to 96 well plate wells in duplicates. 8 μl of 
H2DCF-DA (0.5 μM in DMSO) was added to each well and 2′, 7’ 
–dichlorofluorescein (DCF) fluorescence was measured at 3-time points
(0, 30, and 60 min) using 485 nm excitation and 530 nm emission with
Synergy H1 Microplate reader (BioTek, USA). Area under the curve
(AUC) for the increasing fluorescence values against time was calculated
using ((15*T60) + (30*T30) - (45*T0)) for all treated and control
samples. The values for exposed samples were then normalized against
unexposed control.

2.7. Membrane permeability 

After the cellular oxidative stress measurement, the same 96-well 
plated cells were used for the PI exclusion test. We added 7.2 μl of PI 
solution (0.5 mg/ml in PBS) to each well and mixed the plate for 2 min 
on a plate shaker. The cells were incubated for 20 min at 37 ◦C and 5% 
CO2 in a humidified incubator before measuring baseline PI fluorescence 
(540 nm excitation and 610 nm emission using Synergy H1 Microplate 
reader (BioTek, USA). Then 20 μl of lysis solution (10% Triton X-100 in 
double-distilled water) was added and the cells were incubated room 
temperature. After 20 min of incubation, maximum PI fluorescence was 
measured at the same settings as for baseline. The percentage of live 
cells was calculated by using formula (100-((PIbaseline/PImax)*100%)). 

2.8. Viability with DAPI staining 

Cell viability and proliferation were analyzed using DAPI staining. 
Every cell sample was stained with solution 13 (Acridine Orange (AO) 
and 4′6-diamidino-2-phenylidinole (DAPI) (Chemometec, Denmark) in 
a ratio of 19:1. Stained samples were analyzed with Nucleocounter NC- 
3000 (Chemometec, Denmark) using protocol provided by the 
manufacturer. 

2.9. Cell cycle analysis 

Duplicate experiments on separate culture plates were performed to 
obtain cells for cell cycle analysis. Briefly, cells were harvested after 
exposures and fixed using 70% ethanol. Fixed cells were then stored at 
−20 ◦C until analysis was performed. For analysis, cells were centrifuged 
at 400–500 RCF at 4 ◦C, and ethanol was discarded without disturbing 
the cell pellets. Cell pellets were washed with PBS, centrifuged, and 

suspended again in PBS before treating them with 15 μg/ml of RNAse-A 
dissolved in DNAse/RNAse-free water (Sigma-Aldrich, Italy) for 1 h at 
50 ◦C on heat block in a darkroom. After incubation cells were then 
stained with propidium iodide (final concentration in sample tube 0.01 
mg/ml) and incubated at 37 ◦C for 30 min. Samples were kept at 4 ◦C 
and in the dark until analyzed using a BD FACSCanto™ II (BD Bio
sciences, San Jose, CA, USA). Results were analyzed further using 
FLOWJO. Results were presented as percentages of cells in Sub-G1, G1- 
GO, and G2-M phase. 

2.10. Apoptosis marker analysis 

We analyzed the redox status of cellular thiols as a marker for 
apoptosis. 19 μl of the cell suspended in PBS was mixed with 1 μl of 
Solution 5 (VitaBright-48 (VB-48), Acridine Orange (AO), and Propi
dium Iodide (PI), ChemoMetec, Denmark). Samples were loaded on NC- 
Slide A8 and analyzed on Nucleocounter NC-3000 (ChemoMetec, 
Denmark) using a premade protocol provided by the manufacturer. The 
scatter plots obtained from Nucleocounter were analyzed using FlowJo 
software version 10 (FlowJo LLC, USA). Live and dead cells were gated, 
and then live cell populations were further marked to separate the low 
intensity and high intensity VB-48 stained cells. Cells that are apoptotic 
or with low levels of reduced thiols have low VB-48 stains. The per
centage of cell with low-intensity VB-48 stains were considered as 
apoptotic cell population. 

2.11. Statistical analyses 

All experiments were performed three times and all analysis were 
run in duplicates. The data have been presented as means and standard 
error of means (SEM). The data of all studied variables were normally 
distributed and thus fulfilled assumptions of parametric testing. Lev
ene’s test was used to test the homogeneity of variances. Since they were 
unequal, comparisons between exposed samples and control samples as 
well as comparisons between different exposures were made using 
Welch’s analysis of variance, followed by Dunnett’s T3 post hoc test. 
Values of P < 0.05 were considered statistically significant. IBM SPSS 
statistics software, version 25 was used for all statistical analyses. 

3. Results

PM stimulation increased the production of IL-6 in a dose-dependent
manner in the co-cultured cells. Of the studied viral ligands, TLR7/8 
induced the highest production of IL-6 whereas TLR3 induced a mar
ginal increase in IL-6 production compared to unexposed control cells. 
TLR4 also significantly increased the IL-6 production relative to the 
unexposed control. In co-exposure to PM and TLR7/8, the IL-6 release of 
the cells increased significantly at the lowest PM dose when compared to 
responses of the cells after PM exposure only. However, PM and TLR7/8 
co-exposure resulted in much lower IL-6 concentrations than for TLR 7/ 
8 ligand alone. With the highest PM dose, IL-6 levels were not only lower 
than after exposure to TLR-7/8 ligand alone but they were also 
decreased when compared to IL-6 release after the cells were exposed to 
same PM mass without the ligand. Co-exposure to PM and TLR3 induced 
lower cytokine secretion than PM alone. In contrast, co-exposure to PM 
and TLR4 caused IL-6 production that was higher than that of cells 
exposed to either PM or TLR4 alone (Fig. 1). 

PM increased the production of TNF-α dose-dependently. TLR7/8 
induced the highest production of TNF-α, whereas TLR3 was not able to 
induce TNF-α production in our cell model. TLR4 induced slight but non- 
significant increase in TNF-α production. Іn PM and TLR7/8 co- 
exposures, production of TNF-α was approximately the same for all 
PM doses and comparable to the response after exposure to highest PM 
dose alone, but significantly lower than after exposure to TLR7/8 alone. 
Interestingly, when the cell model was co-exposed to PM and TLR3, 
cytokine secretion was lower than in stimulation with PM alone, but the 
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difference was not statistically significant. In contrast to other two li
gands, cells primed PM responded to TLR4 exposure by significantly 
enhanced TNF-α production (Fig. 2). 

In co-exposure to PM and TLR7/8, the production of IL-8 increased 
slightly for the lowest two doses when compared to respective PM dose 
alone. However, no significant indication of additive effects of PM and 
TLR7/8 was observed at any of the dose levels. Similar to TLR7/8, co- 
exposure to PM and TLR3 induced roughly the same level of cytokine 
secretion than PM. In contrast, co-exposure to PM and TLR4 caused IL-8 
production that was higher than that of cells exposed to PM or TLR4 
alone (Fig. 3). 

PM alone induced a dose-dependent decrease in CMA. Studied TLR 
ligands alone did not affect the CMA when compared to the unexposed 
control. CMA following co-exposure to PM and TLR ligands did not differ 
from that observed after exposure to PM alone (Fig. 4). 

PM alone, TLR ligands alone or co-exposure of PM and TLR did not 
induce any changes in intracellular ROS production compared to un
exposed control cells (Fig. 5). 

PM alone caused a slight dose-dependent decrease in cell membrane 
integrity. The studied ligands (TLR7/8, TLR3, and TLR4) did not affect 
the integrity of cell membranes as compared to unexposed control. The 
results of combined exposures were not different from PM alone expo
sures (Fig. 6A). Co-exposure to PM and TLR ligands slightly decreased 
cell viability compared to unexposed control and the respective PM dose 

alone, however, none of the changes were statistically significant 
(Fig. 6B). 

PM alone increased dose-dependently the percentage of cells in the 
Sub-G1 phase. Of the studied TLR ligands, only TLR4 ligand caused a 
slight increase in the percentage of cells in the Sub-G1 phase. PM-TLR7/ 
8 co-exposure increased the percentage of cells in the Sub-G1 phase and 
they induced slightly higher responses than the respective PM doses 
alone. (Fig. 7A). 

Interestingly, PM alone, TLR7/8, TLR4 alone, or any of the PM-TLR 
co-exposures did not affect the percentages of cells in the G1-G0 phase. 
TLR3 alone significantly decreased the number of cells in the G1-G0 
phase (Fig. 7B). 

PM exposure induced a slight dose-dependent decrease in cells in G2- 
M phase, which was however statistically non-significant. Of the studied 
TLRs, only TLR3 caused a significant increase in cells in the G2-M phase 
when compared to control. Pre-exposure to PM reduced cellular re
sponses to TLRs; the percentage of cells in the G2-M phase was signifi
cantly lower following co-exposure of PM-TLR7/8 and PM-TLR3 when 
compared to the respective exposures to ligands alone. (Fig. 7C). 

PM alone induced a dose-dependent increase in the live cells with 
low levels of reduced thiols. Viral ligands TLR7/8 and TLR3 alone did 
not significantly affect the percentage of cells with reduced thiols when 
compared to unexposed control. However, when PM-treated cultures 
were treated with TLR ligands, there was a slight trend towards an 
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Fig. 1. IL-6 pro-inflammatory cytokine production 
was assessed after two-step submerged exposure. Co- 
cultured cells were first exposed to three doses (25, 
50, 100 μg/ml) of PM2.5-1 and after 24 h, to three 
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# indicates significance from ligand-PM-25. $ in
dicates significance from ligand-PM-50. ¤ indicates 
significance from ligand-PM100.   

TNF Alpha

0

200

400

600

TL
R 

7/
8

TL
R 

3

TL
R 

4

PM
-2

5

PM
-5

0

PM
-1

00

PM
-2

5

PM
-5

0

PM
-1

00

PM
-2

5

PM
-5

0

PM
-1

00

PM
-2

5

PM
-5

0

PM
-1

00

*

*
* ** *

*

*

Dose PM (µg/ml)

*

ot
derap

moc
FNT

segnahc
dloF

lortnoc
desopxenu

Fig. 2. TNF-α pro-inflammatory cytokine production 
was accessed after two-step submerged exposures 
described in Fig. 1. Figure shows mean ± SEM, n = 3. 
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increase in cells with depleted thiol levels as compared to the respective 
PM dose, but differences were not significant. Bacterial ligand (TLR4) 
alone induced a significant increase in cells with reduced thiol levels. 
However, when cell cultures were co-exposed to PM and TLR4, the 
percentage of cells with reduced thiol levels did not differ from those 
induced by respective doses of PM (Fig. 8). 

4. Discussion 

PM2.5 exposure has been considered to impair the normal immune 
responses of the lung, rendering it susceptible to infections (Feng et al., 
2016). In this study, we evaluated how exposure to PM2.5-1 affects innate 
immune responses of A549-THP1 co-cultures against viral and bacterial 
stimuli. Alveolar epithelial cells serve as a physical barrier, which 
alongside the presence of immune cells constitutes an innate immune 
response. A comparative study on mono and co-culture of A549 
epithelial cells and THP1 activated macrophages has concluded that the 
use of only one cell line can underestimate or overestimate the magni
tude of adverse effects caused by PM (Kasurinen et al., 2018). Therefore, 
to better understand cell-cell communication, co-cultures were used as 
an in vitro model to mimic the lung barrier. Furthermore, previous 
studies have shown that PM2.5 can induce pro-inflammatory cytokine 
expression in the lung epithelium and human macrophage cells by 
stimulating overexpression of genes for transcription factors and cyto
kines (Zhou et al., 2015; Zhu et al., 2019). In an in vivo study conducted 
by Zhao et al. (2016), PM2.5 exposure disrupted the balance between M1 

and M2 polarized macrophages, which caused an increase in the 
pro-inflammatory cytokines. Our results confirmed that relatively low 
doses of PM2.5-1 can cause a modest increase in pro-inflammatory re
sponses, measured as the production of IL-8, IL-6, and TNF-α, in A549 
and THP1 co-culture. 

We characterized the cytokine response of A549-THP1 co-culture to 
viral TLR ligands (TLR3, TLR7/8) and bacterial TLR ligand (TLR4). 
Results showed that both viral ligands caused an increase in IL-6 and IL- 
8 levels compared to control. However, response to TLR7/8 ligand was 
very high compared TLR3 ligand response. Our results are partially 
consistent with the study on primary airway epithelial cells, showing 
that exposure to TLR3 ligand increased IL-6, IL-8, and TNF-α production 
of the cells (Lever et al., 2015). Interestingly, in our study TLR3 ligand 
did not induce TNF-α production. TNF-α serves an important physio
logical role of activation of nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-Κβ) and influx of neutrophils to the site of 
inflammation (Schütze et al., 1995). A study on the A549-THP1 
co-culture has concluded that TNF-α was secreted by activated macro
phages and A549-THP1 co-culture when exposed to PM but not by 
PM-exposed A549 cells (Kasurinen et al., 2018). Furthermore, TNF-α has 
been detected in neither control A549 cells nor the cells exposed to 
cigarette smoke (Holownia et al., 2016). To our knowledge synthetic 
TLR7/8 ligand ORN R 006 has not been previously used in any other 
study on respiratory epithelial cells, however, TLR7 ligation with lox
oribine or TLR8 ligation with Poly U has led to atypical activation of 
nuclear factor kappa-B (NFkB) pathway (Cherfils-Vicini et al., 2010). In 
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Fig. 6. A. Cell membrane integrity was assessed by using PI exclusion B. Viability was assessed by using DAPI staining after two-step submerged exposures described 
in Fig. 1. Figure shows mean ± SEM, n = 4. 
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our study, we assume that TLR7/8 activated NFkB has led to the in
duction of downstream inflammatory cytokines including IL-6 and IL-8, 
and TNF-α. On the other hand, TLR4 ligand (LPS) alone induced IL-6, 
IL-8, and TNF-α in the A549-THP1 co-culture, which is consistent with 
the results of the study that has been conducted on human lung 
mucoepidermoid carcinoma (H292) and THP-1 cells. LPS stimulation 
induced significant pro-inflammatory cytokines in both cell lines (Liu 
et al., 2018). 

Co-cultures primed with PM2.5-1 on subsequent exposure with viral 
ligand TLR7/8 showed no additive effect on the response of pro- 
inflammatory cytokines as the response remained roughly the same as 
for PM2.5-1 alone. This indicates that in PM2.5-1 primed co-cultures the 
pro-inflammatory response was altered against TLR7/8 ligand. Another 
viral ligand TLR3 behaved differently as it alone induced very low levels 
of IL-8 and IL-6 but not induce the production of TNF-α in co-culture. In 

addition, when PM primed co-cultures were exposed to TLR3 ligand, the 
production of IL-8 and IL-6 was not further increased. This indicates that 
in addition to low inflammatory potential of TLR3 ligand, it may also 
suppress responses induced by PM. 

Several studies have indicated that urban particulate matter de
creases the ability of the macrophage to phagocytize and weakens the 
capacity of alveolar macrophages as well as alveolar epithelium to 
mount an effective immune response against viral stimuli (Migliaccio 
et al., 2013; Xu et al., 2008; Zhou and Kobzik, 2007). Results from an in 
vivo study on mice also that ultrafine carbon particle exposure sup
presses the early immune response in the lung. However, at day 7 
inflammation and viral exacerbation increased drastically (Lambert 
et al., 2003). Therefore, in our study, it could be assumed that prior 
exposure to PM2.5-1 decreased the ability of A549-THP1 co-culture to 
mount an effective immune response which may potentially lead to 
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more exaggerated viral infection. Further studies using real viral expo
sures are needed to estimate the virulence of the viral infection and to 
understand the exact mechanisms. 

In contrast to viral ligands, bacterial TLR4 ligand added to PM2.5-1 
pre-treated co-culture caused a dramatic increase in the IL-8, TNF-α, and 
IL-6 levels indicating a possible sensitization of the immune cells. Our 
results are consistent with the study performed on secondary lung 
epithelial BEAS-2B cells in a co-culture with purified monocytes 
(Chaudhuri et al., 2010). The study showed that diesel exhaust particles 
override the nature of the inflammatory response to LPS and produced 
an exaggerated pro-inflammatory response. In a more recent study, 
exposure to PM at low concentrations to murine macrophages has 
caused priming of the respective immune cells resulting in hyper
inflammatory response to subsequent LPS exposure (Gawda et al., 
2018). The hyperinflammatory response may be attributed to the fact 
that PM2.5-1 can also contain bacterial endotoxin in its biological frac
tion; if present, it can cause the activation of TLR-MYD 88 by activation 
of TLR4 receptor leading to downstream activation of NF-κB mediated 
inflammatory response. Once activated it can increase the expression of 
pro-inflammatory markers and induce expression of more TLR4 re
ceptors (Bauer et al., 2012; Peden, 2011). Therefore, subsequent expo
sure to bacterial stimuli may lead to a more abrupt pro-inflammatory 
response in the form of a cytokine storm, rendering individuals sus
ceptible to acquire the worse form of respiratory bacterial 
exacerbations. 

In this study, any of the stimulations did not induce significant 
changes to ROS stress. Moreover, no drastic changes in viability were 
seen. Activation of pro-inflammatory pathways are often associated with 
ROS stress generated by the exposure to PM on lung epithelial cells. 
However, some studies have previously shown that in co-culture model 
the presence of immune cells caused a mitigating effect on the oxidative 
stress in the alveolar epithelial cells (Kasurinen et al., 2018; Persson 
et al., 2013). Persson et al. (2013) showed that the presence of activated 
macrophages in A549 culture causes effective sequestering of Fe-ions 
from the media and thus minimizing Fe driven oxidative reaction. 
Alternatively, it is possible that the oxidative stress has occurred much 
earlier than was our measuring time-point. In this study, we used 
non-cytotoxic doses of PM2.5-1, TLR4, TLR3, and TLR7/8 to eliminate the 
hindering effect of cytotoxic responses to other measured endpoints. The 
aim was to investigate the role of PM2.5-1 in modulating the subsequent 
innate immunity responses i.e., the release of different 
pro-inflammatory cytokines, which may play a role in the susceptibility 
to bacterial and viral infection in PM 2.5-1 exposed co-culture. 

Cellular metabolic activity of A549-THP1 co-cultured cells reduced 
significantly with the PM2.5-1 exposure at middle and higher doses, 

whereas TLR ligands alone did not affect CMA negatively. In subsequent 
exposures, reduction in CMA was associated with doses of PM with slight 
or no improvement in CMA after the addition of viral ligands TLR3 and 
TLR7/8 or bacterial ligand TLR4. Previous studies on a similar cell 
model exposed to PM originating from different sources concluded that 
reduction in CMA is caused by activation of macrophages in the co- 
culture, which produces a mitigation effect on the majority of A549 
cells (Kasurinen et al., 2018). 

