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Abstract  

 

Inhalation of airborne particles such as particulate matter and lifelong persistent 

infection with herpes viruses are ubiquitous and unavoidable to our lives and in our 

current environment. Both factors are associated with chronic lung disease. 

Herpesviruses are of particular interest because of their biphasic cycles of infection 

consisting of the lytic and latent phases of infection. Latent infection means that the 

herpesvirus remains in the host body throughout its life in a dormant state and 

undetected by the immune system, but from which it can be reactivated by various 

stimuli into its lytic phase generating infectious virus particles. Previous studies in our 

group have shown that inhalation of nanoparticles such as soot-like carbonaceous 

nanoparticles (CNP) and fibrous engineered double-walled carbon nanotubes 

(DWCNT) reactivates latent murine gammaherpesvirus 68 (MHV-68) in the lung, 

thereby restoring gene expression and metabolome patterns in the lung similar to that 

of acute infection (Sattler et al., 2017).  

Given several studies independently linking gammaherpesvirus infections or air 

pollution to the development and exacerbation of chronic lung disease, I would like to 

investigate the interaction of these two environmental factors in my animal-based 

study. The hypothesis of my study is that, at least in mice, the combination of latent 

gammaherpesvirus infection and repeated exposure, as a model of persistent air 

pollution, will lead to the development of symptoms known to be associated with 

chronic lung disease and its exacerbation.  

For my studies, mice were intranasally infected with MHV-68 and pulmonary exposed 

to either CNP or DWCNT, with one or two particle doses, and examined the lungs 

either 24 hours or 6 days afterwards. This model is referred to in this study as the virus 

reactivation model (virus infection only), second-hit model (virus infection and one dose 

of nanoparticles) or repeated second-hit model (virus infection and two doses of 

nanoparticles), depending on the number of nanoparticle exposures. As expected, 

MHV-68 reactivation, detected by immunohistochemical staining of lytic viral proteins 

was evident after one-time and two-time particle exposures. The cell type in which virus 

reactivation was detected I identified as CD11b+, IBA1+, inflammatory, and thus 

apparently monocyte-derived macrophages. 
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Further, the second-hit model showed that although latent infection attenuated acute 

particle-induced alveolar neutrophilia, CNP-induced alveolitis was significantly more 

pronounced in the repeated second-hit model than in the second-hit model. This 

difference was associated with increased interstitial inflammation as well as an 

increase in lymphocyte counts, particularly cytotoxic T-cells, 6 days after the second 

CNP dose.  

Of note, exclusively the repeated second-hit model caused marked injury to lung 

tissue, characterized by epithelial and endothelial barrier damage, increased cellular 

DNA fragmentation, a reduction in alveolar epithelial type II cell numbers, and 

ultimately an increase in alveolar airspace, as a sign of emphysema formation, which 

further worsened by day 6 after the second CNP exposure.  

In conclusion, the animal study shows that repeated reactivation of gamma-

herpesviruses triggered by nanoparticle inhalation can lead to the development or even 

exacerbation of chronic lung disease, such as emphysema.  

 

 



 Zusammenfassung  

 
 

Zusammenfassung 

 

Das Einatmen von luftgetragener Partikel wie Feinstaub und die lebenslange 

persistente Infektion mit Herpesviren sind für unser Leben und in unserer 

gegenwärtigen Umwelt allgegenwärtig und unvermeidlich. Beide Faktoren werden mit 

chronischen Lungenkrankheiten in Verbindung gebracht. Herpesviren zeichnen sich 

durch ihren zweiphasigen Infektionsverlauf aus einer lytischen und einer latenten 

Phase. Die latente Infektion bedeutet, dass das Herpesvirus ein ganzes Leben lang im 

Wirtskörper in einer Art vom Immunsystem versteckten Schlafzustand verbleibt, aus 

dem es jedoch durch verschiedene Reize in seine lytische Phase reaktiviert werden 

kann, um sich durch die Produktion infektiöser Viruspartikel zu vermehren und zu 

verbreiten. Frühere Untersuchungen in unserer Gruppe haben gezeigt, dass die 

Inhalation von Stäuben wie zum Beispiel rußartige Kohlenstoff-Nanopartikeln (CNP) 

und faserförmigen doppelwandige Kohlenstoffnanoröhren (DWCNT) das latente 

murine Gammaherpesvirus 68 (MHV-68) in der Lunge reaktiviert und dabei in der 

Lunge Genexpressions- und Metabolom-Muster erzeugt, die der einer akuten Infektion 

ähneln (Sattler et al., 2017).  

In Anbetracht der Studien, welche Gammaherpesvirusinfektionen oder 

Luftverschmutzung unabhängig voneinander mit der Entwicklung und Exazerbation 

chronischer Lungenerkrankungen in Zusammenhang bringen, möchte ich in meiner 

tierexperimentellen Studie das Zusammenwirken dieser beiden Umweltfaktoren 

untersuchen. Die Hypothese meiner Studie ist, dass zumindest in der Maus, die die 

Kombination aus latenter Gammaherpesvirusinfektion und wiederholter Nanopartikel-

Exposition, als Modell der anhaltenden Luftverschmutzung, zur Entwicklung von 

Symptomen führt, wie sie für chronische Lungenerkrankungen und deren Exazerbation 

bekannt sind.  

Für meine Studien wurden Mäuse intranasal mit MHV-68 infiziert und deren Lunge 

entweder mit CNP oder DWCNT, mit einer oder zwei Partikeldosen exponiert und 

entweder 24 Stunden oder 6 Tage danach untersucht. Dieses Modell wird in dieser 

Studie als Virusreaktivierungsmodell (nur Virusinfection), Second-Hit-Modell 

(Virusinfektion und eine Dosis Nanopartikel) oder wiederholtes Second-Hit-Modell 

(Virusinfektion und zwei Dosen Nanopartikel) bezeichnet, je nach der Anzahl der 

Partikelexpositionen. Wie erwartet zeigte sich die MHV-68 Reaktivierung, 
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nachgewiesen durch immunhistochemische Färbung der lytischen Virusproteine, nach 

einmaliger und zweimaliger Partikelexpositionen.  Der Zelltyp, in dem eine 

Virusreaktivierung beobachtet wurde, identifizierte ich als CD11b+, IBA1+, 

entzündliche und damit offensichtlich von Monozyten differenzierten Makrophagen. 

Weiter zeigte sich im Second-Hit-Modell, dass die latente Infektion zwar eine 

Abschwächung der akuten Partikel-induzierten alveolären Neutrophilie bewirkte, die 

durch CNP bedingte Alveolitis jedoch im wiederholten Second-Hit-Modell deutlich 

stärker ausgeprägt war als im Second-Hit-Modell. Dieser Unterschied ging mit 

verstärkter interstitieller Entzündung sowie einem Anstieg der Lymphozytenzahlen, 

insbesondere zytotoxischer T Zellen, 6 Tage nach der zweiten CNP-Dosis einher.  