Cellular glutathione (GSH) depletion is used as an indicator of early 
apoptotic cells (Coppola and Ghibelli, 2000). In this study, we deter
mined the level of free thiols such as GSH. Our results suggested, that 
PM2.5-1 is associated with an increased number of cells with low levels of 
free thiols, especially at higher doses, whereas viral ligands TLR3 and 
TLR7/8 alone did not affect the status of reduced thiols in cells. Adjacent 
to the individual exposures, cells that were first treated with PM2.5-1 and 
later with TLR3 or TLR7/8 viral ligands showed slight or no changes in 
free thiol levels when compared to PM2.5-1 alone. On the other hand, 
bacterial TLR4 ligand-induced a significant increase in the number of 
cells with depleted free thiols when compared to control. However, the 
effect of TLR4 diminished in cells, which were pre-exposed to PM2.5-1. 
This indicated that early apoptosis would be solely due to the activation 
of macrophages by PM2.5-1, which caused a reduction in CMA leading to 
a higher number of cells undergoing apoptosis. Furthermore, it could 
also be assumed that the reduction in cellular thiol levels works inde
pendently of ROS stress, since, in our exposure, no significant ROS stress 
was indicated. This assumption is in line with previous results 
concluding a necessary and critical role for GSH loss in apoptosis and 
uncoupling GSH depletion from ROS formation (Rodrigo Franco et al., 
2007). 

Lastly, we also studied the cell cycle phase distribution of exposed 
cells. Exposure to PM2.5-1 increased the percentage of cells in the Sub-G1 
phase and reduced the percentage of cells in the G2-M phase, indicating 
an increase in the number of cells undergoing cell cycle arrest at the G1 
phase as well as apoptosis. As discussed above, reduction in CMA caused 
by the presence of activated macrophages in the co-culture may have 
resulted in an increased number of cells in the Sub-G1 phase. Kaplon 
et al. (2015) reviewed the interconnection of cellular metabolism and 
cell cycle arrest and concluded that decreased CMA may lead to cell 
cycle arrest and eventually apoptosis. Contrary to PM2.5-1 alone, indi
vidual exposure to viral ligands TLR3 and TLR7/8 increased the per
centage of cells in the G2-M phase. Davy and Doorbar (2007) reviewed 
various mechanisms by which RNA, DNA, and retroviruses are known to 
induce cell cycle arrest at the G2-M phase and how this alteration helps 
viruses in survival and replication within the host cells during infection. 
For example, avian coronavirus infectious bronchitis virus has induced 
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Fig. 8. Cells with depleted free thiols were deter
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submerged exposure described in Fig. 1. 
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G2-M phase arrest to promote favorable conditions for viral replication 
(Dove et al., 2006). Therefore, we assumed that the increase in the 
number of cells in the G2-M phase is associated with viral 
ligand-induced cell cycle arrest to progeny viral production. However, 
viral ligands failed to induce modifications in the G2-M phase in PM2.5-1 
primed co-cultures. From our results, it can be speculated that prior 
exposure to PM may alter the viral virulence. On the other hand, bac
terial ligand TLR4 increased the number of cells in the Sub-G1 phase, 
with no effect on G1-G0 and G2-M phases. In correlation to the results 
from thiol assay, which accounts for the early apoptotic cells; pretreat
ment of cells with PM2.5-1 slightly increased the number of cells in the 
Sub-G1 phase, especially at higher doses of PM2.5-1. The response was, 
however, not statistically significant when compared to PM2.5-1 alone 
but it shows that co-exposure with TLR4 ligand has some effect on the 
number of cells in the Sub-G1 phase. Therefore, our results indicate that 
PM2.5-1 priming modifies immune responses against bacterial and viral 
stimulation in the studied cell model. 

5. Conclusion 

PM2.5-1 exposure altered the pro-inflammatory cytokine response to 
both bacterial and viral stimuli in the alveolar lung cell model. PM2.5-1 
increased the sensitivity of the A549-THP1 co-culture to produce pro- 
inflammatory cytokines, which potentially leads to hyperinflammatory 
response against bacterial infection. Instead, virus-mediated pro-in
flammatory effects were suppressed if the co-culture model of the 
alveolar barrier was primed with PM2.5-1. These findings provide insight 
into the underlying immunomodulatory effects of fine particulate mat
ter, which potentially leads to susceptibility to respiratory infections. 
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Abstract 

Background  The neurological effects of the coronavirus disease of 2019 (COVID-19) raise concerns about potential 
long-term consequences, such as an increased risk of Alzheimer’s disease (AD). Neuroinflammation and other AD-
associated pathologies are also suggested to increase the risk of serious SARS-CoV-2 infection. Anosmia is a common 
neurological symptom reported in COVID-19 and in early AD. The olfactory mucosa (OM) is important for the per-
ception of smell and a proposed site of viral entry to the brain. However, little is known about SARS-CoV-2 infection 
at the OM of individuals with AD.

Methods  To address this gap, we established a 3D in vitro model of the OM from primary cells derived from cog-
nitively healthy and AD individuals. We cultured the cells at the air–liquid interface (ALI) to study SARS-CoV-2 infec-
tion under controlled experimental conditions. Primary OM cells in ALI expressed angiotensin-converting enzyme 2 
(ACE-2), neuropilin-1 (NRP-1), and several other known SARS-CoV-2 receptor and were highly vulnerable to infection. 
Infection was determined by secreted viral RNA content and confirmed with SARS-CoV-2 nucleocapsid protein (NP) 
in the infected cells by immunocytochemistry. Differential responses of healthy and AD individuals-derived OM cells 
to SARS-CoV-2 were determined by RNA sequencing.

Results  Results indicate that cells derived from cognitively healthy donors and individuals with AD do not dif-
fer in susceptibility to infection with the wild-type SARS-CoV-2 virus. However, transcriptomic signatures in cells 
from individuals with AD are highly distinct. Specifically, the cells from AD patients that were infected with the virus 
showed increased levels of oxidative stress, desensitized inflammation and immune responses, and alterations 
to genes associated with olfaction. These results imply that individuals with AD may be at a greater risk of experienc-
ing severe outcomes from the infection, potentially driven by pre-existing neuroinflammation.

Conclusions  The study sheds light on the interplay between AD pathology and SARS-CoV-2 infection. Altered tran-
scriptomic signatures in AD cells may contribute to unique symptoms and a more severe disease course, with a nota-
ble involvement of neuroinflammation. Furthermore, the research emphasizes the need for targeted interventions 
to enhance outcomes for AD patients with viral infection. The study is crucial to better comprehend the relationship 
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Introduction
Coronavirus disease (COVID-19) caused by severe acute 
respiratory coronavirus 2 (SARS-CoV-2) persists as a 
serious global health problem after three years into the 
pandemic. As of December 2022, there have been 652 
million confirmed cases of COVID-19, including 6.7 
million deaths, reported to the World Health Organiza-
tion (WHO). It has been observed since the early days of 
the pandemic that SARS-CoV-2 predominantly attacks 
the human respiratory system, but also causes dysfunc-
tion in other organs including the central nervous sys-
tem (CNS). A wide range of neurological symptoms has 
been reported to accompany the disease and affect its 
course. Olfactory dysfunction was recognized early in the 
COVID-19 pandemic [1–3] and is a strong and consist-
ent symptom associated with SARS-CoV-2 infection [4]. 
Most patients show extensive or complete recovery of the 
ability to smell within 2–3 weeks of the first symptoms [5, 
6]. However, in about 10–20% of cases, loss of the sense 
of smell persists for months after infection onset [6]. Fur-
thermore, clinical evidence also indicates that a subset of 

patients bears long-lasting consequences (also known as 
long COVID) of SARS-CoV-2 infection, including olfac-
tory dysfunction that persists even a year after the initial 
infection [7].

Given the CNS-related symptoms observed in COVID-
19 patients, it is likely that SARS-CoV-2 can target the 
brain [8, 9]. A potential pathway to induce neurological 
manifestations occurs intranasally through the olfactory 
bulb via a trans-synaptic route, as supported by reported 
loss of olfaction in COVID-19 patients. Since the olfac-
tory mucosa (OM) is situated at the rooftop of the nasal 
cavity, and directly exposed to the environment, it acts as 
the first line of defense against inhaled agents including 
viruses that could potentially enter the brain. It harbors 
a heterogeneous population of cells including olfactory 
sensory neurons (OSNs) responsible for initiating olfac-
tory sensations, supporting cells, and cells of regenerative 
potential. However, evidence from research conducted 
since the pandemic indicates that human olfactory sen-
sory neurons do not express or exhibit low expression 
of TMPRSS2 (transmembrane protease, serine 2), and 

between AD, COVID-19, and anosmia. It highlights the importance of ongoing research to develop more effective 
treatments for those at high risk of severe SARS-CoV-2 infection.
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ACE-2 (angiotensin-converting enzyme 2), two key genes 
involved in SARS-CoV-2 entry into the cell [10]. Instead, 
protein products of these two genes are abundant in sam-
ples of the whole olfactory mucosa of humans [10] and 
in mouse olfactory epithelium (OE) [11]. Emerging evi-
dence suggests that in the OE, sustentacular cells which 
are known to support olfactory sensory neurons, express 
relatively high levels of ACE-2 [12, 13]. Infection of the 
sustentacular cells leads to dysfunction of the olfac-
tory sensory neurons and consequentially loss of smell 
in COVID-infected individuals [14]. However, infection 
of the olfactory sensory neurons has not yet been ruled 
out [15, 16]. Notably, new evidence has shown other pro-
teins such as NRP-1 (neuropilin-1), to serve as important 
SARS-CoV-2 receptors and thus enhance viral infectiv-
ity [17]. NRP-1 is present at high levels in the OE and in 
brain areas related to olfaction [18, 19]. Therefore, the 
olfactory pathway may constitute an important route 
of CNS invasion. However, the consequences of SARS-
CoV-2 infection at the OM are not fully understood, 
partially due to a shortage of robust and effective in vitro 
models to study viral infection in human cells.

Alzheimer’s disease (AD) is one of the most preva-
lent CNS disorders associated with the comorbidity of 
COVID-19 [20, 21]. AD is complex and affected by age, 
heredity, lifestyle, and environmental factors [22]. The 
disease is pathologically characterized by the deposition 
of amyloid beta (Aβ) and neurofibrillary tangles in the 
brain regions responsible for memory and learning, caus-
ing a multitude of symptoms associated with dementia 
[23]. Interestingly, like SARS-CoV-2 infection, olfactory 
dysfunction is often reported in several neurodegenera-
tive diseases [24], including AD [25–28]. Recently, Lamp-
inen et  al. 2022 showed AD-associated changes in OM 
cells derived from biopsies of individuals with AD [29, 
30], suggesting that these cells display similar alterations 
seen in AD-affected brains.

The connection of AD with viral infections has been 
postulated for decades and is still controversial despite 
supporting evidence [31, 32], but little is yet known 
about the relationship between SARS-CoV-2 and AD 
[33–35]. On one hand, there appears to be an increased 
risk of COVID-19 infection in individuals diagnosed 
with AD [36], and on the other hand, long-lasting neu-
rological consequences of SARS-CoV-2 infection may 
relate to the onset of AD. Furthermore, severe infection 
is associated with aging-related molecular features in the 
brain [37] and the brains of COVID-19 patients display 
AD-like pathological features [38]. Interestingly, inter-
feron-induced transmembrane protein 3 gene networks 
are significantly enriched in AD patients and induced by 
several viruses, including SARS-CoV-2 [39], suggesting 
a potential crossroad between immune mechanisms and 

AD pathology. The core of the crosstalk between AD and 
SARS-CoV-2 could potentially be the inflammatory pro-
cesses [40, 41]. However, whether COVID-19 could trig-
ger emerging AD or accelerate its onset remains unclear. 
Furthermore, the effects of SARS-CoV-2 infection at 
the OM, a mucous membrane interacting with both the 
external environment and the brain, of individuals with 
AD have not previously been addressed.

In this study, we collected OM biopsies from cogni-
tively healthy donors and individuals with AD to model 
the human OM in a 3-dimensional (3D), Air–liquid inter-
face (ALI) culture system and investigated the effects of 
SARS-CoV-2 infection in the cultured cells. We explored 
how AD affects susceptibility to SARS-CoV-2 infection 
and mapped the transcriptomic landscape of SARS-
CoV-2 infection both in healthy and diseased cells.

Materials and methods
Ethical considerations
Olfactory biopsies were obtained from the cognitively 
healthy and AD individuals under the approved ethi-
cal permit from the Human Research Ethics Com-
mittees (HRECs), of Northern Savo Hospital District 
(permit number 536/2017). Written informed consent 
was obtained from all subjects and proxy consent from 
family members of persons with mild AD dementia.

Human olfactory mucosal biopsies
For the collection of human olfactory mucosal (OM) 
biopsies a relatively non-invasive procedure was carried 
out by an ENT surgeon at Kuopio University Hospital, 
Finland. A total of three cognitively healthy individuals 
and three individuals diagnosed with mild AD dementia 
participated in the study. The average age of the cogni-
tively healthy control and AD individuals was 74.3 years 
and 62.3  years, respectively, representing both male 
and female donors. For this study, individuals diag-
nosed with AD had mild dementia according to Clini-
cal Dementia Rating (CDR) and were recruited via the 
Brain Research Unit, Department of Neurology, Uni-
versity of Eastern Finland. All the individuals with AD 
fulfilled the NIA-AA clinical criteria of progressive AD 
and magnetic resonance imaging (MRI) or fluorode-
oxyglucose (FDG)-positron emission tomography (PET) 
had showed degenerative processes, or, in Cerebrospinal 
fluid (CSF) biomarker examination, biomarker (Aβ, tau, 
and phos-tau) changes typical to AD were observed [42]. 
Cognitively healthy individuals were recruited via the 
Department of Otorhinolaryngology, Kuopio University 
Hospital, Finland, from donors undergoing a dacryo-
cystorhinostomy (DCR) surgery, or from the already 
existing registries of the Brain Research Unit of the Uni-
versity of Eastern Finland. The cognition of all the study 
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participants was evaluated utilizing the Consortium to 
Establish a Registry for Alzheimer’s Disease (CERAD) 
neuropsychological battery [43, 44].

The detailed protocol for collecting and processing OM 
biopsy collected from the rooftop of the nasal cavity was 
previously described [30, 45]. However, some modifica-
tions were made to improve the epithelial cell growth. 
Briefly, the tissue piece collected from the rooftop of the 
nasal cavity was transferred under an aseptic environ-
ment to the Biosafety Level 2 (BSL2) facility in PneumaC-
ult ‐ Ex Plus (Stemcell Technologies) prepared according 
to the manufacturer’s instructions and supplemented 
with hydrocortisone (final concentration of 96  ng/mL) 
and 1% Penicillin–Streptomycin (Gibco). Processing of 
the tissue sample was done immediately, starting with 
the rinsing in cold Hank’s Balanced Salt Solution (HBSS) 
followed by the removal of blood and cartilage. The 
clean tissue sample was then enzymatically digested for 
45 min with dispase II at 2.4 U/mL (Roche, Basel, Swit-
zerland) to separate OE from lamina propria (LP). Once 
the OE was separated, the LP fraction was first mechani-
cally triturated followed by treatment with PneumaCult 
‐ Ex Plus media containing 0.25  mg/mL collagenase H 
(Sigma-Aldrich, St. Louis, MO, USA) for up to 10  min. 
Once the OE and LP were completely digested, both the 
OE and LP were combined and seeded on poly-d-lysine 
(Sigma-Aldrich) coated wells of a 6-well plate in supple-
mented PneumaCult ‐ Ex Plus media. The cultures were 
then incubated at 37 °C, 5% CO2 to allow cells to migrate 
out of the digested tissue pieces and proliferate. Half of 
the culture media was changed every 2–3 days for a total 
of 8–14 days before passaging the cultures and freezing 
the primary cell lines in liquid nitrogen for later use in 
a freezing media containing 90% PneumaCult‐Ex Plus 
Media and 10% dimethyl sulfoxide (DMSO). Cells in pri-
mary passages 2–3 were used for air–liquid interface cul-
tures as described below.

Establishment and maintenance of air–liquid interface 
culture (ALI)
Cryopreserved human primary olfactory mucosal cells 
were thawed and grown for 3–5 days in submerged cul-
tures in PneumaCult‐Ex Plus media. For air–liquid inter-
face (ALI) cultures, transparent inserts for a 24-well plate 
were used with a 0.4 μm pore size polyethylene terephtha-
late (PET) membrane and 0.3 cm2 culture area (Sarstedt). 
Inserts were coated with 1:100 Matrigel Growth Factor 
Reduced (GFR) Basement Membrane Matrix (Corning) 
dilution. Once confluent, submerged OM cells were pas-
saged and seeded on coated 24-well transwell inserts at 
a seeding density of 4 × 104–5 × 104 cells and cultured in 
PneumaCult‐Ex Plus media for 2–4  days with media in 
both apical and basal chambers. Cells were monitored for 

confluence, and media was changed with fresh expansion 
media if required. Once a monolayer was observed, the 
cells were subjected to airlift by removing culture media 
from the apical side/compartment and at the same time 
replacing media in basal chamber to PneumaCult ALI 
medium (Stemcell Technology). The PneumaCult ALI 
medium was prepared according to the manufacturer’s 
instructions and supplemented with final concentrations 
of 4 µg/mL heparin (Paranova), 0.48 µg/mL hydrocorti-
sone (Acros Chemicals), and 1% penicillin–streptomycin 
(Gibco). Cells were maintained in ALI for an additional 
21  days for differentiation of primary cells to the pseu-
dostratified epithelium. The ALI differentiation medium 
in the basal chamber was changed every 2–3  days and 
the apical chamber with the cells were washed with HBSS 
every 7 days to remove mucus secreted by the cells. These 
cells are called olfactory mucosa cell at air–liquid inter-
face (OM-ALI).

SARS‑CoV2‑propagation and purification
SARS-CoV-2 viral strains; Wuhan strain isolate wild type 
(WT, strain B.1), delta variant (strain B.1.617.2), omicron 
variant (B.1.1.529). SARS-CoV-2 was obtained under the 
Helsinki University Hospital laboratory research permit 
30 HUS/32/2018 § 16. All viral work experiments were 
performed in BSL3 facilities at the University of Helsinki. 
The original stocks were propagated in VeroE6-TMPRSS2 
cells (WT, delta and omicron). Detailed protocol for 
viral propagation has been previously described [18]. 
Viral stocks were stored at − 80  °C in Dulbecco’s modi-
fied Eagle’s medium, 2% fetal calf serum (FCS), 2  mM 
l-glutamine, and 1 × penicillin–streptomycin. Virus titers
were determined by plaque assay in VeroE6-TMPRSS2
cells. All viral stocks were sequenced by next-generation
sequencing, the presence of the furin cleavage site in the
genome was confirmed.

TEER measurements
Transepithelial electrical resistance (TEER) was meas-
ured to access the epithelial barrier integrity of the OM 
cultures at ALI every 7th day till the 21st day. An epi-
thelial volt/ohm meter (EVOM2) from World Precision 
Instruments (Sarasota) was used with STX2 chopsticks 
electrodes for the TEER measurements, as described 
in [46]. TEER readings were obtained in triplicates for 
each line in OM-ALIs. TEER values were calculated as 
TEER (Ω/cm2) = (resistance total (Ω)  –  resistance blank 
(Ω)) × transwell insert surface in cm2.

SARS‑CoV‑2 infection of the OM‑ALI cultures
After 21 days, OM-ALIs in transwell inserts were trans-
ported to BSL3 facilities at the University of Helsinki 
for virus infections. Prior to infections, fresh media was 



Page 5 of 23Shahbaz et al. Journal of Neuroinflammation          (2023) 20:299 

changed to the basolateral compartments. ALI cultures 
from healthy donors or Alzheimer’s disease individu-
als were infected in triplicates. Briefly, OM-ALIs were 
inoculated with 50  μL of SARS-CoV-2 with either WT 
SARS-CoV-2 (1 × 105 Plaque forming units/insert (PFU’s/
insert)), delta variant (1 × 105 PFU’s/insert), or omicron 
variant (1 × 105 PFU’s/insert). Medium control (mock) 
was used as a negative control for infection. In addition, 
inhibition of the WT-SARS-CoV-2 viral cell entry was 
also tested by treating the cells with TMPRSS2 inhibitor 
Nafamostat (25 µM). The virus was applied to the apical 
surface of the OM-ALI to mimic viral infection in vivo. 
The basal chamber was not infected and contained only 
fresh PneumaCult ALI media. The infected OM-ALI cul-
tures were incubated at 37  °C and 5% CO2 for 1  h, fol-
lowed by aspiration of the virus and washing of the cells 
with Dulbecco’s phosphate buffered saline (D-PBS) three 
times. The last wash was saved and used for PCR which 
was carried out for quantification of SARS-CoV-2 viral 
RNA copies in the media. The infected OM-ALI cul-
tures were then further incubated at 37  °C and 5% CO2 
for 48 or 72 h. D-PBS apical washes were collected at 1, 
24, 48, 72 h post-infection (hpi) to measure the viral RNA 
release from infected cells at later time points. Samples 
were stored at − 80 °C. Infected cells from OM-ALI cul-
tures were harvested 48 hpi for messenger RNA (mRNA) 
sequencing or fixed at 72 hpi for immunofluorescence 
staining depending on the downstream assay.

Quantification of viral RNA after infection
Infected cells from the apical side in transwell inserts 
were washed with PBS for 10  min. Apical PBS washes 
obtained from SARS-CoV-2 infected and mock-infected 
OM-ALI cultures at 1, 48, and 72 hpi were used to extract 
RNA using QIAamp Viral RNA Minikit (Qiagen) using 
the manufacturer’s protocol. Extracted RNA samples 
were used to perform SARS-CoV-2 quantitative RT-
PCR using primers, a probe, and an in vitro synthesized 
control for RNA-dependent RNA polymerase (RdRp) as 
described earlier [47, 48]. SARS-CoV-2 RNA copies were 
accessed at each time point and a relative increase in viral 
load was determined.

RNA preparation and RNA sequencing
Upon the completion of the SARS-CoV-2 infection, the 
basal culture media was removed, and the apical pseu-
dostratified epithelium was washed three times in sterile 
D-PBS to remove any mucus or traces of leaked media.
The OM-ALI cells were then collected in a lysis buffer
of the AllPrep DNA/RNA/miRNA Universal Kit (Qia-
gen). Cells were pooled from three inserts to ensure the
harvesting of enough total RNA for the sequencing. The
samples were stored in a lysis buffer at − 80  °C prior to

RNA extraction. Total RNA was extracted according to 
the manufacturer’s instructions. The Agilent 2100 Bioan-
alyzer and RNA 6000 Pico Kit were used to evaluate the 
integrity of the isolated RNA. RNA concentrations were 
measured with the Qubit fluorometer using the Qubit 
RNA HS Assay Kit (Invitrogen). 300 ng of total RNA of 
each sample was used for sequencing library prepara-
tion. Prior to the library preparation, ribosomal RNA was 
depleted with the QIAseq FastSelect RNA Removal Kit 
(Qiagen) according to the manufacturer’s instructions. 
RNA libraries were prepared using the QIAseq Stranded 
Total RNA Library Kit (Qiagen) according to the manu-
facturer’s instructions. Amplified libraries were subjected 
to quality control assessment on the Agilent 2100 Bio-
analyzer using the High Sensitivity DNA Kit (Agilent). 
Concentrations of the libraries were measured with the 
Qubit fluorometer and the dsDNA HS assay kit (Invitro-
gen). Libraries were pooled at the equimolar concentra-
tion of 4 nM. Sequencing was performed on the Illumina 
NovaSeq 6000 platform using the S1 Reagent Kit (200 
cycles). The 2 × 100 bp paired-end sequencing resulted in 
~ 50 million reads per sample.

RNA sequencing data processing and analyses
Sequencing data were adaptor trimmed using Trimmo-
matic [49] and aligned to human genome reference ver-
sion hg38 using RNA-seq aligner STAR v2.7.10a [50]. 
Alternative contigs were excluded from the reference 
sequence. Specific parameters of STAR aligner were fol-
lowing: –outFilterType Normal –outFilterMultimapN-
max 20 –alignSJoverhangMin 8 –alignSJDBoverhangMin 
3 –outFilterMismatchNmax 999 –outFilterMismatch-
NoverReadLmax 0.2 –outFilterMismatchNoverLmax 
0.05 –alignIntronMin 20 –alignIntronMax 1,000,000 
–alignMatesGapMax 1,000,000 –outFilterIntronMo-
tifs RemoveNoncanonicalUnannotated –twopassMode
Basic. Reads were then assigned to RefSeq gene anno-
tation using FeatureCounts v2.0.1 [51] with the follow-
ing parameters: -largest Overlap -s 1 -p -B -P -d 30 -D
100000 -C -T 4. The number of reads belonging to genes
was counted. From 52.8% to 64.8% of all reads were
uniquely assigned to genes in each sample. This corre-
sponds to at least 33.8 million reads per sample.

Differential expression and pathway analysis
We performed the differential gene expression analysis 
between cells of the mock-treated AD and control librar-
ies, mock-treated control and SARS-CoV-2 infected con-
trol cell libraries, mock-treated AD and SARS-CoV-2 
infected AD cell libraries, and also between SARS-CoV-2 
infected controls and SARs-CoV-2 infected AD cell 
libraries. For pathway enrichment analysis, we used the 
differentially expressed genes (DEGs) between control 
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and AD with mock treatment and/or SARS-CoV-2 infec-
tion. PANTHER overrepresentation analysis for pathway 
enrichment was performed using PANTHER (version 
17.0, released 2022-02-22, http://​www.​panth​erdb.​org/). 
Similarly, by using DEGs along with the fold changes 
we performed Ingenuity pathway analysis (IPA) for the 
identification of the altered canonical pathways. The IPA 
Analysis Match CL license used in this study was pur-
chased from QIAGEN (https://​www.​qiage​nbioi​nform​
atics.​com/​produ​cts).

Immunocytochemistry and imaging
At 72 hpi with SARS-CoV-2, the OM-ALI cells were 
fixed using 4% paraformaldehyde (PFA). The PFA 
was added to both the apical and basal chambers for 
10  min and then washed with D-PBS containing 0.2% 
bovine serum albumin (BSA) (Sigma). Fixed cells on 
the inserts were permeabilized with Triton X-100 
(Sigma) at 1:100 dilution for 20 min and washed three 
times with the D-PBS + 0.2% BSA. Before primary anti-
body treatments, cells were blocked with 0.2% BSA in 
D-PBS for 30  min. Later, incubated overnight at 4  °C
with predetermined concentrations of primary anti-
bodies (Table  1) and subsequently washed three times
with D-PBS to remove traces of non-binding primary
antibodies. To visualize primary antibody binding,
cells were treated with secondary antibodies for 3  h
at room temperature (Table  1) and then washed with

D-PBS + 0.2% BSA. For visualizing the nuclei, cells
were stained with Hoechst (1:1000 dilution of 1  mg/
mL stock) or bisbenzimide (1:1000 dilution of 1  mg/
mL stock). After staining, the transwell membranes
containing OM cells were removed from their inserts
using a scalpel and peeled off from the bottom of the
transwell using tweezers and mounted on glass slides
using mounting media (Prolong Gold antifade rea-
gent). The cells were facing upward and covered with
0.17-mm glass coverslips for imaging. Imaging was
done using automated spinning disc CellVoyager™ CQ1
Benchtop High-Content Analysis System (Yokogawa)
at the Imaging unit of the University of Helsinki at 10
and 20 × objectives, and Zeiss Axio Observer inverted
microscope with LSM800 confocal module (Carl Zeiss
AG) att the UEF Cell and Tissue Imaging Unit at 20,
40, and 63 × objectives. Image analysis was performed
from 3D-confocal image stacks using the Cell Path
Finder software inbuilt in the CQ1 microscope. Nuclei
were automatically detected in the 3D stacks, and the
fluorescence intensity of different epithelial cell mark-
ers analyzed within the nuclear volume expanded by 10
pixels in all directions. Classification of cells into posi-
tive and negative for a given marker was done with the
same software using a manually determined threshold
of fluorescence. Processing of the images was done
using ZEN Blue version 3.2 (Zeiss) and open-source
software ImageJ version 1.53q (Fiji).

Table 1  Key resources for immunostainings

Reagent or resource Source Identifier (catalogue number; lot number)

Primary antibodies

Monoclonal anti-tubulin, acetylated antibody produced in mouse; Dilution: 
1:2000

Sigma-Aldrich T6793-100UL; 108923

Mouse monoclonal MUC5AC antibody (45M1); Dilution 1:200 Thermo Fisher Scientific MA5-12178; WD3205962

Mouse monoclonal human Cytokeratin 18 antibody (810811); Dilution 1:50 R&D Systems MAB7619; GR3268718-6

Goat anti-ACE-2 polyclonal antibody;
Dilution 5 µg/mL

R&D Systems AF933-SP; HOK0320051

Recombinant Rabbit monoclonal Anti-Neuropilin 1 antibody [EPR3113]
Dilution 1: 250

Abcam ab81321; 212288-45

ZO-1 Polyclonal Antibody; Dilution: 5 µg/mL Invitrogen 40-2200; WA317222

SARS-CoV/SARS-CoV-2 Nucleocapsid
Dilution: 1:2000

Kind gift by Jussi Hepojoki Cantuti-Castelvetri et al., Science, 2020 [18]

Secondary antibodies

Donkey anti-Goat Alexa Fluor-488
Dilution: 1:1000

Invitrogen A-11055; 2,513,496

Donkey anti mouse Alexa Fluor555
Dilution: 1:500

Invitrogen A-32773; VB302733

Goat anti rabbit Alexa Fluor-647
Dilution: 1:500

Invitrogen A-31573; 2497486

Alexa Fluor-488 conjugated phalloidin Invitrogen A-12379; 1948083

Hoechst DNA stain Thermo Fisher Scientific 62249; MF1423541

http://www.pantherdb.org/
https://www.qiagenbioinformatics.com/products
https://www.qiagenbioinformatics.com/products
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Statistical methods and graphical illustrations
The GraphPad Prism 9.4.1 (GraphPad Software Inc.) 
software was used for the statistical analysis of the data. 
Statistical analysis methods used for different compari-
sons are indicated in figure legends. Error bars in Figs. 1, 
2, 3 and 4 represent standard deviation (SD). Statistical 
significance was assumed for p-values ≤ 0.05. The graphi-
cal illustrations were created with BioRender.com.

Results
Primary human OM cells efficiently differentiate 
into pseudostratified epithelium in ALI cultures in vitro
To study SARS-CoV-2 infection in differentiated OM-
ALIs, we first established ALI culture conditions for cells 
derived from OM biopsies (Fig. 1a). OM-ALIs were cul-
tured under ALI conditions for 21 days and then charac-
terized for epithelial barrier function and tight junctions. 
Trans-epithelial resistance (TEER) was measured to 
determine the polarization and integrity in cultures 7, 14, 
and 21 days after initiation of the ALI cultures. A signifi-
cant increase in TEER values (F = 36.39, p = 0.0004) was 
observed at day 21 (mean 325.12 Ω/cm2, SD = 20.48) as 
compared to the day 7 TEER values (mean 186.56 Ω/cm2, 
SD = 33.21) (Fig. 1b). To characterize the ALI model fur-
ther, the cells were immunostained for ZO-1 to confirm 
tight junctions, and for acetylated tubulin to detect the 
presence of cilia. (Fig. 1c, d, Additional file 1: Fig. S1a, b). 
Our results showed the presence of pseudostratified epi-
thelium with tight junction to mimic a physical barrier at 
the OM.

Primary human OM cells express non‑neural epithelial 
cells in ALI cultures and express ACE‑2 and other entry 
receptors required for SARS‑CoV‑2 infection
We further characterized the cell types expressed in the 
OM-ALI. Immunocytochemical staining of cell type-
specific markers demonstrated that the ALI cultures 
contain populations of different cell types present in 
the human OM in  vivo, including an average of 12% of 
goblet cells (Mucin 5AC + cells), and 4–5% sustentacu-
lar cells (Cytokeratin-18 + cells) (Fig.  2a, b; Additional 
file  1: Fig.  S1c, d). Quantification of the immunostain-
ings showed an average of 20% of cells within the differ-
entiated OM-ALI cultures express apical ciliary markers 

(Fig.  2b). We further characterized differentiated OM-
ALI cultures for expression of entry receptors required 
for SARS-CoV-2 infection. Global mRNA sequencing 
data analysis from uninfected cells indicated the presence 
of the ACE-2, NRP-1, TMPRSS2, Cathepsin B (CTSB), 
Cathepsin L (CTSL), basigin (BSG), and furin mRNAs 
(Fig. 2c), all of which are implicated to be important for 
SARS-CoV-2 infection [52–56]. SARS-CoV-2 is known to 
primarily target ACE-2; cellular transmembrane recep-
tors for binding to the host cell membrane [52], whereas 
NRP-1 has also been shown to enhance infection of 
SARS-CoV-2 in ACE2-expressing cells [18]. Therefore, 
immunocytochemical staining of differentiated OM-ALI 
cultures for the ACE-2 receptor and NRP-1 proteins was 
performed to validate the expression the of most impor-
tant entry receptors required for SARS-CoV-2 infection 
(Fig. 2d).

SARS‑CoV2 infects OM cells of both cognitively healthy 
donors and individuals with AD
Having characterized the ALI cultures and knowing 
they express entry receptors required for SARS-CoV-2 
infection, we next sought to determine the infectability 
of the cells and to compare how cells from individuals 
with AD may differ from cells derived from cognitively 
healthy individuals. After growing cells in ALI for three 
weeks, the AD and cognitively healthy control cells 
were subjected to apical infection with the SARS-CoV-
2-WT (1 × 105 PFU) for 72  h. The representative image 
of infections with SARS-CoV-2 nucleocapsid protein 
(NP) co-stained with MUC5AC (Fig. 3a, Additional file1: 
Fig. S1f ), and acetylated tubulin (Fig. 3b), indicating the 
presence of the virus in the OM-ALIs. Furthermore, co-
staining with acetylated tubulin indicated the presence 
of viral NP in the apical epithelium (Fig.  3b, Additional 
file 1: Fig. S1e).

Viral infections in OM-ALI cells showed no significant 
differences in viral NP or MUC5AC (goblet cell marker) 
positive cells between the groups (Fig.  3c). However, 
infected OM-ALI cells show a significant reduction in 
the acetylated tubulin (ciliary marker) in AD individ-
uals-derived OM-ALI cells (t = 3915, df = 4, p = 0.0173 
(Fig. 3c).

(See figure on next page.)
Fig. 1  Characterization of the human primary olfactory mucosal cells at air–liquid interface. a Representation of the OM-ALI setup derived 
from human primary OM cells. b TEER measurement at days 7, 14, and 21 after initiation of OM-ALI cultures for cells derived from cognitively healthy 
control subjects. Graph shows mean with SD of n = 3 study subjects. Ordinary one-way ANOVA with Tukey’s multiple comparisons tests. **Indicates 
a p-value ≤ 0.005, *** indicates p-value ≤ 0.0005. c, d Representative immunostainings of OM-ALI cultures for the presence of zonula occludens-1 
(ZO1), a tight junction marker; acetylated tubulin, a ciliary marker protein; and actin for the cytoskeleton of the cells. All imaged on 10 × objective; 
scale bar 100 µm
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Fig. 1  (See legend on previous page.)
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In addition to quantifying the numbers of SARS-CoV-2 
positive cells, we also monitored secreted viral RNA cop-
ies released from the apical side of the OM-ALI cultures 

at 1, 48, and 72 hpi. In both healthy control and AD OM-
ALI cultures the viral RNA levels increased after SARS-
CoV-2 infection in a time-dependent manner, confirming 

Fig. 2  Human OM-ALI express non-neural epithelial cells and receptor proteins required for SARS-CoV-2 infection. a Representative 
immunostainings of OM-ALI cultures for the presence mucin 5AC (MUC5AC) for goblet cells; Cytokeratin 18 (CK-18) for sustentacular cells; 
and actin for the cytoskeleton of the cells. All imaged on 10 × objective; scale bar 100 µm. b Quantification of the immunostainings representing 
the percentages of positive cells for MUC5AC for goblet cells; Cytokeratin 18 (CK-18) for sustentacular cells; and Ac-tubulin (acetylated tubulin) 
for ciliated cells. Graph shows mean with SD of n = 3 for cognitively healthy controls (total of 5 images were analyzed, each dot represents 
percentage of positive cell in single image). c Normalized filter counts of genes involved in SARS-CoV-2 infection, obtained from bulk mRNA 
sequencing of mock-treated OM-ALI cultures derived from cognitively healthy controls. Graph shows mean with SD of n = 3. d Representative 
immunostaining images of ACE-2 and NRP-1 expression in the OM-ALIs. Imaged ACE-2 on 63 × (scale bar 20 µm), and NRP-1 on 10 × objective (scale 
bar 100 µm)
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the viral replication and propagation with the infected 
cells. However, no significant differences were observed 
between viral RNA levels released from the apical side of 
the OM-ALI cultures at any observed time point between 
cells derived from cognitively healthy controls and 
individuals with AD (Fig.  3d). We also determined the 
expression of SARS-CoV-2-associated genes in infected 
and mock-treated cell samples. No significant differ-
ences in mRNA expression of ACE-2, TMPRSS2, CTSL, 
BSG, Furin, and NRP-1 were observed between the cells 
derived from cognitively healthy control subjects and 
AD individuals in mock-treated or SARS-CoV-2 infected 
samples (Fig. 3e). Interestingly, the two-way ANOVA test 
showed that the presence of disease (AD) had a signifi-
cant effect on alteration in gene expression levels of CTSL 
(F = 5.406; p = 0.049) and NRP-1 (F = 6.432; p = 0.034) 
(Fig. 3e).