Bemerkenswert war, dass ausschließlich das wiederholte Second-Hit-Modell eine 

deutliche Verletzung des Lungengewebes verursachte, charakterisiert durch die 

Schädigung der Epithel- und Endothelbarriere, eine verstärkte zelluläre DNA-

Fragmentierung, eine Verringerung der Alveolarepithel Typ II Zellzahl und letztendlich 

eine Vergrößerung des alveolären Luftraums, als ein Zeichen für die Bildung eines 

Emphysems, welches sich bis zum Tag 6 nach der zweiten CNP-Exposition weiter 

verschlimmerte.  

Zusammenfassend zeigt die Tierstudie, dass eine wiederholte, durch Nanopartikel 

Inhalation ausgelöste Reaktivierung von Gammaherpesviren zur Entwicklung oder 

auch Exazerbation von chronischen Lungenerkrankung, wie dem Emphysem führen 

kann.  
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1. Introduction 

1.1 Ambient particles 

 

The debate on air pollution and its consequences has become increasingly important 

in recent years. Air pollution is a main contributor to acute and chronic lung and 

cardiovascular diseases. In recent decades, the number of fatalities caused by air 

pollution and toxic chemicals has increased by 66% due to population growth, 

population aging, uncontrolled urbanization, industrialization, and fossil fuel burning 

(Fuller et al., 2022). At the same time, there is a lack of adequate national and 

international chemical policies. The World Health Organization (WHO) has reported 

that about 7 million people die each year as a result of polluted air. Similar numbers 

are published by Fuller et al. (2022), who report 6.67 million people died worldwide in 

2019 due to air pollution, of which 2.31 are due to household air pollution and 4.14 are 

due to ambient particulate matter.  

Air quality can fluctuate from day to day and is affected by emissions, as well as natural 

events such as dust storms, wildfires, and weather fluctuations. The U.S. 

Environmental Protection Agency (EPA) has established "criteria" air pollutants for six 

pollutants. These six pollutants are lead, carbon monoxide, nitrogen oxide, ground-

level ozone, sulfur oxide, and particulate pollution. As one of the solid components of 

air pollution, particle pollution is also known as particulate matter (PM). PM is a globally 

occurring atmospheric aerosol that has both of natural and anthropogenic sources and 

has been associated with a range of health effects (Kelly and Fussell, 2012). Even 

though fine PM levels have decreased in the U.S., the severity, duration, and frequency 

of wildfires are increasing, affecting air quality in fire-prone areas (Aguilera et al., 2022). 

Yang et al., 2022 found main contributions to particulate matter were soil dust, coal 

combustion and biomass burning/petrochemical. Particulate matter is categorized 

based on its aerodynamic diameter. This also implies the typical localization of 

pulmonary deposition when inhaled. Coarse particulate matter with an aerodynamic 

diameter of 2.5 to 10 µm is deposited primarily in the large airways. Fine particulate 

matter or PM2.5, which is 2.5 µm or smaller, deposits throughout the respiratory tract, 

especially in the small airways and alveoli, and ultrafine particulate matter (UFP), which 
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is less than 100 nm in size, deposits effectively in the alveoli (Guarnieri and Balmes, 

2014).  

Due to the ultrafine structure of nanoparticles with a small diameter, they can remain 

suspended in the air for a long time.  

Carbonaceous nanoparticles (CNP) or carbon black (CB), is a particulate form of pure 

elemental carbon consisting of aggregated and agglomerated 10 ï 20 nm primary 

particles. It is produced by partial combustion or pyrolysis of gaseous or liquid 

hydrocarbons under controlled conditions (Valberg et al., 2006), as well as produced 

for various industrial purposes (Baan, 2007). CNP can also be released during the use 

of toner and printing inks (Morimoto et al. 2010; Yang et al., 2007). Characterizations 

of urban and highway air quality revealed that levels of CB, particulate matter (PM Ò 

2.5 Õm), and ultrafine particles (PM Ò 0.1 Õm) are mainly affected by vehicle emissions 

and traffic events in urban areas (Frey et al., 2022; Shah et al., 2023; Habre et al., 

2023; Canagaratna et al., 2010; Reche et al., 2015; Kelly et al., 2011). 

Most notably, CB is widely used as a surrogate for the carbonaceous core of 

combustion nanoparticles or as a representative of PM (Zhen et al., 2017; Hakkarainen 

et al., 2022; Kheradmand et al., 2017; Medalia et al., 1983) to test its nanotoxicology 

under various conditions. CB is also known by the trade names such as Printex-90, 

Printex-140, Printex-G, and Lampblack-101 (Long et al., 2013; Jeong et al., 2013), 

which vary in primary particle size and the level of hydrocarbons.  

The production rate of engineered nanomaterials increases each year. One of the most 

dynamic classes of this engineered materials are carbon nanotubes (CNTs), which are 

increasing in demand in developing countries (Carbon Nanotube Market, 2021). They 

have unique optical, physical, and conductive properties to make them attractive to 

change the functionality of polymers, sensors, batteries, panel displays, chemical 

storage and new applications are under development for example for microwave 

antennas, aerospace, medical implants, drug delivery, coatings and car body panels 

(Cha et al., 2013; Carbon Nanotubes Market, 2021). There are different types of CNTs, 

the single-walled CNTs (SWCNTs), the double-walled CNTs (DWCNTs), and the multi-

walled CNTs (MWCNTs). SWCNTs are a rolled graphene sheet with a diameter of 1 - 

4 nm. DWCNTs and MWCNTs consist of two or more concentric graphene layers with 

a diameter between 10 and 100 nm. CNTs have a length in the µm range. As the 

production of CNTs increases, the risk of occupational exposure and the risk of 
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developing CNT-induced lung diseases increases (Cha et al., 2013; Duke and Bonner, 

2017).   

 

Figure 1.1 Transmission electron microscopic images of the nanoparticles used in this study.  

Left image shows CNP, right image shows DWCNT (provided by Shinji Takenaka, 2010). 

 

1.1.1 Nanoparticle cause acute and chronic pulmonary inflammation  

 

Airborne particles have been described to activate several mechanisms of cellular 

effects, such as oxidative stress with cytotoxicity, mutagenicity, and proinflammatory 

stimulation (Valavanidis et al., 2008). In the pathway activations, the particle size is 

described to be an important role. The smaller the particle size, the higher the 

inflammation and pulmonary toxicity of oxidative stress, mostly because of their large 

surface area (Valavanidis et al., 2008; Mazzoli-Rocha et al., 2010). The particle size 

and surface are described to linearly correlates with inflammatory response (Stoeger 

et al., 2009). The extractable organic compounds are also described to highly 

contribute to cytotoxicity and DNA damage and membrane lipid peroxidation 

(Valavanidis et al., 2008).  

Several pathways are observed to be activated by PM exposure. Activation of aryl 

hydrocarbon recetor, Toll-like receptor and IL-1 receptor are described, which lead to 

NF-kB, MAPK and AP-1 signaling (Wu et al., 2018). 
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PM cause injury in alveolar and airway epithelial cells, monocyte and macrophages as first defense 

release chemokines to recruit neutrophils and macrophages. Toll-like receptor (TLR), aryl hydrocarbon 

receptor (AhR) and IL-1 receptor get activated, which lead to activation of NF-kB, MAPK and AP-1 

signaling. (adapted from Wu et al., 2018). 