Next, cells of the cognitively healthy donor were used 
to determine the susceptibility of the cultures to different 
SARS-CoV-2 variants. For this experiment, we infected 
the OM-ALI cells with WT, delta, and omicron variants 
of SARS-CoV-2 (Fig. 4). A recent review comparing pub-
lished data on the contribution of genetic variants to the 
incidence of anosmia concluded that the omicron variant 
causes less olfactory dysfunction than the other variants, 
indicating that WT and delta have a broader invasive 
potential in the OE [57]. Coinciding with these data, our 
results also showed differences in the infectibility of OM-
ALI with the investigated variants of SARS-CoV-2 with 
one-way ANOVA (F = 7.202, p = 0.0028). Furthermore, 
the OM-ALI cultures were less susceptible to infec-
tion with the omicron variant as compared to the WT 
SARS-CoV-2 when determined by the percentage of cells 
positive for the virus variants in question (p = 0.0439) 
(Fig.  4); whereas no significant difference was observed 
in the percentage of positive cells when comparing the 
WT and delta variants. Lastly, inhibition of the SARS-
CoV-2 viral infection with short pre-treatment of cells 
with TMPRSS2 inhibitor Nafamostat resulted in com-
plete inhibition of infection by the WT SARS-CoV-2 
(p = 0.0038) (Fig.  4). This suggests that in the OM-ALI 

viral entry into the cell is dependent on proteolytic cleav-
age of the spike protein with TMPRSS2 after the virus 
binds to the ACE-2 receptor [58].

Distinct gene expression changes in OM‑ALI cells 
from Alzheimer’s individuals infected with SARS‑CoV‑2
Having established an in  vitro representative model for 
human OM cells that are susceptible to SARS-CoV-2 
infection, we sought to elucidate the transcriptomic alter-
ations caused by SARS-CoV-2 infection in cognitively 
healthy individuals and individuals with AD. For this, we 
performed bulk mRNA sequencing on OM cells that were 
either infected with WT SARS-CoV-2 (1 × 105 PFU’s) 
for 48  h or received mock treatment. Principal compo-
nent analysis and differential gene expression analysis 
of the sequencing results revealed profound differences 
between control and AD cells. We discovered a total of 
427 (138 upregulated and 289 downregulated) signifi-
cantly differentially expressed genes (DEGs) (FDR < 0.05) 
in mock-treated AD OM-ALI cells when compared to 
mock-treated control OM-ALI cells (Additional file  5: 
Table  S1). Figure  5a depicts the DEGs representing the 
baseline differences between mock-treated controls and 
AD individuals. Based on the log2-fold change, the five 
most upregulated genes in AD individuals are TUBBP5 
(Tubulin beta pseudogene 5), NOS2 (Nitric Oxide Syn-
thase 2), UGT2A2 (UDP Glucuronosyltransferase Fam-
ily 2 Member A2), NTF3 (Neurotrophin 3), and KCNJ1 
(Potassium Voltage-Gated Channel Subfamily J Member 
1), while POSTN (Periostin), FN1 (Fibronectin 1), NNMT 
(Nicotinamide N-Methyltransferase), PAMR1 (Peptidase 
Domain Containing Associated with Muscle Regenera-
tion 1), and COL4A1 (Collagen Type IV Alpha 1 Chain) 
are the five most downregulated genes. Interestingly, 
UGT2A1 and UGT2A2 have recently been implicated in 
COVID-19-associated loss of smell and taste [59].

Next, we assessed the impact of SARS-CoV-2 infec-
tion on the gene expression of control and AD OM-ALI 
cells. Infection of cells derived from cognitively healthy 
controls with SARS-CoV-2 resulted in 1797 DEGs 
(FDR < 0.05), out of which 1113 were upregulated and 684 

(See figure on next page.)
Fig. 3  Human OM-ALI from AD and cognitively healthy individuals have similar susceptibility to SARS-CoV-2 infection. a, b Representative 
image of OM-ALIs at 72 hpi with SARS-CoV-2 (1 × 105 PFU). Immunostaining was done with SARS-CoV-2 NP (nucleocapsid protein); acetylated 
tubulin (ciliated cell marker); MUC5AC (goblet cell marker). Imaged on 10 × objective; scale bar 100 µm. c Quantification of the OM-ALIs at 72 
hpi with SARS-CoV-2 (1 × 105 PFU) immunostainings representing the percentages of SARS-CoV-2 NP, Act-tubulin; MUC5AC in control and AD 
cells. Graph shows mean with SD of n = 3 for both control and AD cells. Unpaired two-tailed t-test. *Indicates p-values ≤ 0.05. d Quantification 
of SARS-CoV-2 RNA copies released from the infected control and AD OM-ALIs at 1, 48, and 72 hpi. Graph shows mean with SD of n = 3 donors 
for both control and AD OM-ALIs. **Indicates p-values ≤ 0.01, ***indicates p-values ≤ 0.001 by two-way ANOVA with Tukey multiple comparison. e) 
Normalized filtered counts of genes for key receptors and proteins involved in SARS-CoV-2 infection obtained from bulk mRNA sequencing of mock 
and infected OM-ALI cultures from control and AD. Graph shows mean with SD of n = 3 for both control and AD cells. Ordinary two-way ANOVA test; 
# indicates the disease effect and p-values ≤ 0.05
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were downregulated in comparison to mock-treated cells 
(Fig. 5b, Additional file 5: Table S2). In cells derived from 
individuals with AD, SARS-CoV-2 infection resulted in 
1176 DEGs, out of which 624 were upregulated and 552 

downregulated (Fig. 5c, Additional file 5: Table S3). Inter-
estingly, our analysis showed 1971 (790 upregulated 790 
and 1181 downregulated) differentially expressed genes 
in infected AD OM-ALI when compared to infected 

Fig. 3  (See legend on previous page.)
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control OM-ALI cells (Fig. 5d, Additional file 5: Table S4). 
Many DEGs suggest that underlying AD pathology 
altered the responses of cells to SARS-CoV-2 infection.

As expected, SARS-CoV-2 infection in control OM-ALI 
cells showed that the highest fold changes were observed 
in genes that are involved in the antiviral immune 
response: CXCL11 (C–X–C motif chemokine ligand 
11, fc = 4.8), CXCL10 (C–X–C motif chemokine ligand 
10, fc = 4.7), and IL6 (interleukin 6, fc = 1.76). Moreo-
ver, in the antiviral signaling response, IFI44 (Interferon 
Induced Protein 44, fc = 3.47), IFIT1 (Interferon Induced 
Protein with Tetratricopeptide Repeats 1, fc = 3.4), 
RSAD2 (Radical S-Adenosyl Methionine Domain Con-
taining 2, fc = 3.3), IFIT2 (Interferon Induced Protein 
with Tetratricopeptide Repeats 2, fc = 3.15), OASL 
(2’-5’-Oligoadenylate Synthetase Like, fc = 2.4), MX2 
(MX Dynamin Like GTPase 2, fc = 2.4), ISLR2 (Immu-
noglobulin Superfamily Containing Leucine Rich Repeat 
Protein 2, fc = 2.3), and IFIT3 (Interferon Induced Protein 

with Tetratricopeptide Repeats 3, fc = 2.3) exhibited 
increased expression. Both antiviral immune response 
and interferon-mediated signaling are characteristic fea-
tures of SARS-CoV-2 infection reported in the litera-
ture in  vitro, ex  vivo, and in  vivo [60–62]. However, in 
AD OM cells the upregulation of genes associated with 
the immune response and interferon-mediated signaling 
after infection with WT-SARS-CoV-2 were less drastic, 
and only a few genes were observed in the top 20 sig-
nificant DEG when compared to mock-treated AD OM-
ALI cells, including CXCL10 (fc = 2,8), IFI44L (fc = 2,4), 
RSAD2 (fc = 1,9), IFI6 (fc = 1,3), IFIT1 (fc = 1,3), and 
OASL (fc = 1,32). Surprisingly, 4 out of 10 most upregu-
lated DEGs, and 8 out of 10 most downregulated DEGs in 
AD-infected OM-ALI were non-coding RNAs (ncRNA) 
which was not seen in the control-infected OM. Among 
the most significant differentially expressed ncRNAs 
(NEAT1, TALAM1, GAS5) have been previously reported 
to be associated with SARS-CoV-2 infection [63–65].

To investigate the effect of AD pathology in the mock 
and infected samples, we compared numbers of RNA 
sequencing reads from mock control and AD cells, 
and infected controls and AD samples to the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) data-
base of genes involved in Alzheimer’s disease pathway 
(hsa05010). Figure 5e shows the top 20 DEGs in mock 
cells from cognitively healthy and AD individuals from 
the KEGG AD pathway. Similarly, we also identified 
top DEGs in infected cells from cognitively healthy and 
AD individuals from the KEGG AD pathway (Fig.  5f ). 
Furthermore, to investigate the SARS-CoV-2 infection 
effect, we showed top differential transcriptomic sig-
natures of SARS-CoV-2 infection compared to KEGG 
human Coronavirus disease pathway (hsa05171) in cog-
nitively healthy and AD individuals (Fig.  5g, h). Inter-
estingly, the top AD pathway-associated DEGs between 
the control mock and AD mock are PTGS2 (Prostaglan-
din-Endoperoxide Synthase 2), DKK (Dickkopf-related 
protein), and APOE (Apolipoprotein E), whereas AD-
pathway-associated DEGs in control infected and AD 
infected include SNCA (α-synuclein), WNT (Wing-
less-related integration) site 4 and WNT10A. On the 
other hand, the top SARS-CoV-2 pathway-associated 
DEGs between the control mock and control infected 

Fig. 4  Human OM-ALI cells from healthy individuals exhibit 
variant-specific susceptibility to SARS-CoV-2 infection. Quantification 
of the of viral NP-positive OM-ALIs at 72 hpi with WT-SARS-CoV-2 
(1 × 105 PFU), delta variant (1 × 105 PFU’s), omicron variant 
(1 × 105 PFU’s), and inhibition of WT infection with pre-treatment 
of Nafamostat (25 µM). Graph shows mean with SD of n = 3 
for cognitively healthy controls (total of 5 images were analyzed, each 
dot represents percentage of positive cell in single image). One-way 
ANOVA with Dunnett’s multiple comparisons tests; *indicates 
p-values ≤ 0.05 and **indicates p-values ≤ 0.01

(See figure on next page.)
Fig. 5  AD alters OM-ALI cell response to SARS-CoV-2 via transcriptomic changes. a–d Volcano plots showing differentially expressed genes (DEGs) 
between a control mock and AD mock, genes with Log2 fc of ≤ -3 or ≥ 3 and FDR ≤ 0.01 are highlighted; b control mock and control infected, 
genes with Log2 fc of ≤ -2 or ≥ 2 and FDR ≤ 0.01 are highlighted; c AD mock and AD infected, genes with Log2 fc of ≤ − 2 or ≥ 2 and FDR ≤ 0.01 are 
highlighted; d control infected and AD infected, genes with Log2 fc of ≤ − 5 or ≥ 5 and FDR ≤ 0.01 are highlighted. The red dot indicates Log2 fc 
cutoff 1 and FDR cutoff 0.05. e, f Heatmaps showing Alzheimer’s disease KEGG pathway (hsa05010) associated top 20 DEGs in; e control mock 
and AD mock; f control infected vs AD infected. g, h Heatmaps showing KEGG human coronavirus disease pathway (hsa05171) associated DEGs 
in g control mock and control infected and in h AD mock and AD infected. fc fold change, FDR false discovery rate
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Fig. 5  (See legend on previous page.)
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are RPS (ribosomal protein) S25, RPS20, and RPL7, 
whereas SARS-CoV-2-pathway-associated DEGs in AD 
mock and AD-infected cells include RPS3, RPS15A, and 
RPL31.

We further performed PANTHER pathways over-
representation analysis on DEGs between infected and 
non-infected control and AD cells. Interestingly, we 
found only the integrin signaling pathway and Alzhei-
mer’s disease-presenilin pathway that were significantly 
enriched. In addition, analysis of all the significant DEGs 
demonstrated other pathways implicated in AD (Addi-
tional file 2: Fig. S2A). This indicates the utility of patient-
derived cells in understanding SARS-CoV-2 infection. 
Interestingly, SARS-CoV-2 infection in control and AD 
cells enriched similar pathways associated with SARS-
CoV-2. However, in the SARS-CoV-2-infected AD cells, 
more AD-associated pathways were enriched (Additional 
file 2: Fig. S2B). Enriched pathways include Inflammation 
mediated by chemokine and cytokine signaling pathways, 
cadherin signaling pathways, and Wnt-signaling path-
ways. Furthermore, the numbers of DEGs associated with 
the common AD pathways were significantly increased in 
SARS-CoV-2 infected AD cells than in the mock-treated 
AD (Additional file 2: Fig. S2C).

Core analyses in IPA were performed for all the sig-
nificant DEGs in each data set to identify pathways 
associated with differential gene expression patterns. 
Associated networks determined by the analysis were 
used to identify upstream regulators. Altered pathways 
that were associated with the DEG in between the mock-
treated control and AD OM-ALI cells were related to 
an extracellular matrix organization, proteoglycans syn-
thesis dysregulation (associated with Aβ deposition), 
synaptic dysfunction, wound healing, and inflamma-
tion (Fig.  6a, Additional file  5: Table  S5). Furthermore, 
we found AD-associated upstream regulators including 
ZEB1 (Zinc Finger E-Box Binding Homeobox), TGFB1 
(Transforming Growth Factor Beta 1), and TNF (Tumor 
Necrosis Factor) that are inhibited and NR3C1 (Nuclear 
Receptor Subfamily 3 Group C Member 1), and various 
EFNA (ephrin A’s) activated in mock AD cells. All these 
upstream regulators are linked to AD. The figure shows 
the top five statistically significant inhibited and activated 

upstream regulators in the mock-treated control and AD 
OM-ALI cells (Fig. 6e, Additional file 5: Table S6).

In both control and AD cells, as expected, infection 
with SARS-COV-2 was linked to the Coronavirus Patho-
genesis Pathway or the Coronavirus Replication Pathway. 
In IPA, core analysis for comparison of SARS-CoV-2 
infection with the representative mock treatment in con-
trol and AD ranked eIF2 signaling as the most affected 
pathway (Fig. 6b, c). Viruses hijack the host cell machin-
ery to complete viral replication and protein synthesis. 
In response, host cells turn off these systems, which is 
thought to be an integrated stress response. The stress 
response induces translational silencing via phosphoryla-
tion of eIF2 (eukaryotic initiation factor-2) [66]. There-
fore, sustained phosphorylation of eIF2 inhibits host or 
viral protein synthesis. Interestingly, a recent study also 
showed downregulation of the elF2 signaling pathway 
in the transcriptomic analysis of nasopharyngeal swabs 
derived from COVID-19-infected patients [67]. Further-
more, IPA analysis showed SARS-CoV-2 infection in 
control and AD cells to be associated with mitochondrial 
dysfunction and downregulation of the oxidative phos-
phorylation pathway (Additional file  5: Tables S7, S8). 
In both infection groups, a similar trend of alterations in 
the top three pathways was observed. However, overall 
coverage of the pathway with the DEGs in control OM-
ALI cells was almost double that of the AD OM-ALI cells 
after infection. Like the canonical pathways, upstream 
regulators between SARS-CoV-2 infected control and 
AD OM-ALI cells are the same, indicating a similar pat-
tern of infection (Additional file  5: Tables S9, S10). The 
upstream regulators are mainly involved in antiviral 
immune response and inflammation. The top 10 bio-
logically and statistically significant upstream regulators 
between control mock and control infected (Fig. 6f ) and 
AD mock and AD infected (Fig. 6g) are shown.

Furthermore, core IPA analysis of the DEGs between 
control and AD cells post-infection confirms significant 
biological differences between the up- or downregula-
tion of pathways (Fig.  6d). For example, elF2 signaling 
was downregulated in both control and AD cells upon 
infection. However, the IPA of DEGs comparing control 
infection with the AD infection showed less effective 

Fig. 6  AD OM-ALI cells show distinct biological changes post-SARS-CoV-2 infection. Top signaling pathways in canonical pathway comparison 
between all exposure groups with the percentages overlap of pathway genes with DEGs: a mock-treated controls and SARS-CoV-2 infected 
controls; b mock-treated AD and SARS-CoV-2 infected AD; c mock-treated control and mock-treated AD; d SARS-CoV-2 infected control 
and SARS-CoV-2 infected AD cells. The rankings were based on Fisher’s exact test and pathways are presented with the highest significance 
on the top and displayed along in decreasing order of significance from the top. The cutoff for statistical significance was a p-value ≤ 0.05 
and a biological significance indicated by Z-score ≤ − 2 or ≥ 2. n = 3 control and n = 3 AD OM-ALI cultures for all data. e–h Indicates upstream 
regulators associated to DEG in the e control mock and AD mock; f control mock and control infected; g AD mock and AD infected; h control 
infected and AD infected. Y-axis indicates the upstream regulator network, and the x-axis represents the activation Z-score

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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downregulation of the elF2 pathway in the AD OM-ALI 
cells as compared to control OM-ALI. Interestingly, 
pathways related to an extracellular matrix organization, 
wound healing, integrin signaling, and inflammation 
which were already downregulated in the mock-treated 
AD cells were further downregulated after infection 
(Fig. 6d, Additional file 5: Table S11). Although as shown 
above, the top upstream regulators were common for 
infection of the control and AD cells, both quantitative 
and biological activity differences of upstream regulators 
between SARS-CoV-2 infected control and AD OM-ALI 
were observed (Fig. 6h, Additional file 5: Table S12).