 

Figure 1.2 Nanoparticle activated innate immune response and pathway activations  
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Air pollution, indoor and ambient PM as well as engineered nanomaterials are 

described to induce acute and chronic inflammatory responses in the lungs. Due to the 

high deposited fraction, distal of the mucociliary clearance protected bronchiolar 

region, and thus slow clearance, nanoparticle inhalation results in persistent particle 

retention in the alveolar region of the lung. Deposition on the fragile alveolar epithelium 

in turn is known to causes pulmonary inflammation (Elder et al., 2005; Halappanavar 

et al., 2011; Chen et al., 2016). CNPs are frequently reported to cause acute, fast 

resolving lung inflammation (Bourdon et al, 2012; Renwick et al., 2004; Ganguly et al., 

2017). Moreover, results of our research group have previously shown, that CNP 

inhalation in mice even at low doses causing only 3 µg CNP deposition per lung, 

triggers an increase of neutrophil numbers in the airspace (André et al., 2006). Gene 

expression analysis revealed a pro-inflammatory response in alveolar epithelial cells 

and alveolar macrophages induced by CNP exposure within 24h. Osteopontin (Spp1), 

Serum amyloid A-3 (Saa3), Lipocalin 2 (Lcn2) and Interleukin-1ɓ (Il1b) gene 

expression were highly elevated as well as the expression and release of CXCL1 was 

increased into the bronchoalveolar space 24h after CNP exposure. Altogether, 

indicating pulmonary inflammation. Similar findings were observed in lungs exposed to 

engineered nanomaterials like CNTs. Neutrophil and macrophage numbers markedly 

increased in the lung tissue, which indicates their important role in the frontline 

response to acute particle inflammation (Tian et al., 2013; Shvedova et al., 2005; 

Rydmann et al., 2015; Nikota et al., 2017). This accumulation of inflammatory cells is 

not only induced by release of chemoattractant but also leads to elevated expression 

and secretion of proinflammatory cytokines and chemokines like TNF-Ŭ, IL-1Ŭ, IL-1ɓ, 

IL-6, CCL2, CCL5  

and CXCL2 (Tian et al., 2013; Borthwick et al., 2013; Sahin and Wasmuth, 2013).  

Incomplete combustion of tobacco such as during cigarette smoking also generates 

nano-sized carbon particles, which has been described to accumulates in lung myeloid 

dendritic cells and macrophages, and causes airway inflammation, DNA double strand 

breaks and emphysema development in man and mouse models (Kheradmand et al., 

2017; You et al., 2015; John et al., 2014). 

Yuan et al. (2020) demonstrated the CB induced necrosis and alveolar macrophages 

play critical roles in CB-induced lung inflammation, where they could induce the release 

of mitochondrial DNA (mtDNA) and inflammatory cytokines.  
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OôShaughnessy and colleagues (2014) showed that exposure to DWCNT induce acute 

inflammation and injury in the lungs. Similar results show rodents after DWCNT 

exposure, with increased cytotoxicity by elevated lactate dehydrogenase (LDH) activity 

in fluid obtained from bronchoalveolar lavage (BAL) as well as decreased integrity of 

blood-gas barrier in the lung. Also in more chronic endpoints, DWCNT exposure 

showed significant alveolitis and fibrosis (Sager et al., 2013). Tian et al. (2013) also 

detected high neutrophil numbers as well as elevated neutrophil recruiting cytokines 

during acute inflammation phase due to DWCNT exposure and a chronification of the 

inflammation with greater contribution of macrophages and lymphocytes. DWCNT 

induce acute pulmonary inflammation at an equal surface dose compared to CNPs. 

However, unlike CNP, CNTs remain in the lung for longer time and subsequently 

induce persistent inflammation that last for weeks (Ganguly et al., 2017).  

MWCNT have been found to be biopersistent in the lungs, eliciting a neutrophil and T-

cell response, inflammation in mesothelial cells, as well as ROS production in 

macrophages and neutrophils and fibrotic pathological alterations similar to asbestos 

(Snyder-Talkington et al., 2016; Murphy et al., 2012).  

A two-year in vivo study rated the effects of DWCNTs in the lung and pleura of rats. 

DWCNTs were found to be biopersistent in the lungs of rats, inducing chronic 

inflammation where they developed lung tumors and pleural fibrosis (Saleh et al., 

2022). Sing et al. (2022) reported pro-inflammatory, pro-fibrotic and pro-angiogenic 

biomarkers upregulated in epithelial cells interacting with unaged lifecycle particulate 

matter which is released under occupational conditions. Multiwalled carbon 

nanoparticle exposure induces matrix proteases and induce complex peptidomic 

responses across the lung compartments (Mostovenko et al., 2019). CNTs are also 

described in chronic inflammations with granulomas and fibrosis with increased 

macrophage and T-lymphocyte numbers in the lungs (Rydman et al., 2015; Huizar et 

al., 2011; Dong and Ma, 2017). 

In addition, the development of lung edema was described after CB exposure, 

indicating damage to the epithelial endothelial barrier (Inoue et al., 2006). Cell 

membrane permeability also decreased significantly after the exposure to CB, even at 

low doses (Wang et al., 2021). The exposure to PM10-2 significantly decreased 

mitochondrial activity and increased inflammatory response and oxidative stress. 

Impaired cell membrane integrity and DNA damage were mostly detected with PM 

exposure, below 100 nm (Yang et al., 2022).  
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Airport emission particles exposed to mice resulted in increasing numbers of neutrophil 

and eosinophil cells in bronchoalveolar lavage (BAL) in the early exposure time after 

one day. Increased lymphocyte numbers were found in the later time points after 28 

days. Serum amyloid A 3 (SAA3) is an acute phase protein. Increased Saa3 

expression and SAA3 protein levels were found in the plasma, as well as DNA 

fragmentation in BAL cells were detected (Bendtsen et al., 2019). Bourdon and 

colleagues (2012) have been described carbon black inducing lung inflammation and 

genotoxic effects in mouse lung and BAL cells, as well as in the liver. Furthermore, there is 

a correlation of robust influx of neutrophils and particle exposure into the lung 

(Christophersen et al., 2016). This particle-induced neutrophilia in the lung is reported 

several times,  

Thus, there is a lot of evidence that exposure to various carbon nanoparticles can 

induce acute and chronic pulmonary inflammation.  

1.2 Nanoparticles and their role in chronic lung diseases 

 

Various studies and publications claim and describe, that ambient and indoor air 

pollution can play an essential role in exacerbation and development of chronic lung 

diseases.  