Discussion
The OM, situated at the rooftop of the nasal cavity, is 
in direct contact to inhaled air and the particles present 
in it. Previous studies have shown infection of the OM 
with the SARS-CoV-2, and this has been investigated 
in ex  vivo human olfactory biopsies from infected indi-
viduals [68, 69]. However, analyses of viral replication 
and pathophysiological processes caused by infection of 
the OM cells are limited. Furthermore, there is a lack of 
understanding of viral infection processes and possible 
differential responses of the infected cells to SARS-CoV-2 
in underlying neurological disease conditions, i.e., AD. 
According to the current information, this paper pre-
sents the first efforts to address these knowledge gaps 
and to develop a physiologically relevant human-derived 
3D in vitro model of the OM. We present evidence that 
human OM biopsies-derived cell cultures, when grown 
in ALI, recapitulate key features of the OM in vivo, and 
can be used to model viral infections under controlled 
experimental conditions. Furthermore, in this study, we 
present new insight into the infectability of the OM cells 
derived from AD individuals in comparison to those of 
cognitively healthy individuals and decipher the tran-
scriptomic crosstalk between AD and SARS-CoV-2 infec-
tion at the OM.

In this study, we established a novel 3D ALI culture of 
the human OM. Characterization of cells derived from 
OM biopsies taken from cognitively healthy individuals 
and those affected by AD after three weeks in ALI indi-
cated the presence of pseudostratified epithelium and 
cells expressing cilia. Furthermore, our results showed 
that the OM cells grown in ALI formed a barrier, con-
firmed through TEER measurement and expression of 
tight junction markers. Although we were unable to iden-
tify neither immature nor mature olfactory neurons, we 
confirm that sustentacular cells, basal cells, and mucous-
producing cells are among the different cell types 
expressed in the OM-ALI cultures.

Our previous evidence from single-cell transcriptomic 
analysis of traditional 2D cultures of OM cells revealed 

the presence of AD-associated pathology in the OM 
cells derived from individuals with AD [30]. Consist-
ent with that, in this study, the transcriptomic profile of 
the AD OM-ALI cells is also distinct from that of cog-
nitively healthy control cells. We report a total of 427 
DEGs between the control mock and AD mock OM-
ALI cultures and further shortlist the top 20 DEGs that 
are associated with Alzheimer’s disease KEGG pathway 
(hsa05010). Interestingly, several of these top DEGs were 
found to be commonly attributed to AD in other cells or 
in  vivo, i.e., DKK1 [70], FZD7 (Frizzled-7) [71], PTGS2 
[72], and APOE [73]. Furthermore, enrichment of AD-
associated pathways, i.e., integrin signaling pathway, Alz-
heimer’s disease-presenilin pathway, and Wnt-signaling 
pathway, were observed in pathway analysis of DEGs 
between non-infected control and AD OM-ALI cells. In 
addition, key upstream regulators that are linked to the 
DEGs found in non-infected AD cells correspond to the 
key phenomena in AD including inflammation, oxidative 
stress, regulation of Aβ deposition, neuronal dysfunction, 
and synaptic plasticity. Therefore, we believe that the 
OM-ALI culture of cells of individuals with AD exhibits 
pathological features associated with the disease.

Importantly, the OM-ALI cultures express ACE-2, the 
main entry receptor of SARS-CoV-2—the expression 
of this receptor has also been previously demonstrated 
ex vivo in the human OE [10, 13, 74]. Aside from the role 
of ACE-2 in facilitating viral entry, some research has put 
forth the Neuropilin-1 receptor (NRP-1) as an alternative 
means of entry for SARS-CoV-2 [17]. The expression of 
NRP-1 in the OE is not limited to certain cell type and as 
is the case with ACE-2 [18]. In coherence with the evi-
dence ex vivo, in this study, we confirmed that OM-ALI 
cells also express the NRP-1 receptor. Furthermore, OM-
ALI cells expressed genes for all the characteristic pro-
teins that are important for viral entry and infection, such 
as TMPRSS-2, CTSB, CTSL, NRP-1, BSG, and furin.

Evidence to date indicates that SARS-CoV-2 infects 
the non-neural cells of the OE, mainly the sustentacular 
cells surrounding the olfactory sensory neurons (OSNs) 
[68, 75]. Sustentacular cells provide functional and struc-
tural support to the OSNs and hence play a crucial role 
in olfaction [76, 77]. Infection of sustentacular cells 
leads to detrimental effects on the OE, which may lead 
to olfactory function impairment. This can happen either 
through a direct impact on the uniformity of the OE or 
indirectly through affecting the metabolic and functional 
activity of the OSNs. Research conducted on Syrian ham-
sters by Bryche et al. showed that the loss of sustentacu-
lar cells caused by the virus resulted in the desquamation 
of the OE, the recruitment of immune cells, and the 
loss of OSN cilia [78]. Another study by Zazhytska et al. 
reported significant damage to the OE, although there 
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was little infection of the OSNs [69]. The study also docu-
mented the downregulation of sustentacular cell-specific 
markers, followed by the downregulation of OSN-specific 
genes and related signaling pathways that play a role in 
the sense of smell. Consistent with the others, our study 
demonstrates infection of apical cells of the OM-ALI, 
including ciliary cells and non-neuronal epithelial cells.

In addition to the above-mentioned effects, previous 
research has corroborated the involvement of immune 
cells in the infection of OM. Infection of sustentacu-
lar cells located in the OE prompts the production of 
pro-inflammatory cytokines as a defensive reaction 
against viral invasion. However, these pro-inflammatory 
cytokines could provoke harm to the OE, and thereby 
induce dysfunction of the OSNs. In this study, acute 
infection in the OM-ALI cells derived from cognitively 
healthy controls and AD individuals led to a robust 
immune response and upregulation of the pro-inflam-
matory response. It has been observed in patients with 
long COVID that even after the resolution of SARS-
CoV-2 infection in the OM, gene expression changes 
remain in the sustentacular cells. These changes suggest 
a reaction to the ongoing inflammation signaling and are 
accompanied by a reduction in the number of OSNs [79]. 
Since our ALI culture model does not include neurons, 
it is possible that in vivo the OSNs can also be infected, 
although this may be limited, as earlier reported [16, 80]. 
It is herein not possible to completely understand the 
crosstalk between sustentacular cells and OSNs, how-
ever, our transcriptomic data from infected OM-ALI cells 
indicate downregulation of several genes that are linked 
to neuronal plasticity, axonal guidance, and neuronal sur-
vival, thereby supporting the hypothesis that infection 
of the supporting cells of the OM can induce secondary 
harmful effects on OSN functions.

The current study presents the transcriptomic land-
scape of WT SARS-CoV-2 infection in human OM cells. 
As expected, differential gene expression analysis of 
SARS-CoV-2 infected OM-ALI cells revealed COVID-
19 pathogenesis pathway activation along with altera-
tions in genes involved in inflammation and antiviral 
immune response through interferon signaling. Path-
way analysis of DEGs in SARS-CoV-2 infected OM-ALI 
cells also revealed alterations of genes involved in oxida-
tive phosphorylation and mitochondrial function. Oth-
ers have reported mitochondrial dysfunction in infected 
brain cells, which has been attributed to the neuropatho-
genesis of SARS-CoV-2 infection [81]. Furthermore, 
mitochondrial dysfunction is a hallmark of many neuro-
degenerative diseases, including AD, and alterations in 
mitochondrially located genes and mitochondrial func-
tion in OM cells of individuals with AD have been pre-
viously demonstrated [30]. It is plausible that increased 

mitochondrial stress and reduced oxidative phospho-
rylation resulting from SARS-CoV-2 infection in the OM 
further intensify oxidative stress and may exacerbate 
the pro-inflammatory response of the OM, which could 
potentially be damaging to the epithelial barrier.

A recent study suggested that modification of the 
SARS-CoV-2 spike protein potentially alters cell tro-
pism and interaction with proteins that promote virus 
uptake [82]. That also corresponds with the prevalence 
data from the emerging variants of SARS-CoV-2 which 
indicate that there are differences in the incidence of 
anosmia in COVID-19-affected individuals with cer-
tain variants [57]. In this study, we demonstrated the 
changes in the infectibility of the OM-ALI cultures with 
the different variants of SARS-CoV-2. Interestingly, OM-
ALI cells showed greater susceptibility to infection with 
SARS-CoV-2-WT as compared to the omicron variant of 
SARS-CoV-2, whereas the delta variant did not differ sig-
nificantly from the infection with the WT virus. Reduc-
tion in the number of infected cells of OM with omicron 
as compared to the other mentioned variants may explain 
the reduction in the number of cases of anosmia in indi-
viduals with COVID-19. These results are in line with 
a very recent study that suggests a transition in cellu-
lar tropism from OE to the respiratory epithelium with 
omicron as compared to the WT and delta SARS-CoV-2 
in the hamster model [83]. However, further research is 
required to fully understand how changes in the SARS-
CoV-2 spike proteins between the emerging variants alter 
the viral tropism in the OM.

Since the start of the pandemic, several mechanisms 
have been hypothesized that are potentially linked to 
increased susceptibility of SARS-CoV-2 infection in indi-
viduals affected by AD (reviewed in [34]). Our results 
demonstrate that the SARS-CoV-2 virus infects equally 
OM-ALI cells of both cognitively healthy individuals and 
those affected by AD. There were no differences observed 
in terms of the infectability of the OM cells from con-
trol and AD individuals or the increase in the viral titer 
over the infection period. Therefore, our results provide 
crucial evidence suggesting that underlying AD pathol-
ogy does not make the OM-ALI cells more vulnerable to 
infection. Recent research has revealed that individuals 
suffering from AD have higher levels of ACE-2 protein 
in the hippocampal region of the brain, as compared to 
healthy individuals. The elevated levels of ACE-2 in the 
brain have been linked to an augmented risk of SARS-
CoV-2 neurotropism [84]. Apart from its role in facili-
tating viral entry into the cell, ACE-2 may also have a 
protective effect against the development and progres-
sion of AD by modulating the production and aggrega-
tion of Aβ, as suggested by a study in transgenic AD mice 
[85]. Our study conducted on OM did not reveal changes 
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in the cellular expression of ACE-2 in AD cells, which 
could explain the similar infection patterns observed in 
both control and AD OM-ALI cells. Interestingly, we did 
observe that certain COVID-19-associated genes, includ-
ing CTSL and NRP-1, were significantly downregulated 
specifically in the AD cells following infection. This sup-
ports the idea that even though healthy and AD cells are 
infected in a similar manner, the cellular responses to the 
virus may vary.

Even though the susceptibility to the infection was sim-
ilar in both AD and control OM-ALI cells, the transcrip-
tomic analyses revealed significant differential expression 
of genes following SARS-CoV-2 infection. In general, 
the data show that the overall transcriptional footprint 
of WT SARS-CoV-2 infection is distinct in cognitively 
healthy control cells in comparison to AD cells, given 
that 1971 DEGs were observed between SARS-CoV-2 
infected control and AD OM-ALI cells. This suggests 
that although the virus infects the cells in the same way, 
the response to the infection may differ in individuals 
with AD, which could potentiate and intensify COVID-
19-associated outcomes. It has been reported that an
effective antiviral response contributes to viral clear-
ance and improves clinical outcomes [86, 87]. However,
in individuals with underlying AD, inflammation and
impaired immune function can increase the risk of severe 
disease outcomes [88]. Interestingly in this study, SARS-
CoV-2 infection in the cognitively healthy control cells
shows a robust response of antiviral immune response
genes and interferon-stimulated genes, which was not
observed in infected cells of AD individuals. Even though
the AD OM-ALI cultures without viral infection show
basal enrichment of innate immune response genes and
interferon-stimulated genes (Additional file  3: Fig.  S3,
Additional file  4: Fig.   S4), IPA analysis of the compari-
son between DEGs in SARS-CoV-2 infected cells from
AD individuals and cognitively healthy controls indicated 
downregulation of IFN-γ (interferon-gamma) and TNF in 
the AD OM-ALI cells. In fact, innate immunity deficits,
and specifically type 1 interferon signaling perturbations
are often observed in AD in various cell types [89–92]. 
This suggests that like other cell types, the cells of the
OM of individuals with AD are impaired in immune
responses.

Another study suggested that in moderate-to-severe 
cases of SARS-CoV-2 infection, insufficient activation of 
interferon-mediated antiviral immune responses leads 
to a failure to limit viral replication in a timely manner 
[93]. Therefore, it is plausible that the existing activation 
of immune responses present in non-infected AD cells 
could cause desensitization or milder alterations in the 
respective genes after infection with SARS-CoV-2. More-
over, dampened antiviral immune and inflammatory 

response during early convalescence could potentially 
be inadequate and delay viral clearance. Recent evidence 
also suggested that persistent viral reservoirs and the 
continued SARS-CoV-2 specific immune responses dur-
ing late convalescence may result in uncontrolled inflam-
mation, causing long-lasting adverse outcomes including 
neurological perturbations [94]. Additionally, reactive 
oxygen species (ROS) are known to escalate neuroinflam-
mation and lead to excessive production of Aβ, thereby 
contributing to the development and progression of AD. 
Notably, the current study found that infected AD cells 
have elevated oxidative stress as compared to infected 
controls. It is suggested from recent evidence that the 
activity of innate immunity is heavily influenced by oxi-
dative stress, which has been identified as a significant 
contributor to the pathogenesis of COVID-19, due to its 
perpetuation of the cytokine storm cycles reported by 
recent data [95]. On the other hand, AD is also associ-
ated with multiple etiologies and pathophysiologic mech-
anisms, and oxidative stress appears to be a major part 
of the pathophysiologic process [96]. It is reasonable to 
speculate that elevated oxidative stress with persistent 
viral reservoirs and dysfunctional inflammatory response 
could potentially be linked to the worsening of existing 
AD pathology and progression of AD. However, further 
evidence is necessary to fully comprehend the long-term 
consequences of the infection in individuals with AD.

Loss of the sense of smell is a common attribute among 
many SARS-CoV-2-infected individuals and in non-
infected individuals with AD. UGTA2A has been known 
to be expressed in the sustentacular cells of the OE [68, 
79] and was recently implicated as a common risk gene
among individuals with COVID-19-induced anosmia
[59]. Our data showed upregulation of UGTA2A (log2fc
4.08, Padj 0.001) in mock AD cells as compared to mock
control cells, suggesting an increased risk of loss of smell
in AD individuals as compared to healthy controls. In
addition to this, our study suggested a significant reduc-
tion in the ciliary cells after infection of the AD OM-ALI
cells, as compared to infection in healthy cells. Exten-
sive OE damage, due to loss of cells after infection and
ciliary desquamation, has been reported for SARS-CoV-2 
infection in the OM of mice, and hamsters [15, 75, 78]. 
Similarly, ciliary loss has also been indicated in the nasal
and respiratory epithelium as well after infection with
SARS-CoV-2 [97, 98]. Furthermore, bulk transcriptomic
data from the SARS-CoV-2 infected OM-ALI cells from
AD individuals show significant downregulation of olfac-
tory receptor (OR) family genes OR4M1, OR2T11, and
OR4N2 after SARS-CoV-2 infection. It is important here
to note that although we did not detect neurons in the
OM-ALI cultures, downregulation of the OR genes was
observed specifically in SARS-CoV-2 infected AD cells.
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While the ORs are associated primarily with the sense of 
smell and primarily expressed by the OSNs, recent stud-
ies have suggested that they may play a role in other bio-
logical processes in the body [99]. These receptors have 
been found in non-olfactory tissues such as the gut, kid-
ney, and sperm, however, their functions beyond odorant 
detection have not been fully elucidated [100]. Interest-
ingly, alterations in ORs have also been reported in the 
brain and implicated in neurodegenerative diseases [101]. 
For example, OR4M1 stimulation in mouse primary 
cortico-hippocampal neurons protects against abnormal 
tau processing [102], processing that is implicated in AD 
pathology. However, in this study, downregulation of the 
OR receptor genes after SARS-CoV-2 infection of the AD 
OM-ALI could possibly be attributed to hindrance in the 
perception of a smell. These alterations in OM cells could 
indicate that the presence of underlying AD may increase 
the risk of SARS-CoV-2 infection-associated loss of smell.

Conclusions
In conclusion, this study introduced a novel physi-
ologically relevant patient-derived cell model which 
can facilitate an improved understanding of COVID-
19 pathogenesis and allow evaluation of vulnerability 
and risk associated with pre-existing AD in COVID-19 
patients. Additionally, our model offers a pertinent pre-
clinical platform to rapidly evaluate potential drugs and 
vaccines against COVID-19 and other pathogens that 
may emerge in the future. However, it is important to 
note here that our study has some limitations. First, we 
acknowledge that SARS-CoV-2-associated loss of smell 
and the infection pathogenesis in the OE can be affected 
by host genetics, age, ethnicity, and geographical loca-
tion [103–105], however, this study was performed on 
primary cells derived from OM biopsies taken from AD 
patient and cognitively healthy individuals. Furthermore, 
the number of OM biopsies available for this study was 
restricted due to the limited availability of donors over 
the study duration. However, given the similar responses 
of the OM cells from all donors of the same disease 
status, we believe these results to be representative of 
virus-induced alterations in these cells. Second, to our 
knowledge, this study presents the first efforts to explore 
the interaction of existing AD pathology and SARS-
CoV-2 infection of human-derived OM. Given that AD is 
a complex disease with several lifestyle and genetic fac-
tors implicated in the risk of development and progres-
sion of this disease, further studies should aim to assess 
the impact of confounding factors on cellular responses. 
Third, it is important to highlight that the scope of the 
study is limited to the evaluation of the effects of SARS-
CoV-2 on the non-neural epithelial cell fraction of the 
OM cells. Although current literature suggests that direct 

infection of the OSNs is less probable and that infec-
tion-related effects in epithelial cells lead to detrimen-
tal effects on the neurons, this was not addressed in the 
current study. Research on the crosstalk between neural 
and non-neural cells upon infection should be a topic of 
further investigation given that the trans-olfactory route 
may serve as a potential entry route for several patho-
gens and environmental agents to the brain. Such studies 
will increase the physiological relevance and complex-
ity to better recapitulate in  vivo conditions and enable 
the investigation of the crosstalk at the nose–brain axis 
upon exposure to SARS-CoV-2 and other pathogens. 
Finally, this study did not address the effects of other 
respiratory viruses or damage-associated molecular pat-
tern (DAMP)-induced induction of inflammation. These 
topics warrant further studies in the future. In conclu-
sion, this study introduced a novel physiologically rel-
evant patient-derived cell model to facilitate an improved 
understanding of COVID-19 pathogenesis and allow 
evaluation of vulnerability and risk associated with pre-
existing AD in COVID-19 patients. Additionally, our 
model offers a pertinent preclinical platform to rapidly 
evaluate potential drugs and vaccines against COVID-19 
and other pathogens that may emerge in the future.
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A B S T R A C T

Respiratory viruses have a significant impact on health, as highlighted by the COVID-19 pandemic. Exposure to 
air pollution can contribute to viral susceptibility and be associated with severe outcomes, as suggested by recent 
epidemiological studies. Furthermore, exposure to particulate matter (PM), an important constituent of air 
pollution, is linked to adverse effects on the brain, including cognitive decline and Alzheimer’s disease (AD). The 
olfactory mucosa (OM), a tissue located at the rooftop of the nasal cavity, is directly exposed to inhaled air and in 
direct contact with the brain. Increasing evidence of OM dysfunction related to neuropathogenesis and viral 
infection demonstrates the importance of elucidating the interplay between viruses and air pollutants at the OM. 
This study examined the effects of subacute exposure to urban PM 0.2 and PM 10–2.5 on SARS-CoV-2 infection 
using primary human OM cells obtained from cognitively healthy individuals and individuals diagnosed with AD. 
OM cells were exposed to PM and subsequently infected with the SARS-CoV-2 virus in the presence of pollutants. 
SARS-CoV-2 entry receptors and replication, toxicological endpoints, cytokine release, oxidative stress markers, 
and amyloid beta levels were measured. Exposure to PM did not enhance the expression of viral entry receptors 
or cellular viral load in human OM cells. However, PM-exposed and SARS-CoV-2-infected cells showed alter
ations in cellular and immune responses when compared to cells infected only with the virus or pollutants. These 
changes are highly pronounced in AD OM cells. These results suggest that exposure of human OM cells to PM 
does not increase susceptibility to SARS-CoV-2 infection in vitro, but it can alter cellular immune responses to the 
virus, particularly in AD. Understanding the interplay of air pollutants and COVID-19 can provide important 
insight for the development of public health policies and interventions to reduce the negative influences of air 
pollution exposure.   

1. Introduction 

The COVID-19 pandemic has presented significant challenges to 
healthcare systems globally. Notably, COVID-19 is characterized by a 
wide range of symptoms and complications, including respiratory 

failure, acute respiratory distress syndrome (ARDS), cardiovascular is
sues, and neurological complications. Initial reports suggested that 36% 
of COVID-19 patients exhibited neurological symptoms (Mao et al., 
2020). However, recent studies have shown a broad range in the re
ported prevalence of neurological symptoms in COVID-19, varying from 
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7% to 77.8% (Wesselingh, 2023). Anosmia, or loss of the sense of smell, 
is one of the most reported neurological symptoms associated with 
COVID-19. A systematic review of 107 studies found that 38.2% of 
COVID-19 patients reported anosmia (Mutiawati et al., 2021. Although 
the prevalence decreased in patients infected with the SARS-CoV-2 
omicron variant (Butowt et al., 2022), the emergence of reports of 
long-COVID-19, which includes neurological complications like 
anosmia, remains a topic of concern (Lopez-Leon et al., 2021). The exact 
mechanisms of anosmia in COVID-19 are not yet fully understood, but 
current studies suggest that the virus may directly invade and damage 
the olfactory epithelium (Butowt and von Bartheld, 2021; Shahbaz et al., 
2022). 

Air pollution is a major public health concern, and particulate matter 
(PM) is one of its most harmful components. Air pollution consists of a 
complex mixture of particles with various sizes and compositions, 
including PM with a diameter smaller than 10 μm (PM 10), smaller than 
2.5 μm (PM2.5), and ultrafine particles (UFP) with a diameter smaller 
than 0.1 μm. Numerous studies have indicated potential adverse effects 
of PM exposure on the brain, including cognitive decline and neurode
generative diseases like Alzheimer’s disease (AD). A recent systematic 
review and meta-analysis found that long-term exposure to air pollution 
was associated with an increased risk of AD and other forms of dementia 
(Fu and Yung, 2020; Livingston et al., 2020; Peters et al., 2019). How
ever, the exact mechanisms behind these effects require further 
investigation. 

Epidemiological research has suggested a link between PM levels and 
an increased incidence of COVID-19 infections in specific geographic 
areas (Fattorini and Regoli, 2020; Jiang et al., 2020; Li et al., 2020; 
Linares et al., 2021; Travaglio et al., 2021). Recent systematic reviews 
have concluded that there is a significant association between chronic 
exposure to PM10 and PM2.5 and the incidence, risk, severity, and 
mortality of COVID-19 cases (Marquès and Domingo, 2022), as well as 
short-term exposure to PM10 and PM2.5 (Yu et al., 2024). Several hy
potheses have been proposed regarding how air pollutants, including 
PM, could increase the severity of COVID-19 infections. However, only a 
limited number of studies have investigated the interaction between 
different fractions of PM and SARS-CoV-2 infection in experimental 
settings. Consequently, the precise pathological events leading to 
increased severity and mortality are not fully understood and require 
further research. 

PM exposure can affect the interaction of the host with SARS-CoV-2 
through various mechanisms. PM can induce oxidative stress and trigger 
an inflammatory response upon entering the nasal and respiratory sys
tem, potentially weakening the host immune defenses and exacerbating 
COVID-19 severity (Brocke et al., 2022; Cevallos et al., 2017; Valder
rama et al., 2022; Zhu et al., 2022; Zosky et al., 2014; Yamamoto et al., 
2023). Furthermore, PM has been shown to influence the expression of 
angiotensin-converting enzyme 2 (ACE2), the main receptor used by 
SARS-CoV-2 to enter host cells. This alteration in ACE2 expression on 
host cells could increase susceptibility to SARS-CoV-2 infection and 
worsen clinical outcomes in exposed individuals. In murine models, it 
has been demonstrated that ambient PM increases ACE2 expression in 
the lungs (Zhu et al., 2021a) and alveolar type 2 cells (Sagawa et al., 
2021). Furthermore, in vitro studies have indicated that urban PM, 
diesel PM 2.5, and PM 10 exposure elevate ACE2 levels in pulmonary 
alveolar epithelial cells (Zhu et al., 2021b), pluripotent stem 
cell–derived airway epithelial cells (Kim et al., 2020), and human nasal 
epithelial cells (Miyashita et al., 2023). However, there is limited in
formation on how exposure to the smallest particles affects SARS-CoV-2 
infection. 

Recent evidence indicates that PM may reach the brain through nasal 
exposure, directly through the olfactory route (Block and 
Calderón-Garcidueñas, 2009; Oberdörster et al., 2004). The olfactory 
mucosa (OM), located at the roof of the nasal cavity, plays a crucial role 
in the sense of smell, and is directly connected to the brain. Previous 
studies have demonstrated that PM exposure induces functional 

alterations in OM cells (Chew et al., 2020; Kim et al., 2022; Mussalo 
et al., 2023). However, the interaction between PM exposure and 
SARS-CoV-2 infection at this critical site exposed to inhaled air has 
received less attention. 

Beyond neurological symptoms, a potential link has been suggested 
between COVID-19 and neurodegenerative disorders, particularly AD 
(Rudnicka-Drożak et al., 2023). AD is a progressive neurodegenerative 
disorder characterized by the accumulation of amyloid beta (Aβ) and tau 
proteins in the brain. AD is among the most common central nervous 
system (CNS)-associated comorbidities of COVID-19 (Fotuhi et al., 2020; 
Xia et al., 2021), and dementia patients, including those with AD, are 
considered more susceptible to severe SARS-CoV-2 infection and mor
tality (Atkins et al., 2020). It has been demonstrated that the cells of the 
OM recapitulate pathological changes observed in AD (Lampinen et al., 
2022; Rantanen et al., 2022), and SARS-CoV-2 infection in AD OM cells 
show unique transcriptomic signatures associated with alterations in 
oxidative stress, inflammation, and antiviral immune response 
compared to cognitively healthy OM cells (Shahbaz et al., 2023). Given 
the gaps in knowledge in this research area, this study aims to investi
gate the link between PM exposure, SARS-CoV-2 infection, and AD in 
primary human OM cells. 

2. Materials and methods 

2.1. Human olfactory mucosal cell culture 

In this study, we utilized primary OM cell cultures derived from 
cognitively healthy control subjects (n = 3) and individuals with AD (n 
= 3). The average age of the cognitively healthy control and AD in
dividuals was 74.3 years and 62.3 years respectively, representing both 
male and female donors. The study was authorized by the Research 
Ethics Committee of the Northern Savo Hospital District with permit 
number 536/2017. All participants gave their written consent to 
participate in the study. The procedure for recruitment of donors and 
protocol for collection and processing of biopsies has been previously 
described in (Lampinen et al., 2022; Shahbaz et al., 2023). In brief, the 
OM biopsies were collected from the rooftop of the nasal cavity and 
transferred into PneumaCult - Ex Plus (Stemcell Technologies, #05040) 
and supplemented with hydrocortisone (final concentration of 96 
ng/ml) and 1% Penicillin-Streptomycin (Gibco). The OM tissue sample 
was then immediately transferred to the BSL2 facility where it under
went mechanical and enzymatic processing to obtain individual cells 
that were dissociated from each other. Cells obtained from the biopsies 
were expanded and primary OM cell lines were frozen in liquid nitrogen 
for later use. Thawed human primary olfactory mucosal (OM) cells were 
cultivated in supplemented PneumaCult - Ex Plus media for 4–6 days 
under submerged conditions before plating the cells for exposure. Cells 
in primary passages 2–3 were used for experiments as described below. 

2.2. Particulate matter samples 

We utilized urban air PM samples obtained from a sampling 
campaign conducted in China in 2014. The PM samples were collected at 
Nanjing University (NJU) Xianlin campus, with detailed information on 
the collection method, sample origin, PM composition, and size- 
segregation method available in previous publications (Rönkkö et al., 
2021, 2020, 2018). In brief, we used PM 0.2 (diameter<0.2 μm) and PM 
10–2.5 (diameter<10 μm and >2.5 μm) fractions collected during the 
nighttime using a modified Harvard High Volume Cascade Impactor 
(HVCI) (Sillanpää et al., 2003). The PM samples were stored at −20 ◦C 
until the day of experiments. On the day of exposure, the PM samples 
were suspended in 10% dimethyl sulfoxide (DMSO) in endotoxin-tested 
water and sonicated for 30 min before being utilized for exposure. 
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2.3. SARS-CoV2 propagation and purification 

The WT strain of SARS-CoV-2, also known as strain B.1, was used in 
this study. The virus was obtained under a laboratory research permit 
from Helsinki University Hospital and propagated in VeroE6-TMPRSS2 
cells. The viral stock was stored at −80 ◦C and titrated using plaque 
assay. The presence of the furin cleavage site in the viral genome was 
confirmed by next-generation sequencing (Cantuti-Castelvetri et al., 
2020). All experiments with the WT strain were conducted in BSL3 fa
cilities at the University of Helsinki. 

2.4. PM exposures and SARS-CoV-2 infection 

The primary OM cells were seeded at various densities depending on 
the specific experiment and incubated at 37 ◦C and 5% CO2 for 24 h. 
Next, the cells were exposed to either the PM 0.2 or PM 10–2.5 particles, 
independently (50 μg/ml corresponding to 13.2 μg/cm2) for 24 h. After 
exposure, the cell culture plates containing the exposed cells were 
transferred to a BSL3 facility for infection with the WT-SARS-CoV-2. 
Prior to infection, most of the media containing the PM 0.2 and PM 
10–2.5 particles were transferred to fresh plates and kept in the incu
bator. The PM-exposed OM cells were inoculated with WT SARS-CoV-2 
(1 × 105 Plaque forming units/well (PFUs/well)). Additionally, unex
posed OM cells were infected with SARS-CoV-2 (1 × 105 PFUs) to obtain 
virus-only control. The infected OM cells were incubated for 90 min at 
37 ◦C. After the incubation period with the virus, the media containing 
the virus was removed from the cells, and the cells were rinsed three 
times with phosphate-buffered saline (PBS). Finally, the PM-containing 
media was returned to the respective wells to maintain pollutant expo
sure throughout the experiment. Media were collected at 1, 24, 48, and 
72 h post-infection (hpi) to measure the viral RNA release from infected 
cells. For cytotoxicity, Enzyme-linked immunosorbent assays (ELISA), 
and cytokine profiling complete media was collected at 24 and 72 h and 
treated with 1% Triton X-100 to inactivate SARS-CoV-2. Furthermore, 
cells were collected in TRI Reagent (Sigma Aldrich) at 24h and 72h for 
qPCR. Samples were stored at −80 ◦C. For this study, vehicles (dimethyl 
sulfoxide (DMSO) in water) and PM-only exposures were also used as 
experimental controls. 

2.5. Quantification of viral RNA after infection 

RNA was extracted from media samples collected from various 
treatments at 1, 24, 48, and 72 h post-infection (hpi) using the QIAamp 
Viral RNA Minikit (Qiagen) following the manufacturer’s protocol. The 
extracted RNA was subjected to SARS-CoV-2 RT-PCR using primers, a 
probe, and an in vitro synthesized control for RNA-dependent RNA po
lymerase (RdRp) as previously described (Corman et al., 2020; Lin et al., 
2021). At each time point, the SARS-CoV-2 RNA copies were quantified, 
and the relative increase in viral load was determined. 

2.6. Measurement of cell viability 

In our study, we employed the MTT (3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide) tetrazolium reduction assay to eval
uate the metabolic activity of cells exposed to various pollutants. We 
seeded cells into 48-well plates at a density of 20,000 cells per well. 
Subsequently, these cells were exposed to the pollutants for 24 h, with 
each treatment having three technical replicates. 

Following exposure to PM 0.2 and PM 10–2.5, we collected the 
culture media and replaced it with media containing 1.2 mM Thiazolyl 
blue tetrazolium bromide. This mixture was then incubated for 
approximately 2.5–3 h at 37 ◦C. After incubation, we removed the media 
and solubilized the crystal salts that had formed using DMSO. To mea
sure the outcomes, we recorded the absorbances at 595 nm using a 
Wallac Victor 1420 plate reader (PerkinElmer). Additionally, the back
ground signal, which was measured with DMSO alone, was subtracted 

from the readings. All data were subsequently normalized to the vehicle- 
treated cells. 

2.7. Measurement of cytotoxicity 

We assessed cell damage by quantifying the release of lactate de
hydrogenase (LDH) in the collected culture media from different treat
ments using the CyQUANT™ LDH Cytotoxicity Assay Kit (Invitrogen, 
#C20301). The absorbance values were measured at both 490 nm and 
650 nm with the Wallac Victor 1420 plate reader. As a positive control 
for cell death, we used cells that had been lysed with Triton-X-100. 

2.8. Cytokine profile 

A membrane-based sandwich immunoassay, The Proteome Profiler 
Human XL Cytokine Array Kit (R&D Systems, ARY022B), was used for 
detecting a total of 105 cytokines, chemokines, and acute phase proteins 
in the medium samples collected from vehicle, PM 0.2, PM 10–2.5, PM 
0.2 and virus, or PM 10–2.5 and virus treated control (n = 3) and AD (n 
= 3) OM cells at 24 h post infection (hpi). 100 μl medium from each 
individual were collected and pooled to get one pool of control and AD 
samples for each treatment. Medium samples were kept on ice and 
centrifuged at 300×g for 5 min until the analysis according to the 
manufacturer’s instructions. Briefly, cytokine membranes were blocked, 
after which they were incubated with the samples overnight at +4 ◦C. 
The next day, the membranes were washed and incubated for 1h with 
the detection antibody and 30 min with Streptavidin-HRP, after which 
they were imaged using Bio-Rad ChemiDoc XRS + device (Bio-Rad). 
Profiles of mean spot pixel density were quantified using Image Lab 5.1 
program (Bio-Rad). Spots were circled using the same sized ROI for all 
the membranes. Negative control spot values were subtracted as back
ground and the results were normalized to the reference spots of all the 
analyzed membranes. The resulting values represent log2 transformed 
fold changes. The heatmaps were created using the complex heatmap 
package (10.1093/bioinformatics/btw313). 

2.9. RNA isolation and quantitative real-time PCR (qPCR) 

Following exposure to PM and infection with SARS-CoV-2, cellular 
samples were collected in TRI Reagent and stored at −70 ◦C until further 
processing. RNA extraction was carried out in accordance with the 
manufacturer’s protocol. The concentration and purity of the RNA 
samples were assessed using a NanoDrop 1000 spectrophotometer. 
Subsequently, cDNA was synthesized from 1 μg of RNA using the High- 
Capacity Reverse Transcription kit (Applied Biosystems, #4368814). 

The relative expression levels of mRNA encoding specific genes were 
determined in duplicate and analyzed following the manufacturer’s 
guidelines with the StepOnePlus™ Real-Time PCR System (Applied 
Biosystems, #4376600). For the qPCR assay, 10 ng of cDNA or genomic 
DNA was employed, and Maxima Probe/ROX qPCR Master Mix (Thermo 
Scientific, #K0231) was utilized. To normalize the cycle threshold (Ct) 
values, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
employed as the internal reference gene. Relative gene expression was 
calculated using the 2–△△Ct method, where Ct indicates the threshold 
cycle number, and the results were expressed relative to the control 
conditions. For a list of Taqman gene expression assays employed in this 
study, please refer to Table S1. 

2.10. Enzyme-linked immunosorbent assays for amyloid beta 

To assess the levels of secreted Aβ1-42 and Aβ1-40 in OM cells 
following exposure to PM or infection with SARS-CoV-2 or after both, 
medium samples of exposed/infected cells were collected and stored at 
−70 ◦C until analysis. Right prior to the analysis, the medium samples 
were supplemented with 1 × complete protease inhibitor cocktail 
(Roche) and the secreted levels of Aβ were assessed using ELISA kits for 
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Aβ1-42 (Invitrogen, #KHB3544) and Aβ1-40 Invitrogen, (#KHB3481) as 
instructed in the kits’ manuals. The medium samples were measured as 
singlets from OM cells derived from n = 3 cognitively healthy in
dividuals and n = 3 individuals with AD. 