Soriano and colleagues (2020) made a study for the global burden of diseases, injuries 

and risk factors to estimate the prevalence and health burden of chronic respiratory 

diseases. They found 454 million people suffering from chronic respiratory disease with 

the highest prevalence for chronic obstructive pulmonary disease (COPD). COPD and 

asthma were the top leading cause of death in the high-income countries, Caribbean, 

Latin America, and central and eastern Europe and central Asia, while the regions of 

South Asia and Sub-Sahara Africa have the lowest prevalence (GBD, 2017a; Labaki 

et al., 2020). The absolute prevalence of chronic respiratory disease increased 

between 1990 and 2017. Smoking and household air pollution from solid fuel, exposure 

to ambient particulate matter accounted for disability attributed to chronic respiratory 

disease.  

About 21.4 million deaths from chronic respiratory diseases between 2010 and 2017 

in Asian countries (Baptista, Dey and Pal, 2021) and 150,000 deaths in the United 

States in 2020 are counted from chronic lung diseases (Labaki and Han, 2020). Lou 

and colleagues (2022) found short-term increase of PM2.5 with 10 µg/m3 was 
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significantly associated with increases of respiratory and cardiovascular mortality and 

morbidity. Furthermore, a long-term increase of PM2.5 with 10 µg/m3 was significantly 

associated increase in cardiovascular, stroke and lung cancer mortality in the period 

of 2016 to 2020 in China.  

Taken together, nanoparticles and air pollution are shown to be associated with many 

different cardiovascular and chronic lung diseases. In the following subsections, 

individual chronic lung diseases related to air pollution will be discussed in more detail.    

1.2.1 Chronic obstructive pulm onary disease (COPD)  

 

Chronic obstructive pulmonary disease (COPD) is a chronic pulmonary inflammatory 

disease with high mortality, usually caused by cigarette smoking. Currently it is 

worldwide the third common cause of death (Disease et al., 2018). As the global 

population is increasing in age, the morbidity and mortality of COPD is increasing 

proportional (Feenstra et al., 2001). COPD is characterized by lung tissue disruption 

and airflow limitations (Brusselle et al., 2009). The most common respiratory symptoms 

associated with COPD are cough, dyspnea, and production of sputum (Global initiative 

for Chronic Obstructive Lung Disease, 2020). The main reason for mucus excess 

affecting chronic bronchitis is impaired mucus elimination originated of poor ciliary 

clearance as well as mucus overproduction by goblet cells (Kim and Criner, 2013). 

A pathological characteristic of COPD is destruction of parenchyma (emphysema 

formation), which is described and observed at the anatomical level by the destruction 

of alveolar walls in the alveolar sacs/ducts, with an abnormal increase in size of distal 

airways (Snider, 1985). This damage not only lead to a loss of lung elasticity with 

collapsed airways (Rennard et al, 2006), but the emphysema mainly causes a 

detrimental reduction of respiratory surface area required for gas exchange (Saetta, 

1999).  

Another hallmark is the chronic obstruction of the airways with progressive reductions 

in spirometry measures such as forced expiratory volume in 1 second (FEV1) over time 

(Lange et al., 2015). Chronic bronchitis, with an obstructive ventilation pattern is 

described by the ratio of FEV1 to forced vital capacity (FVC) lower than 70% (Snider, 

1985). COPD has four severity stages defined on airflow limitation calculated by the 

ratio of FEV1/FVC (Mannino et al., 2006). Additionally different methods can be used 

to diagnose the disease. One method is the diffusion capacity for carbon monoxide 
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(DLCO) (Viegi et al., 1990). In COPD, the diffusion capacity declines with the severity 

of the emphysema (Weinreich et al., 2015; Balasubramanian et al., 2019). Another 

method to diagnose changes in the lung morphological are computer-assisted 

tomography (CT) as well as X-ray based scans of the patientôs chest (Kolodziej et al., 

2017).  

Chronic exposure of cigarette smoke induces inflammatory cells recruitment to the 

lungs, like innate immune cells (neutrophils, monocytes and macrophages) and 

adaptive immune cells (B- and T-lymphocytes) (Barnes et al., 2003; Hogg, 2004). 

Inducible bronchus-associated lymphoid tissue (iBALT) formations have been 

described in lungs of COPD in vivo models (Dôhulst et al., 2005; van der Strate et al., 

2006, John-Schuster and Hager et al., 2014; Conlon and John-Schuster et al., 2020; 

Günes Günsel, Conlon and Jeridi et al., 2022). These formations are highly organized 

ectopic lymphoid follicles and referred as tertiary lymphoid organs. They have 

structural similarities to secondary lymphoid organs with distinct B-cells and T-cell 

areas, germinal centers and high endothelial venules (Aloisi and Pujol-Borrell, 2006; 

Carragher et al., 2008; Motallebzadeh et al., 2012). It has been described that cigarette 

smoke induces macrophage activation in iBALT, which contribute to emphysema 

development (John-Schuster and Hager et al., 2014).  
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Cigarette smoke exposure leads to the recruitment of inflammatory cells and release of inflammatory 

mediators, which can induce exacerbation in COPD (adapted from Rodrigues et al., 2021). 

 

Respiratory tract infections, both viral and bacterial, are major causes of acute 

exacerbation of COPD. Mohan et al. (2010) found 34% of acute exacerbations of 

COPD were induced by respiratory viral infections, with geographical variations in viral 

prevalence. With influenza virus mostly common in Asia, while picornavirus was more 

common in Europe, Australia and North America (Mohan et al., 2010). Compared to 

non-infected acute exacerbations, those with virus infection showed more severe 

clinical outcome, with longer hospitalization, deterioration of lung function and worse 

hypoxemia (Mohan et al., 2010).   

COPD is a progressive disease caused among others by inhalation of air pollutant 

emissions, toxic gases and tobacco smoking (Mathers and Loncar, 2006; GOLD, 2021; 

Senior et al., 1998; Labaki and Rosenberg, 2020; Halpin et al., 2019). Cigarette smoke 

is the major known cause of emphysema development (Cosio Piqueras and Cosio, 

2001). The molecular mechanism underlying emphysema and its persistence despite 

cigarette smoking is getting revealed over the years. Inoue and colleagues (2010b, 

2011) found carbon black can exacerbate pulmonary inflammation and emphysema in 

mice, depending on particle size and dose. Furthermore, nano-sized CB was found to 

accumulate in dendritic cells (DCs) of lungs from emphysema patients and in mouse 

CD11c positive antigen presenting cells (APCs) exposed to smoke (You et al., 2015). 

Experimentally, carbon black caused sterile lung inflammation, DNA double strand 

breaks and emphysema in mice, implicating the danger of carbon black in non-smokers 

(You et al., 2015).  

In summary, nanoparticle exposure is a risk factor for emphysema development and 

playing a role in worsening and disease progression. In addition, COPD patients may 

have higher susceptibility to environmental factors such as air pollutants.  