2.11. Statistical methods and graphical illustrations 

The GraphPad Prism 10.0.2 (GraphPad Software Inc.) software was 
used for the statistical analysis of the data. Statistical analysis methods 
used for different comparisons are indicated in Figure legends. Error 
bars in Figs. 1–3 represent standard deviation (SEM). In general, two 
group comparisons were analyzed by unpaired t-test. Multiple group 
comparisons were analyzed using one-way ANOVA. The graphical il
lustrations were created with BioRender.com. 

3. Results 

In the initial phase of our investigation, we directed our focus toward 
comprehending the repercussions of PM exposure in the absence of viral 
infection. Specifically, we explored PM’s influence on cytotoxicity, 
oxidative stress, and the mRNA expression of genes encoding for pivotal 
SARS-CoV-2 entry receptors and proteins (depicted in Fig. 1a). Based on 
prior literature and our preliminary analyses, we selected doses of PM 
0.2 and PM 10–2.5, not expected to cause significant cytotoxicity (Chew 
et al., 2020). Our experimental protocol involved subjecting OM cells 
sourced from both cognitively healthy individuals and those afflicted by 
AD PM 0.2 or PM 10–2.5 for 24 h. Assessment through the MTT assay 
showed that exposure to PM 0.2 resulted in a statistically significant (p 
= 0.041) yet relatively small increase (8%) in the cellular metabolic 
activity in control OM cells (Fig. 1a). Like controls, in AD cells PM 0.2 
caused a 10% elevation in the metabolic activity of the cells when 
compared to the vehicle-treated AD cells. PM 10–2.5 exposure did not 
yield statistically significant deviations in metabolic activity (Fig. 1b). 
Additionally, to ascertain lack of cytotoxicity, we measured lactate de
hydrogenase (LDH) release into the culture medium 24 h post-exposure 
to PM (Fig. 1c). Results indicated that no other notable changes were 
observed, thus further confirming the minimal cytotoxic attributes of the 
selected dose (50 μg/ml). 

Although the exposure of OM cells to the selected PM 0.2 and PM 
10–2.5 did not cause cytotoxicity, we observed a subtle elevation in 
oxidative stress markers, NQO1 (Fig. 1d) and HMOX1 (Fig. 1e) after 24 h 
exposure to PM 0.2. However, statistically significant elevation was 
observed only in HMOX1 (p = 0.02) in control OM cells following 
exposure to PM 0.2. Furthermore, no significant changes were observed 
in NQO1 and HMOX1 following exposure to PM 10–2.5 for 24 h in 
control and AD OM cells. Lastly, no relative changes were observed in 
NQO1 and HMOX1 in AD OM cells relative to the control (Supplemen
tary Figs. 1a–b). Substantiating these findings, we validated changes at 
the mRNA level using Western blot analysis, revealing a replication of 
the observed protein-level responses to oxidative stress induced by both 
PM 0.2 and PM 10–2.5 (Supplementary Figs. 2a–b). Notably, the 
intriguing observation was made that the changes in NQO1 and HMOX1 
protein levels mirrored those at the mRNA level. 

Next, we studied the potential impact of pre-existing PM exposure on 
the expression of genes crucial for SARS-CoV-2 entry. This includes 
genes encoding for the ACE2 receptor, which plays a key role in medi
ating viral entry, and TMPRSS2, which facilitates the activation of the 
viral spike protein within infected cells (Hoffmann et al., 2020a). 
Furthermore, we evaluated the mRNA expression of NRP1, which has 
been suggested to function as a potential alternative receptor for 
SARS-CoV-2 (Cantuti-Castelvetri et al., 2020). Our results demonstrated 
that there was no alteration in the expression of ACE2 or NRP1 in either 
control or AD cells following exposure to PM 0.2 or PM 10–2.5 
(Fig. 1f–h). Similarly, TMPRSS2 expression remained unaltered in con
trol cells exposed to PM 0.2 and PM 10–2.5, whereas AD cells exhibited a 
significant increase in TMPRSS2 expression (p = 0.002) after exposure to 

PM 0.2 only (Fig. 1g). However, the disease effect was only observed in 
NRP1 expression after treatment with PM 0.2. No alterations were 
observed in ACE2 or TMPRSS2 expression in AD cells relative to control 
(Supplementary Figs. 1c–e). 

Next, to understand how exposure to PM 0.2 and PM 10–2.5 impacts 
the SARS-CoV-2 infection in the OM cells from cognitively healthy and 
AD individuals, we conducted an experimental protocol shown in 
Fig. 2a. After 24 h exposure with either PM 0.2 or PM 10–2.5, the OM 
cells were subsequently infected with the WT-SARS-CoV-2 virus in the 
presence of PM. We monitored the responses of these co-exposed OM 
cells over 72 h. 

To assess the viral replication within the infected cells we monitored 
secreted viral RNA copies released from OM cells at 1, 24, 48, and 72 h 
post-infection (hpi) (Fig. 2b and c). In OM cultures infected solely with 
the SARS-CoV-2 virus, viral RNA levels exhibited a time-dependent in
crease, confirming viral replication and propagation within the infected 
cells. Notably, one-way ANOVA analysis revealed that the pretreatment 
and subsequent presence of PM during SARS-CoV-2 infection signifi
cantly influenced the viral RNA load in the media collected at 1 hpi from 
both control and AD OM cells (Supplementary Figs. 3a–b). However, it 
should be noted that the quantities of viral RNA released from PM- 
exposed OM cells with subsequent infection, compared to OM cells 
only infected with the SARS-CoV-2 virus, remained unaltered at later 
time points, specifically 24, 48, and 72 h (Supplementary Figs. 3c–h) 
The absence of alterations in viral RNA levels during these later time 
points suggests that any initial differences were biologically inconse
quential. Given previous evidence that ambient air pollutants can act as 
potential carriers for SARS-CoV-2 (Kayalar et al., 2021), the higher viral 
load observed at the 1-h time point may indicate that PM particles 
adhering to OM cells could adsorb viral particles on their surface, 
leading to an initial increase in viral load. Furthermore, the absence of 
any discernible effect of PM exposure on ACE2 mRNA expression sug
gests that there was no enhancement of viral entry into the cells, 
resulting in similar viral load patterns at the later time points. 

Similar to controls, comparable results were observed in AD OM cells 
when they were exposed to both PM 0.2 and PM 10–2.5 in conjunction 
with SARS-CoV-2 infection (Fig. 2c). Only minor differences in viral 
RNA load were noted between the OM cells treated with both types of 
PM and undergoing SARS-CoV-2 infection, compared to the OM cells 
treated solely with SARS-CoV-2 in individuals with AD. Taken together, 
these findings suggest that the combined exposure to PM and the virus 
had comparable effects in both control and AD OM cells on the propa
gation of SARS-CoV-2 within the OM cells following infection. 

Next, LDH assays were conducted at both 24 and 72 h post-viral 
infection in OM cells exposed to PM to assess cellular toxicity. At 24 
hpi, a slight increase in cytotoxicity was observed in both control and AD 
cells that were infected simultaneously with PM 0.2 and PM 10–2.5, 
respectively (Fig. 2d). However, the statistically significant increase in 
cytotoxicity was only observed in the group exposed to PM 10–2.5 in 
combination with the virus compared to AD cells exposed to the vehicle 
(p = 0.0037), PM 10–2.5 only (p = 0.038), and virus only (p = 0.0015) 
conditions. Notably, the percentage increase in LDH release was minor, 
ranging from 1 to 2%. 

At 72 hpi, both control (p = 0.002) and AD (p = 0.0001) OM cells 
infected solely with the virus exhibited significantly elevated levels of 
LDH release into the media compared to the vehicle control, indicating 
cytotoxicity (Fig. 2e). The individual PM fractions did not induce cyto
toxicity. Consistent with the virus-only treatments, OM cells exposed to 
PM 0.2 and subsequently infected with SARS-CoV-2 showed an increase 
in cytotoxicity in both control and AD OM cells. However, this increase 
was found to be significant in AD OM cells compared to the vehicle (p =
0.002) and PM 0.2 only (p = 0.002) conditions. 

Interestingly, exposure to PM 10–2.5 in AD cells slightly reduced 
cytotoxicity upon subsequent infection with the virus, as evidenced by 
significantly lower LDH release compared to the virus-only treatment (p 
= 0.002), although not significantly different from the PM 10–2.5 alone 
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Fig. 1. Effects of 24 h PM 0.2 and PM 10–2.5 exposure on cellular viability, cytotoxicity, oxidative stress, and SARS-CoV-2 entry receptor expression in OM cells from 
control and AD individuals. (a) Schematic representations of the exposure model. (b) Assessment of cellular viability by measuring the percentage of cellular 
metabolic activity relative to the vehicle control using the MTT assay. (c) Evaluation of cytotoxicity by measuring lactate dehydrogenase (LDH) release into the cell 
culture medium. (d) mRNA levels were normalized to the relative vehicle for oxidative stress markers NQO1 and (e) HMOX1, as well as for genes encoding for SARS- 
CoV-2 entry proteins, (f) ACE2, (g) TMPRSS2, and (h) NRP1. The normalization of gene expression was performed against the housekeeping gene glyceraldehyde-3- 
phosphate dehydrogenase (GADPH). The graphs display the mean with SEM for n = 3 donors in control and AD OM cells. * Indicates p-values ≤0.05, ** Indicates p- 
values ≤0.01, as determined by one-way ANOVA with Šídák’s multiple comparisons test. 
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Fig. 2. Effects of PM 0.2 and PM 10–2.5 exposure on SARS-CoV-2 infection and cytotoxicity in OM cells from healthy and AD individuals. (a) Schematic repre
sentation of SARS-CoV-2 infection in PM-exposed OM cells. PM 0.2 and PM 10–2.5 exposed OM cultures were assessed for SARS-CoV-2 viral mRNA load in (b) control 
and (c) AD OM cells at 1, 48, and 72 h post-infection. (d) Cytotoxicity was evaluated by measuring LDH release in the media at 24 h and 72 h post-infection with WT 
SARS-CoV-2. The graph displays the mean with SEM for n = 3 donors in both control and AD cells. * Indicates p-values ≤0.05, ** Indicates p-values ≤0.01, *** 
Indicates p-values ≤0.001, as determined by one-way ANOVA with Šídák’s multiple comparisons test. 

M.A. Shahbaz et al.



Environmental Research 249 (2024) 118451

7

Fig. 3. Effects of concomitant exposure to PM and SARS-CoV-2 on oxidative stress and Aβ metabolism in OM cells from cognitively healthy and AD individuals. The 
Figure displays the normalized fold mRNA expression levels relative to the vehicle treatment for oxidative stress markers NQO1 and (e, f) HMOX1, at 24 h (a, b) and 
72 h (c, d) post-infection in PM-exposed OM cells. Additionally, (e) media collected after 72 h post-infection was utilized to assess the concentrations of Aβ 1-42 and Aβ 
1-40 with ELISA, with the Fig.showing the ratio of Aβ 1-42/Aβ 1-40. The graph represents the mean with SEM for n = 3 donors in both control and AD cells. * Indicates p- 
values ≤0.05, ** Indicates p-values ≤0.01, *** Indicates p-values ≤0.001, as determined by one-way ANOVA with Šídák’s multiple comparisons test. 
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treatment. Therefore, our results suggest that at 72 hpi, changes in 
cellular toxicity in PM 0.2 and virus co-exposed cells were primarily due 
to viral infection rather than PM exposure, while PM 10–2.5 did influ
ence virus-induced cell death. 

Next, our focus shifted towards investigating the effects of concom
itant PM and SARS-CoV-2 effects on oxidative stress. Remarkably, after a 
24 h PM exposure followed by viral infection, both oxidative stress 
marker genes, NQO1 (Fig. 3a, Supplementary Fig. 4a) and HMOX1 
(Fig. 3b, Supplementary Fig. 4b), were increased in expression in PM 0.2 
and PM 10–2.5 exposed control cells when compared to cells treated 
with the virus or PM in isolation. A similar trend was observed in AD 
cells; however, there was greater variability in the mRNA levels of 
HMOX1 among individuals with AD, resulting in the increase not 
reaching statistical significance. At 72 hpi, a notable decrease in mRNA 
expression levels for both NQO1 and HMOX1 was observed in co- 
exposed samples, when compared to the 24 hpi. This reduction was 
particularly substantial; in the case of NQO1, there was no statistical 
difference observed when compared to cells exposed solely to the virus 
or PM alone. This pattern was consistent in both control and AD OM cells 
(Fig. 3c, Supplementary Fig. 4c). Moreover, for HMOX1, mRNA levels in 
the co-exposed samples were significantly lower when compared to the 
respective PM-only treatments (Fig. 3d, Supplementary Fig. 4c). 

Next, we focused on amyloid beta (Aβ) metabolism due to its critical 
relevance in AD pathogenesis. For this purpose, we investigated the ef
fects of both individual and combined exposures on secreted Aβ1-42 and 
Aβ1-40 by OM cells obtained from cognitively healthy controls and in
dividuals with AD. Our results indicated that the SARS-CoV-2 virus 
alone led to a significant increase in the Aβ1-42/Aβ1-40 ratio in both 
control and AD OM cells (Fig. 3e). Intriguingly, exposure to PM 0.2 and 
PM 10–2.5 did not produce a significant effect on Aβ secretion when 
compared to the vehicle treatment. Interestingly, OM cells exposed to 
PM and subsequently infected with SARS-CoV-2 exhibited a persistent 
impact of the virus on the secretion of Aβ. The Aβ1-42/Aβ1-40 ratio in co- 
exposed control and AD OM cells was significantly higher compared to 
cells exposed only to PM, and it approximated levels observed in cells 
solely exposed to the virus. 

To determine the effects of treatments on the cytokine profile of the 
cells, we applied the Proteome Profiler Human XL Cytokine Array to 
media collected from exposed cells (Supplementary Fig. 5). Exposure to 
PM 0.2 and PM 10–2.5 together with SARS-CoV-2 infection altered the 
assessed cellular cytokines and chemokines in a complex manner. Most 
of the SARS-CoV-2 induced responses in the cytokine profile diminished 
when control OM cells underwent PM 0.2 pre-treatment (Fig. 4a). 
Insulin-Like Growth Factor-Binding Protein 3 (IGFBP-3), Trefoil factor 3 
(TFF3), and CD14 (log2fc 1.9; 1.23; and 1.12, respectively) were among 
the top enriched in the SARS-CoV-2 infection of the control OM cells. 
However, in PM 0.2 and SARS-CoV-2 infected cells there was significant 
downregulation compared to SARS-CoV-2 alone infected control OM 
cells. Interestingly, only interferon-associated protein expressions, such 
as Interferon-Inducible Protein 10 (IP10) was significantly increased 
(log2fc 2.9) in PM 0.2-treated cells that were subsequently infected with 
SARS-CoV-2 (Fig. 4a). When cells were treated with SARS-CoV-2 alone, 
a significant increase in IP10 (log2fc 1.1) was also observed, whereas PM 
0.2 treatment alone reduced IP-10 (log2fc −0.6). 

Notably, cells treated with both PM 0.2 and SARS-CoV-2 exhibited 
similar changes in most cytokines expression levels when compared to 
those treated with PM 0.2 alone. Interleukin-24 (IL-24), IL-31, and 
transferrin receptor (TFR) (log2fc −2.1; −1.6; and −0.7, respectively) 
which were downregulated upon PM 0.2 exposure alone were further 
downregulated (log2fc −2.2; −2.1; −1.6); and among the other most 
altered cytokines in PM 0.2 and SARS-CoV-2 treated cells. In contrast, 
Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) exhibi
ted a different pattern of expression. When cells were exposed to PM 0.2 
alone, GM-CSF displayed a log2fc of 3.8, indicating significant activa
tion of this gene in response to PM 0.2 exposure. However, when cells 
were co-exposed to both PM 0.2 and SARS-CoV-2, the activation of GM- 

CSF (log2fc 0.16) appeared to be ineffective. 
Like PM 0.2 treatment, pre-treatment with PM 10–2.5 followed by 

SARS-CoV-2 infection often led to diminished SARS-CoV-2-associated 
cytokine responses. For instance, the IGFBP-3, TFF3, CD14 which 
were top 3 altered cytokines in SARS-CoV-2 infection of the control OM 
cells were found to be severely downregulated (log2fc −0.04; −1.3; and 
−0.7, respectively) in the PM 10–2.5 pretreated control OM cells after 
infection with SARS-CoV-2. However, the top 3 cytokines in the PM 
10–2.5 and virus-treated cells were IL-31, angiopoietin, and kallikrein 3 
(log2fc −2.21; −2.11; and −2.06, respectively). It’s noteworthy that 
these same cytokines were also found to be markedly downregulated in 
control OM cells when exposed solely to PM 10–2.5. 

Next, in AD OM cells we observed a dramatic downregulation in 
almost all the components of the cytokine profile, suggesting severe 
alterations in the immune response upon SARS-CoV-2 infection 
(Fig. 4a). PM 0.2 and SARS-CoV-2 exposure caused significant upregu
lation in IL-17A and Fibroblast Growth Factor Basic (FGF basic) (log2fc 
0.5 and 0.5) as compared to vehicle-treated AD OM cells. Furthermore, 
IL-24, Retinol-Binding Protein 4 (RBP-4), and IL-31 (log2fc −5; −4.5; 
and −3.9, respectively) were downregulated the most and followed the 
response to PM 0.2 alone, where significant downregulation was 
observed. It is noteworthy that the most differentially expressed cyto
kines with PM 0.2 exposure alone in AD OM cells, were Resistin (log2fc 
3.2), IL-1 receptor antagonist (IL-1ra) (log2fc −3.12), and IL-32 (log2fc 
2.9). However, when subsequently infected with SARS-CoV-2, signifi
cant alterations (log2fc −1.2; −1.2; and −2) were observed among those 
as well. Similarly, cytokines that were highly altered by SARS-CoV-2 
alone, like GM-CSF, IGFBP-3, and Macrophage Inflammatory Protein 3 
alpha (MIP-3α) (log2fc 3.39; 1.8; and −1.5, respectively), also showed a 
to be ineffective (log2fc 0.01; 0.16; −0.24) in co-exposures. The cyto
kine profile of AD OM cells, which were exposed to PM 10–2.5 and 
infected with SARS-CoV-2 either pre- or concomitantly, does not exhibit 
a significant deviation compared to AD OM cells solely exposed to PM 
10–2.5. Although most of the responses associated with SARS-CoV-2 
decrease in cells with co-exposure, the overall response is largely like 
that of cells exposed exclusively to PM 10–2.5. The top 3 altered proteins 
were RAGE, TfR, and IL-6 (log2fc −2.27; −1.80; and 1.8, respectively). 
Notably, IL-6 is the most prominently induced cytokine in this context, 
showing a significant change in expression compared to the response 
observed in cells exposed to PM 10–2.5 alone and SARS-CoV-2 alone. 