1.2.2 Asthma  

 

Asthma is a heterogeneous disease with chronic airway inflammation and variable 

remodeling, depending on the clinical presentation and treatment response (GINA - 

Global Strategy for Asthma Management and Prevention, 2015). More than 300 million 

Figure 1.3 Cigarette smoke exposure contributes to COPD progression.  
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people are suffering from asthma worldwide (WHO, 2017). Asthma symptoms can 

change over time as well as in intensity. Common symptoms are wheezing, cough, 

shortness of breath and chest tightness. Expiratory airflow limitation and airway hyper-

responsiveness to stimuli also vary in intensity, and airflow obstructions can get 

prominent in late-onset asthma (Lange et al., 1998; Porsbjerg et al., 205). Asthma 

exacerbations can be stimulated by viral infections and exposure to allergens, air 

pollution and various drugs (Custovic et al., 2013). Different asthma phenotypes have 

been defined (Wenzel et al., 1999; Wenzel, 2012). A Th2-associated asthma, which 

consists early- and later-onset disease but usually its development is described in early 

childhood and has an atopic and allergic component. The modulation of Th2 cytokines 

and Th2 associated inflammation (Umetsu and DeKruyff, 2006; Maneechotesuwan et 

al., 2009) is accompanied with eosinophil infiltration. Most people with asthma have 

this Th2-associated asthma phenotype. Another phenotype is called non-Th2 asthma 

and it is an asthma subset with no Th2 immunity (Flood-Page et al., 2007; Kim et al., 

2010). This non-Th2 asthma encompasses for example the neutrophilic categories, 

where neutrophilic asthma is defined as more than 50% neutrophils in the sputum 

(Hastie et al., 2020). The paucigranulocytic asthma has been defined by the absence 

of increased neutrophils or eosinophils, coupled with stereotypical features of asthma. 

And the classification of mixed ganulocytic asthma when sputum eosinophils and 

neutrophils are increased (Simpson et al., 2006). Non-Th2 asthma is non-uniform and 

reflects the combination of paucigranulocytic and neutrophilic categories, and its more 

abundant in those with adult-onset disease (Ray and Kolls, 2017). Known triggers for 

neutrophilic airway infiltration include air pollution and smoking.  

Furthermore, it has been reported that carbon-rich PM is able to enhance allergic 

sensitization (Singh, Madden and Gilmour, 2004). In addition, ultrafine carbon particle 

exposure before and after an allergen challenge, induces increased allergen-induced 

lung inflammation (Alessandrini et al., 2006, 2009, 2010). Liu et al., 2009 found air 

pollution like SO2, NO2, and PM2.5, increase oxidative stress and decrease function 

of small airway of asthmatic children. Furthermore, it has been described that 

nanoparticle exposure can exacerbate allergic asthma (Inoue et al., 2005, 2007, 2009, 

2010a; de Haar et al., 2006; Nygaard et al., 2009; Ryman-Rasmussen et al., 2009; 

Hussain et al, 2010). Co-exposure of MWCNT with house dust mite increases airway 

fibrosis and perivascular and peribronchial lung inflammation (Ihrie et al., 2021). 

Cigarette smoking is also found to be as risk factor in poor asthma control and airway 
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pathology and reduces the sensitivity to corticosteroid treatment (Thomson and 

Chaudhuri, 2009; Thomson et al., 2004).  

Overall, it is already known that air pollution plays a crucial role in asthma exacerbation 

and that allergic individuals may be more susceptible to particle exposure, so air 

pollution must be considered as an important factor in disease progression.  

Neutrophilic inflammation and airway hyperresponsiveness. Airway epithelium induced by virus infection 

or air pollutants (adapted from Sze et al., 2019).  

 

1.2.3 Idiopathic Pulmonary Fibrosis (IPF)  

 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease 

which is characterized by an excessive deposition of extracellular matrix proteins in 

the lung intersititum, leading to the destruction of the lung structure and function. IPF 

occurs primarily in patients over 50 years with an estimated prevalence of 10 to 20 per 

100,000 people in Europe and in the United States (Coultas et al., 1994; Raghu et al., 

2016; Ley et al., 2013; Nalysnyk et al., 2012) and more in current or former cigarette 

Figure 1.4 Environmental factors trigger mechanism of non -Th2 asthma exacerbation  
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smokers (Baumgartner et al., 1997). IPF is a fatal disorder with a median survival of 3-

5 years (Sauleda et al, 2018; Lederer and Martinez, 2018).   

IPF is based on the dysregulated wound healing response in the lung (Betensley et al., 

2016). Fibroblasts are mesenchymal cells and essential in facilitating and maintaining 

a structured extracellular matrix (ECM). After wound healing, epithelial cells get 

activated and the epithelial-mesenchymal signaling induce the activation of fibroblasts 

as well as their migration and differentiation into myofibroblasts and remodeling of ECM 

(Tager et al, 2008). One main paradigm of the disease pathophysiology is the aberrant 

interaction between fibroblasts and epithelial cells or abnormal epithelial-mesenchymal 

transition, which lead to uncontrolled activation of myofibroblast and deposition of ECM 

(Selman et al., 2001; Noble, 2008; Chang et al., 2012).  

Engineered nanomaterials like carbon nanotubes exposure to the lungs, drives the development of 

pulmonary fibrosis in rodents (adapted from Duke and Bonner, 2017). 

 

Proinflammatory cytokines have been increased such as TNF-Ŭ and IL-8 in IPF 

patients lungs (Carre et al., 1991; Parra et al., 2007). But also the dysregulation of M2 

Figure 1.5 Carbon nanotube -induced pulmonary fibrosis  
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macrophages, Th17 and CD8+ T-lymphocytes were found to promote fibrosis 

(Shenderov et al., 2021). 

However the fundamental disease processes involved in IPF progression is not fully 

understand, but the chronic or repetitive damage to the alveolar epithelium is clearly 

important (Sauleda et al., 2018; Raghu et al., 2011).  

Air pollution is associated with telomere shortening which is a known factor to be 

related with aging and the susceptibility to IPF (Zhao et al., 2018; Alder et al., 2008; 

Armanios, 2011; Tomos et al., 2020) and long-term exposure to increased air 

pollutants is associated with increased risk of acute exacerbation in IPF patients 

(Tomos et al., 2021).  

PM2.5 were found to increase the risk of IPF in human and has also shown to induce 

lung injury and IPF in mice (Yang et al, 2020). Additionally, CB was found to increase 

inflammatory response of bleomycin-induced lung inflammation in the numbers of 

inflammatory cells in BAL fluid and cytokine release as well as expression of an 

indicator of oxidant injury (Kamata et al., 2011). 

Furthermore, engineered nanomaterials and particular carbon nanotubes were found 

to be a driver in the development of IPF, due to their length, rigidity, aggregation status 

and surface charge (Duke and Bonner, 2017), and one pathway might be their ability 

of activating TGF-ɓ1 signaling and myofibroblast differentiation (Dong and Ma, 2017).  

1.2.4 Lung cancer  

 

Air pollution and other environmental factors are known to cause pulmonary cancer 

(Christiani, 2021). Also, Pope and colleagues (2011) already described ambient air 

pollution and cigarette smoke is associated with lung cancer. Cigarette smoke is 

predominantly associated with lung cancer. However, a minority of patients have never 

smoked. Several factors found to be associated with lung cancer in never smokers 

including genetic susceptibility, secondhand smoke, indoor air pollution, occupationally 

exposure and PM2.5 level changes among others (Rivera and Wakelee, 2016). Also, 

Tseng and colleagues (2019) assume PM2.5 air levels affect adenocarcinoma lung 

cancer in around 50% of patients never smoked.  
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Figure 1.6 Carbon black and diesel exhaust trigger lung cancer.  