To explore the impact of existing AD pathology on inflammation and 
antiviral immune response in relation to PM and viral treatment, we 
next compared the relative expression of proteins associated with the 
inflammation pathway in AD cells to control cells in the different 
treatment groups as depicted in Fig. 4b. We observed a significantly 
higher baseline level of expression of the assessed cytokines in AD cells 
compared to controls when treated with the vehicle alone, indicating an 
elevation in the baseline of cytokines in AD cells. The top 3 most altered 
cytokines in vehicle treated AD cells in comparison to control cells were 
RANTES, RAGE, and endoglin (log2fc 1.94; 1.57; and 1.48, respec
tively). Furthermore, In AD OM cells infected with the virus, more sig
nificant changes were noted in the levels of GM-CSF, TFF3, and RANTES 
(log2fc 3.52; −2.51; and 2.01) when compared to control cells treated 
with the virus. This baseline inflammation in AD cells appears to have 
significantly influenced the cytokine profile in co-treatment conditions 
as well. In response to PM 0.2 and virus treatment, a general trend of 
downregulation was observed compared to the treated control cells. The 
highest alterations were observed in IP10, RBP-4, and kallikrein (log2fc 
−4.38; −3.09; and −3.07, respectively). In contrast, PM 10–2.5 expo
sure induced a significantly enriched general cytokine response in AD as 
compared to the PM 10–2.5 control treatment. Notably, RANTES, 
Angiogenin, SDF-1a, and IL-6 (log2fc 2.42; 1.8; and 1.5) were among the 
topmost altered cytokines. In short, a distinct cytokine profile is 
observed in the SARS-CoV-2 infection with pre- and concomitant 
treatments of PM 0.2 and PM 10–2.5, in AD OM cells compared to the 
controls. This complexity suggests an intricate relationship between PM 

M.A. Shahbaz et al.



Environmental Research 249 (2024) 118451

9

Fig. 4. Impact of PM 0.2 and PM 10–2.5 on SARS-CoV-2-induced cytokine profiles in AD and control cells at 24 h post-infection. Media samples from n = 3 control 
and n = 3 AD donors were pooled 24 h after subsequent infection with SARS-CoV-2 in PM-exposed cells for cytokine profiling analysis. The Fig.shows (a) a heatmap 
illustrating log2 fold changes relative to vehicle treatment in control and AD cells respectively, and (b) a heatmap illustrating log2 fold changes in AD cells compared 
to their respective control exposure. 
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exposure, viral infection, and the specific pathological alterations in OM 
cells associated with AD. 

4. Discussion 

Extensive research has highlighted the role of genetic, environ
mental, and lifestyle factors in shaping the course and severity of 
COVID-19 (Samadizadeh et al., 2021). Epidemiological evidence 
consistently links poor air quality to an increased incidence and severity 
of COVID-19 (Weaver et al., 2022; Ali and Islam, 2020; Comunian et al., 
2020; Hernandez Carballo et al., 2022; Isphording and Pestel, 2021). 
This study explores the interplay between SARS-CoV-2 infection, PM 
exposure, and their effects on OM cells. 

Previous studies have established that the nasal cavity, particularly 
the OM, may serve as a site for ultrafine particle translocation and the 
neurological manifestations of SARS-CoV-2, with PM 10 accumulating 
in the upper respiratory tract. PM exposure is known to modulate 
cytokine production, induce oxidative stress, and lead to mitochondrial 
dysfunction in human OM cells (Chew et al., 2020). Oxidative stress also 
represents a significant mechanism underlying the adverse effects 
associated with PM exposure in the context of COVID-19 (Santurtún 
et al., 2022). In this study, we employed a PM dose of 50 μg/ml to 
simulate subacute exposure (Jalava et al., 2015; Rönkkö et al., 2018), 
resulting in a mild induction of oxidative stress without evident cyto
toxicity. Interestingly, SARS-CoV-2 infection of the pre-exposed samples 
revealed that PM did not affect viral entry or replication in primary 
human OM cells, suggesting that instead, altered cellular responses 
could contribute to varied COVID-19 outcomes, especially in individuals 
with AD. 

Research has firmly established that ACE2 serves as the primary 
receptor for the cellular entry of SARS-CoV-2 (Hoffmann et al., 2020b). 
Studies in mice and human pulmonary alveolar cells demonstrated 
increased ACE2 expression post-exposure to urban PM (Sagawa et al., 
2021; Zhu et al., 2021b). Additionally, exposure to curbside PM10 at 
concentrations of 10 μg/mL or higher led to increased ACE2 expression 
in various cell types, including A549, HPNEpCs, and Calu3 cells, while 
diesel PM10 also raised ACE2 expression in HPNEpCs (Miyashita et al., 
2023). However, our results indicate that neither PM 0.2 nor PM 10–2.5 
alter the mRNA expression of ACE2, TMPRSS2, or NRP1 following a 24 h 
exposure in primary OM cells. This observation could be partially 
explained by findings from Botto et al. (2023), which demonstrated that 
exposure to PM2.5 causes organ-specific changes in the expression of 
ACE2 and ACE (Botto et al., 2023), and the fact that we used primary 
cells, instead of immortalized cell lines. Furthermore, the origin of the 
PM can significantly influence the composition of particles, which, in 
turn, greatly affects the subsequent effects induced by those particles 
(Rönkkö et al., 2020, 2021). Furthermore, recent study demonstrated 
distinctive neurotoxic effects of wood and plastic smoke PM (Tarasenko 
et al., 2022). 

Another proposed mechanism by which PM could influence the 
SARS-CoV-2 entry involves the formation of a complex between PM and 
the virus, operating independently of ACE-2 facilitated viral entry 
(Borisova and Komisarenko, 2021). However, exposure to PM 0.2 or PM 
10–2.5 did not appear to influence the susceptibility of OM cells to 
SARS-CoV-2 infection. Even at 72 hpi, there were no differences in viral 
load between PM-exposed and unexposed OM cells, whether derived 
from cognitively healthy individuals or those with AD. Consistent with 
our study, Brocke et al. (2022), also reported no alteration in the viral 
load of SARS-CoV-2 infection with exposure to wood smoke particles in 
human nasal epithelial cells. 

Oxidative stress, a central mechanism in pollutant-induced toxicity, 
arises from reactive oxygen species (ROS) from various PM components 
(Ghio et al., 2012; Lodovici and Bigagli, 2011). Similarly, viruses, 
including SARS-CoV-2, are known to induce oxidative stress as a pri
mary pathogenic mechanism, leading to tissue damage and the exacer
bation of disease severity (Lee, 2018). A recent study links dysregulated 

oxidative stress-related genes to severe COVID-19 (Saheb Sharif-Askari 
et al., 2021). In the context of SARS-CoV-2 infection, the activation of 
NRF2-regulated enzymes, such as HMOX1 and NQO1, plays a crucial 
role in suppressing viral replication (Itoh et al., 1999; Ramezani et al., 
2018). However, the viral protein NSP14 disrupts the NRF2/HMOX1 
axis, compromising this antiviral defense mechanism (Zhang et al., 
2022). Moreover, lung biopsy specimens from COVID-19 patients have 
revealed a suppression of genes associated with the NRF2-dependent 
antioxidant response, accompanied by an enrichment of genes linked 
to inflammatory and antiviral pathways (Olagnier et al., 2020). 
Consistent with the mentioned studies, SARS-CoV-2 alone fails to induce 
NRF2-associated antioxidant response in the OM cells in the current 
study. However, co-exposure to PM and the virus increases HMOX1 and 
NQO1 mRNA levels at 24 h. Enhanced cellular toxicity, particularly in 
AD OM cells pre-treated with PM 10–2.5, suggests transient dysregula
tion in oxidative stress response leading to cell adversity in AD OM cells 
exposed to PM 10–2.5. Intriguingly, at 72 hpi, the mRNA levels of 
HMOX1 returned to the baseline but were also significantly lower than 
the PM-only treatments. However, co-exposed cells showed comparable 
toxicity to SARS-CoV-2 alone, but notably higher than PM-only treated 
cells. This suggests potential SARS-CoV-2-induced suppression of 
NRF2-dependent antioxidants, compromising immune defense and 
elevating cell toxicity. 

Given that Aβ is one of the most important pathological hallmarks 
associated with AD (Hardy and Selkoe, 2002), we were interested to 
assess whether the exposures affect the production of this toxic peptide 
and measured the ratio of Aβ1-42/Aβ1-40, which is used as a marker of 
amyloid plaque formation or disease progression in AD (Lehmann et al., 
2018). SARS-CoV-2 infection increased the Aβ1-42/Aβ1-40 ratio at 72 hpi 
in both AD and control cells. However, our results indicated that PM 
exposure did not alter the SARS-CoV-2-associated effects on the 
Aβ1-42/Aβ1-40 ratio. While our study did not directly investigate the 
mechanisms involved, research has suggested a complex relationship 
between SARS-CoV-2 infections and Aβ metabolism, potentially 
contributing to neurodegenerative processes (Caradonna et al., 2022; 
Idrees and Kumar, 2021; Shen et al., 2022). For instance, a recent study 
revealed the interaction of the SARS-CoV-2 N and S proteins with Aβ 1-42 
and ACE-2 receptor, potentially influencing the entry of the virus in a 
mouse model (Hsu et al., 2021). 

It has been reported that an effective antiviral response contributes 
to viral clearance and improves clinical outcomes (Hadjadj et al., 2020; 
Masood et al., 2021). However, in individuals with underlying AD, 
inflammation and impaired immune function can increase the risk of 
severe disease outcomes (Chiricosta et al., 2021). In our study, the AD 
OM cells already without any viral infection showed a slight basal 
enrichment of innate immune response elements. Furthermore, baseline 
levels of RAGE and RANTES levels were significantly higher in untreated 
AD OM cells compared to controls. RAGE is associated with Aβ pro
duction, oxidative stress, and synaptic dysfunction as reviewed in (Cai 
et al., 2016), and alterations of RANTES, a neuroinflammatory chemo
kine (Azizi et al., 2015), suggests an enhanced immune response and 
oxidative stress in AD OM cells. 

Numerous studies have explored SARS-CoV-2 impact on the OM in 
vivo and ex vivo, suggesting damage to the epithelium, subsequent 
immune responses, and functional impairment (Bryche et al., 2020; de 
Melo et al., 2021; Khan et al., 2021; Ye et al., 2021; Zazhytska et al., 
2022; Shahbaz et al., 2022). Inflammation, immune cell infiltration, and 
altered cytokine levels during infection contribute to olfactory 
dysfunction (Pozharskaya and Lane, 2013; Bryche et al., 2020; de Melo 
et al., 2021; Torabi et al., 2020). Notably, elevated interferon-gamma 
(IFN-γ) levels have been detected in infected OM samples, indicating 
an active antiviral gene expression response (Zazhytska et al., 2022). 
Epithelial cells, along with immune cells, express cytokines and initiate 
immune responses during infection (reviewed in (Hsu et al., 2022). 
Therefore, understanding the cytokine response in OM cells is crucial for 
insights into site-specific immune reactions during early infection. 
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Our study highlights distinct cytokine and chemokine responses in 
OM cells during SARS-CoV-2 infection. In cognitively healthy controls, 
infection led to a slight increase in typical SARS-CoV-2-associated cy
tokines, including IL-6, IL-8, MCP-3, TNF-alpha, IL1, GM-CSF, and IFN-γ 
(log2 fold change >0.5), while IP-10 was significantly upregulated. In 
addition, mucous secretory proteins IGFBP-3, and TFF3, along with 
CD14 were prominently upregulated. (Federico et al., 1999; Gamage 
et al., 2022).IGFBP-3, known to inhibit epithelial cell growth, shows 
elevation in severely infected COVID-19 lung epithelial cells (Lipskaia 
et al., 2022). Furthermore, TFF3 and CD14 are implicated at enhancing 
ciliary function, potentially to aid in viral clearance and support tissue 
repair processes (LeSimple et al., 2012)and initiation of the innate im
mune response towards viral infection (Di Gioia and Zanoni, 2015), 
respectively. 

In SARS-CoV-2 infected AD OM cells, a distinct modulation of several 
cytokines and chemokines associated with the antiviral immune 
response was observed, displaying either slight alterations or significant 
downregulation compared to control infected cells. Notably, an eleva
tion in GM-CSF levels was identified in infected AD OM cells, aligning 
with reports of increased circulating GM-CSF in COVID-19 patients 
compared to healthy controls (Huang et al., 2020). These findings sug
gest that the underlying pathology of AD may contribute to changes in 
cellular responses and sensitize the innate immune system, potentially 
influencing the inflammatory and antiviral immune response to 
SARS-CoV-2 infection in AD cells. 

Expanding our exploration to the impact of pre-exposure to PM 0.2, 
and PM 10–2.5 on SARS-CoV-2 responses, our study aligns with prior 
research linking PM exposure to immune suppression and alterations in 
cytokine production (Mishra et al., 2020; Croft et al., 2021; Marín-Palma 
et al., 2023), and antiviral response gene expression (Brocke et al., 
2022). Interestingly, irrespective of the size fraction of PM, pre-exposure 
caused downregulation in most of SARS-CoV-2-associated cytokines in 
both control and AD OM cells as compared to SARS-CoV-2 alone. 
However, a notable exception was observed with PM 0.2 treatment, 
which significantly elevated the response of IP10 after SARS-CoV-2 
infection in control cells. Prior literature suggests the IP10 levels are 
associated with the critical illness, inflammation of the nervous system 
(Gudowska-Sawczuk and Mroczko, 2022), and anosmia as observed in 
patients with acute olfactory loss in COVID19 (de Melo et al., 2021). In 
contrast to control, IP10 levels were observed to be higher in AD OM 
cells at the baseline, and PM 0.2 exposure caused a severe upregulation 
in IP10 levels. However, upon subsequent infection, the immune system 
might undergo modulation or regulation to prevent excessive inflam
mation. This downregulation could be a regulatory mechanism to avoid 
immune overactivity, which can sometimes contribute to tissue damage. 
This is further supported by the fact that baseline levels of SARS-CoV-2 
associated genes were higher in AD cells as compared to controls. 
Consequently, AD cells exhibited a milder response to SARS-CoV-2 
infection compared to controls. However, in SARS-CoV-2 infection 
following PM 0.2 treatment, cells underwent modulation with a severe 
downregulation in SARS-CoV-2-associated immune responses and most 
of the cytokine profiles. Similar downregulation was observed in PM 
10–2.5 pre-exposed control and AD OM cells, notably IL-6, contrasting 
with its upregulation in PM 10-2.5-exposed AD OM cells. This height
ened IL-6 production in AD cells, potentially influenced by PM exposure, 
could contribute to the inflammatory response observed in COVID-19 
infection. Elevated IL-6 production, positively correlated with 
COVID-19 severity and viral RNA detection, which may contribute to 
SARS-CoV-2 pathogenesis, with critically ill patients showing notably 
higher levels than mild cases (Zhang et al., 2020; Chen et al., 2020; Han 
et al., 2020; Avila-Nava et al., 2021; Zhang et al., 2020; Chen et al., 
2020; Han et al., 2020; Avila-Nava et al., 2021). 

This distinct response in AD cells, exacerbated by exposure to PM 
fractions, highlights the intricate interplay between environmental 
exposure and SARS-CoV-2 outcomes, providing valuable insights into 
both control and AD scenarios. While this study sheds light on the 

interplay between air pollution, nasal immune responses, and suscep
tibility to respiratory infections, it has limitations. It is primarily focused 
on PM 0.2 and PM 10–2.5 interactions with SARS-CoV-2 in OM cells 
based on the physiological relevance, however, the broader spectrum of 
air pollutants and their varied impacts on immune responses remain 
unexplored. The research also lacked a comprehensive analysis of the 
entire immune response, particularly adaptive immune responses, and 
focused solely on OM cells, providing a simplified model of SARS-CoV-2 
infection. Future studies should address these limitations, exploring 
diverse pollutants, comprehensive immune responses, various immune 
cells, and employing more complex models to enhance our under
standing of the intricate relationship between environmental pollution 
and susceptibility to respiratory infections across diverse populations 
and pathogens. 

5. Conclusion 

Overall, our data demonstrates that acute exposure to PM 0.2 and PM 
10–2.5 does not alter the expression of ACE-2, or viral replication up to 
72 hpi in OM cells derived from cognitively healthy controls and in
dividuals with AD. However, pre-exposure to PM 0.2 and PM 10–2.5 
induces alterations in cellular responses to SARS-CoV-2, including 
oxidative stress and cytotoxicity. Additionally, there is a discernible 
downregulation of key cytokines and chemokines associated with innate 
and antiviral immune responses, implying a potential modulation in the 
host cell response. Moreover, the altered immune response and 
inflammation pathways observed between control and AD cells 
following SARS-CoV-2 infection in the presence of PM 0.2 and PM 
10–2.5 suggests a complex interplay between underlying disease pa
thology and PM exposure, possibly contributing to the variability in the 
severity and manifestations of COVID-19 outcomes. These findings un
derscore the importance of considering both environmental factors and 
individual health conditions in understanding the nuanced responses to 
SARS-CoV-2, providing valuable insights for future research and public 
health considerations. 
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Rönkkö, T.J., Hirvonen, M.-R., Happo, M.S., Leskinen, A., Koponen, H., Mikkonen, S., 
Bauer, S., Ihantola, T., Hakkarainen, H., Miettinen, M., Orasche, J., Gu, C., Wang, Q., 
Jokiniemi, J., Sippula, O., Komppula, M., Jalava, P.I., 2020. Air quality intervention 
during the Nanjing youth olympic games altered PM sources, chemical composition, 
and toxicological responses. Environ. Res. 185, 109360 https://doi.org/10.1016/j. 
envres.2020.109360. 
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Air pollution exposures and disease 

pathologies alter infection susceptibility, 
progression, and outcomes. This thesis 

investigated how urban particulate matter 
(PM) affects cellular responses, influencing 

susceptibility to bacterial and viral pathogens. 
Additionally, it assessed the impact of SARS-

CoV-2 infection on the olfactory mucosa 
(OM), a potential brain entry site of inhaled 
agents, and linked to Alzheimer’s Disease 

(AD) pathology. The thesis also investigated 
how PM-induced cellular changes and AD 

pathology affect cellular responses to SARS-
CoV-2 infection in OM cells. 

MUHAMMAD ALI SHAHBAZ
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