(adapted from Zhang et al., 2022a).  

 

The synthetic carbon material multi-walled carbon nanotube (MWCNT) is described for 

similarities to asbestos and asbestos-like pathogenicity (Poland et al., 2008; Murphy 

et al., 2012) indeed including mesothelial carcinogenesis in mice and rats (Takagi et 

al., 2008; Sakamoto et al., 2009; Nagai et al., 2011; Toyokuni et al., 2013). Diameter 

and particle rigidity are critical for mesothelial cell inflammation and injury and cancer 

development (Nagai et al., 2010, 2011, 2012; Toyokuni et al., 2013; Jiang et al., 2012).  

CNT exposure and inflammation were associated with tumorigenesis during chronic 

stage of exposure, for instance the exposure of long MWCNT over 15 µm resulted in 

chronic pulmonary inflammation and mesotheliomas in the pleura (Chernova et al., 

2017; Dong and Ma, 2019). 

In Denmark, increased respiratory and lung cancer mortality were robustly associated 

with elemental carbon and mineral dust concentration estimated and assessed with air 

pollution model (Raashou-Nielsen et al., 2022). Tseng and colleagues (2019) assume 

PM2.5 air levels affect adenocarcinoma lung cancer in around 50% of patients which 

have never smoked.  

In summary, air pollution and engineered nanomaterial exposure are known to induce 

or exacerbate lung cancer.  
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1.3 Virus Infection, Air pollution and Chronic Lung Diseases 

 

Not only air pollution has been described to play an essential and critical role in the 

development and exacerbation of chronic lung diseases, also, respiratory virus 

infections are well known key factors in disease progression. Additionally, the co-

stimulation of air pollutants and virus infections can worsen pulmonary diseases.  

Ma et al., 2022 found increased higher risk susceptibility of flu infection with Influenza 

A and B when coexisting with main pollutants including NO2, Ozone and particulate 

matters in Shenzhen, China.  Epidemiological studies suggested recently that air 

pollution exposure is associated with increased severe acute respiratory coronavirus-

2 (SARS-CoV-2) infection cases and COVID-19-associated mortality. But not only 

SARS-CoV-2 was described to be associated in hospitalizations, clinical visits and 

disease severity with air pollution. Also, measles, mumps, rhinovirus and respiratory 

syncytial virus (RSV) have been found to be in association (Karr et al., 2006; Karr et 

al., 2019; Fukuda et al., 2011; Silva et al., 2014; Pan et al., 2014; Chen et al., 2017a; 

Feng et al., 2016; Hwang et al., 2002; Lin et al., 2005; Peel et al., 2005; Liang et al., 

2014; Martins et al., Le et al., 2012; Wong et al., 2009; Croft et al., 2019; Vempilly et 

al., 2013; Pan et al., 2016; Horne et al., 2018; Greenburg et al., 1967; Su et al., 2019; 

Liu et al., 2019; Carugno et al., 2018; Chen et al., 2017b; Hao et al., 2019).  

Respiratory viruses are described to exacerbate asthma, COPD, IPF and cancer 

(Simoes et al., 2010; Jartti et al., 2009; Turunen et al., 2016; Ko et al., 2016; George 

et al., 2020; Fu et al., 2022b). 

1.4 Herpesviruses  

1.4.1 Herpesvirus life cycle and pathogenesis  

 

The viruses in the family of herpesviruses (herpesviridae) are enveloped viruses with 

large double-stranded DNA genome, which vary from size 125 to 240 kilobase pairs. 

Packed in the virions, the genome is in a linear form, which becomes circulated once 

it enters the nucleus (Warden et al., 2011). The virus members of the herpesviridae 

family are defined into three categories are based on their genetic organization, host 

range and replication strategies (Whitley, 1996). The categories are alpha (Ŭ), beta (ɓ), 

and gamma (ɔ) herpesviruses. Examples for Ŭ-herpesviruses are varicella zoster virus 
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(VZV) and herpes simplex virus (HSV) 1, 2, examples for ɓ-herpesviruses are 

cytomegalovirus (CMV), human herpesvirus (HHV)-6 and 7, while examples for ɔ-

herpesviruses are Human herpesvirus 8 (HHV8 ï also called KS-associated 

herpesvirus (KSHV)) and Epstein-Barr virus (EBV). Every human become infected with 

at least one herpesvirus during the time of their life (Boshoff and Weiss, 2001; Virgin 

et al., 2009; Sehrawat et al., 2018). EBV infects at least 90% of population worldwide 

before the age of 30 (Venkitaraman et al., 1985; de-The et al., 1975; Levin et al., 2010) 

and typically causes infectious mononucleosis. But EBV infection also can cause 

malignancies, including Hodgkinôs or Burkittôs lymphoma or other lymphoproliferative 

diseases (Balfour et al., 2013; Dunmire et al., 2015; Heslop, 2020; Murray and Young, 

2019). KSHV is known to play a role in the development of B-cell primary effusion 

lymphoma, multicentric Castlemanôs disease and body cavity-based B-cell lymphoma 

(Chang et al., 1994; Ganem, 2005).  

Herpesviruses are particular interesting for the interplay between virus and its host, 

because of their long-term persistence or lifelong latency, following after primary 

infection (Taylor et al., 2015). In the latent phase, the expression of most viral peptides 

is usually at very low levels. However, latency can be interrupted by stress responses 

during clinically asymptomatic episodes (Stevens, 1989; Kelly et al., 2006; Upal et al., 

2014). ɔ-Herpesviruses like EBV are known to establish latency in macrophages, 

dendritic cells and B cells (Klein et al., 1989; Slobedman and Mocarski, 1999; Kelly et 

al., 2006; Khirallah et al., 2017).   

The acute gammaherpesvirus infection has been described to be controlled by T-

lymphocyte immunity. CD8+ T-lymphocyte response is important to control the acute 

herpesvirus infection (Ehtisham et al., 1993), whereas the control of latent infection is 

maintained by a collaborative endeavor of CD4+ and CCD8+ T-lymphocytes B-

lymphocytes and IFN-ɔ signaling (Stevenson et al., 1999).  

Infection with gamma herpesvirus EBV is suggested to cause chronic epithelial injury 

which may contribute to the progression of IPF, as herpesvirus DNA has been found 

in the lungs of IPF patients more frequently compared to healthy controls (Stewart et 

al., 1999).  

Previous work in our research group showed that the murine gamma herpesvirus-68 

can be reactivated in the lungs after pulmonary exposure to CNP, DEP and DWCNT 

https://en.wikipedia.org/wiki/Human_herpesvirus_8
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and thereby restore molecular pattern similar to that investigated during acute virus 

infection (Sattler et al., 2017).  

 

Acute virus infection happens mainly in epithelial cells with high viral burden in mucosal tissue. This 

acute infection peaks after 6 days and latency establishment start after 12 days mainly in macrophages, 

B-lymphocytes and dendritic cells. (adapted from Cieniewicz et al., 2016) 

 

Figure 1.7 Latent and lytic infection course of MHV -68 in mice.  
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 (adapted from (Stoeger and Adler, 2018)) 

 

However, several different stimuli have been described to reactivate latent herpesvirus 

infection to its lytic infection phase as for example by activation of the immune system 

(Hwang et al., 2008;.Sunil-Chandra et al., 1994; Yarilin et al., 2004), Stoeger and Adler 

(2018) described ñclassicalò and ñnovelò triggers for herpesvirus reactivation (Fig. 1.6 ). 

For instance, classical triggers are local tissue injuries, systemic, physical or emotional 

Figure 1.8 Classical and novel  triggers can reactivate latent herpesvirus.  
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stress, fever, microbial co-infections as well as UV light, hormonal imbalance, in 

condition of immunosuppression or cell differentiations (B-lymphocyte differentiation 

into plasma cells or monocyte differentiation into macrophages or dendritic cells). 

(Roizman and Whitley, 2013; Liu et al., 2013; Dupont and Reeves, 2016; Liebermann, 

2016; Murata, 2014). Novel triggers described for herpesvirus reactivation are helminth 

co-infections, carbon nanoparticle exposures and engineered fiber shaped carbon 

nanotube exposures to the lungs (Reese et al., 2014; Reese, 2016; Sattler et al., 2017).  

1.4.2 Murine gammaherpesvirus -68 (MHV-68) as a mouse model  

 

To study human gammaherpesvirus infection and its pathogenesis and reactivation, 

murine gammaherpesvirus 68 (MHV-68) can be used as a robust mouse model.   

MHV-68 is genetically highly related to EBV or KSHV and accordingly shares a lot of 

features with these viruses (Aligo et al., 2014).  

Like all gammaherpesviruses, also MHV-68 express the replication and transcriptional 

activator gene (RTA) or open reading frame 50 (ORF50) (Staudt and Dittmer, 2007). 

This is required for lytic virus replication as well as for reactivation through DNA binding 

or protein-protein interactions (Speck and Ganem, 2010; Wu et al., 2000). Leading 

ORF50 to the marker for lytic viral gene expression.  

In the same time, ɔ-herpesviruses also continuously express few genes during latent 

infection, which generally help the virus to persist in the infected host. One of those 

genes is latency-associated nuclear antigen (LANA) for KSHV and open reading frame 

73 (ORF73) for MHV-68. These genes are necessary to establish and maintain the 

latent infection phase (Barton et al., 2011; Wen and Damania, 2010). The ratio 

between ORF50 and ORF 73 can thus be used to define different phases of MHV-68 

infection with increasing ration in virus reactivation and lytic viral gene expression.  

Acute infections in the lungs with gammaherpesvirus can cause bronchiolitis (Nash et 

al., 2001; Sunil-Chandra et al., 1992). Later the virus spreads from the lungs to the 

lymph node and persists in B-lymphocytes, dendritic cells and macrophages (Barton 

et al., 2011; Sunil-Chandra et al., 1992; Weck et al., 1996, 1999).  

Overall, MHV-68 can be used as a mouse model to study the effects of 

gammaherpesvirus infection on the lung, which resembles human gammaherpesvirus 

infection in humans. Epstein-Barr virus (EBV), a human gammaherpesvirus infecting 
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up to 95% of adults worldwide (Jha et al., 2015), thus omnipresent in human 

population.  

1.5 Aim of the study 

 

In a previous study, colleagues in our group discovered nanoparticle-triggered latent 

virus reactivation in the lungs of latent MHV-68 infected mice, thereby restoring the 

acute virus expression pattern after CNP and DWCNT exposure (Sattler et al., 2017). 

However, we donôt know how and whether this reactivation is able to contribute to 

development or exacerbation of chronic lung disease in a mouse model of repeated 

nanoparticle dosing, a situation similar to ambient exposure scenarios.  

Little is known about latent virus infection and particle exposure as a co-challenge in 

the lung potentially leading to worsening of chronic lung diseases and other 

comorbidities like cardiovascular diseases. To address this knowledge gap, this study 

is focused on latent gamma herpesvirus 68 (MHV-68) reactivation in mice lungs 

following at least two times repeated CNP exposure. In addition, the role of viral 

reactivation and subsequent activation of the immune system to the exacerbation of 

chronic lung disease and systemic inflammatory responses which might lead to extra-

pulmonary comorbidities will be investigated.  

Thus, in this study, I aim to better understand their differences between the known 

particle triggered inflammatory response if the lungs, and that under conditions of 

gammaherpesvirus latency, as to which type of cells get recruited to the lungs and 

which cytokines and chemokines are altered in expression and release. Additionally, I 

investigate whether and how lung epithelial cells get affected by the infection and the 

particle treatment, also on a structural level by stereological investigation of the 

alveolar air space as indicator of emphysema, and tissue remodeling for fibrosis.  

Additionally, I aim to establish an in vitro inhalation system, in collaboration with aerosol 

specialist to test environmental relevant particles emission on their potential to trigger 

the reactivation of latent virus in lung cells, growing on air liquid interface.    
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2. Materials and Methods 

2.1 Materials 

2.1.1 Nanop articles  

 

Nanoparticles used for this study: 

For in vitro and in vivo testing, carbon black was used. These particles are spherical 

shaped and used in research as a surrogate for combustion derived carbon 

nanoparticles. Carbon black ist also called carbon nanoparticles (CNP) and the product 

name is Printex90. It is purchased from Degussa, Frankfurt, Germany. 

In in vivo testing, double walled carbon nanotubes (DWCNT) were used. They are fiber 

shaped and are engineered particles. The abbreviation is DWCNT and are purchased 

from Nanocyl, Auvelais, Belgium.   

2.1.2 Mice 

 

Wildtype C57BL/6N mice were purchased from Charles River Laboratories (Sulzfeld, 

Germany). 10 weeks old female mice were used in all experiments. The mice were 

bred under specific pathogen free conditions in individually ventilated cages (IVC) with 

a constant temperature and humidity with 12-hours light cycle in accordance with 

Helmholtz Zentrum Muenchen institutional, state and federal guidelines.  

2.1.3 Chemicals and Reagents  

 

Substance  Company  

Absolute ethanol Sigma Aldrich 

Acetic Acid  Merck Millipore 

Acrylamide/Bis Solution 30% Bio-Rad 

Ammonium persulfate (APS) Sigma Aldrich 

ɓ-Mercaptoethanol Sigma Aldrich 

Blot Stripping Buffer Thermo Fisher Scientific 
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Bovine Serum Albumin (BSA) Sigma Aldrich 

Dakopen for histology Dako 

4ô,6-Diamidin-2-phenylindol (DAPI) Sigma Aldrich 

Dimethyl sulfoxide (DMSO) Sigma Aldrich 

20 x 4dNTP mix 10 mM each NTP Carl Roth 

10 x DTT Carl Roth 

ECLÊ Western Blotting Detection Reagents GE Healthcare Life Science 

EDTA buffer, pH 9.0 Roche Diagnostics 

Ethanol Carl Roth 

Entellan Merck Millipore 

Eosin Sigma Aldrich 

Fluorescence Mounting Medium Dako 

Formaldehyde Thermo Fisher Scientific 

Giemsa stain Sigma Aldrich 

Glycin Carl Roth 

Halt Protease & Phosphatase Inhibitor-Cocktails Thermo Fisher 

HCl 32% Thermo Fisher 

Hematoxilin Solution Gill No.2 Sigma Aldrich 

H2O2 (30%) Sigma Aldrich 

H2SO4 (2N) Stop solution ELISA Fulka Biochemika 

KCl Merck Millipore 

KH2PO4 Merck Millipore 

4 X Laemmli buffer  Bio-Rad 

LDH standard Roche 

May-Grünwald stain Sigma Aldrich 

Methanol Merck Millipore 

Sodium chloride powder (NaCl) Carl Roth 

NaCl 0,9% (liquid) Braun 

Na2HPO4 Sigma Aldrich 



 Materials and Methods  

 
 

Normal goat serum Thermo Fisher 

Normal mouse serum Thermo Fisher 

Normal rabbit serum Thermo Fisher 

PageRuler Prestained Protein Ladder Bio-Rad 

Paraformaldehyde (PFA) Alfa Aesar 

Phalloidin-555 Invitrogen 

Pluronic 10% (F-127) Sigma Aldrich 

Proteinase K 200 µg/mL Sigma Aldrich 

PureSeptA Schülke 

Random Nonamers Metabion 

RNase free Bela-pharm 

RNase Out Inhibitor 40 U/µL Invitrogen 

Rodent block M Biocare Medical 

Roti-Quick Carl Roth 

Sodium dodecyl sulfate (SDS) ï solution 10 %  PanReac AppliChem 

Sodium Deoxycholate Sigma Aldrich 

Superscript II RT 200 U/µL  Invitrogen 

SuperSignalÊ West Femto Maximum Sensitive 

Substrate  

Thermo Fisher Scientific 

SYBR Green Master Mix Thermo Fisher Schintific 

TEMED Bio-Rad 

Tetramethylbenzidine (TMB) for ELISA Sigma Aldrich 

Trichostatin A Sigma Aldrich 

Tris Carl Roth 

Triton-X-100  Sigma-Aldrich 

TRIzolÊ Thermo Fisher Scientific 

Trypan Blue Stain Sigma-Aldrich 

Tween-20 Sigma-Aldrich 
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Xylol (Isomers) Carl Roth 

 

2.1.4 Buffers and Stock Solutions  

 

Buffers and Solutions  Company/Ingredients  

Antibody Diluent (cell staining) 5 % BSA 

0.01 % Triton X-100 

In PBS 

Antibody Diluent (histology) 1 % BSA 

0.3 % Triton X-100 

In PBS 

5 x First Strand Buffer (cDNA) Invitrogen 

1.8% of H2O2 solution 6 mL of 30% H2O2, 14 mL of dH2O, 80 

mL of 100% methanol 

HIER Citrate Buffer pH 6,0 (10 x) Zytomed Systems 

HIER EDTA Buffer pH 8,0 (10 x) Zytomed Systems 

H2O2-Methanol solution (ICH) 6 mL 30% H2O2 

14 mL distilled water 

80 mL Methanol 

IF Blocking solution (histology) 5 % normal goat serum 

0.3% Triton X-100 

In PBS 

IF Blocking solution (cell staining)  

 

5 % BSA 

0.1% Triton X-100 

In PBS 

1 x Laemmli Sample Buffer 10 ÕL of ɓ-mercaptoethanol and 90 µL 

of 4 X Laemmli buffer 

10 x PBS Biochrom 

10 x PBS 80 g NaCl 

2 g KCl 

14.4 g Na2HPO4 

2.4 g KH2PO4  
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Dissolve in distilled water 

Adjust to pH 7.4 

Make up to 1 L with distilled water 

1x PBS 100 mL 10 x PBS 

900 mL distilled water 

PBS-T Buffer (wash buffer) 1 % Tween-20 

In PBS 

Rabbit serum blocking solution 5 % normal rabbit serum 

0.1 % Triton-X-100  

In PBS 

Reagent Diluent (ELISA) 1 % BSA in PBS  

0.2 µm filtered 

Restore PLUS Western Blot Stripping 

Buffer 

Thermo Scientific 

Rodent Block M (for IHC) Biocare Medical 

Roti®-Block (Western Blot) Roth 

5x Running Buffer (SDS PAGE) 15.1 g Tris 

94 g Glycin 

50 mL SDS 10% 

Make up to 1 L with distilled water 

RIPA Lysis Buffer  0.877 g NaCl 

1 g Sodium Deoxycholate 

0.66 mL Tris pH 7.2 

5 mL EDTA (from stock 100 mM) 

1 mL Triton X-100 

1 mL SDS 10% 

Make up to 100 mL with distilled water 

Tris-EDTA Buffer (100 x) Fulka Biochemika 

10 x Transfer Buffer (Western Transfer) 24.2 g Tris 

112 g Glycin 

Make up to 1 L with distilled water 

1 x Transfer Buffer (Western Transfer) 100 mL 10 x Transfer Buffer 

200 mL Methanol 
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700 mL distilled water 

TRIS Wash Buffer (20 x)  Zytomed Systems 

Tris 1.5M (pH 8.8) 181.71 g Tris 

Disolve in distilled water 

Adjust pH value to pH 8.8 

Make up to 1 L with distilled water 

Tris 0.5M (pH 6.8) 60.57 g Tris 

Disolve in distilled water 

Adjust pH value to pH 6.8 

Make up to 1 L with distilled water 

Wash Buffer (ELISA) 0.05% Tween-20 

In PBS 

 

2.1.5 Cell culture solutions  

 

solution  Ingredients/Company  

ANA-1 growth medium Invitrogen, GibcoTM 

BAL cell medium Invitrogen, GibcoTM 

Cell proliferating reagent WST-1 Roche Diagnostics 

Dispase Invitrogen, GibcoTM 

DMEM F12 Invitrogen, GibcoTM 

DPBS Invitrogen, GibcoTM 

FBS Superior Sigma Aldrich 

Freezing medium for mammal cell lines Invitrogen, GibcoTM 

Entellan mounting medium Merck 

Glasgow-MEM Medium Invitrogen, GibcoTM 

16HBE growth medium Invitrogen, GibcoTM 

Hamôs F-12K Medium Invitrogen, GibcoTM 

Hygromycin B Invitrogen  

LA4 growth medium Invitrogen, GibcoTM 

L-Glutamine 200mM (100X) Invitrogen, GibcoTM 

Matrigel® Matrix, growth factor reduced Corning 
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Methylcellulose  Merck 

MHS growth medium Invitrogen, GibcoTM 

MLE-12 growth medium Invitrogen, GibcoTM 

Non-essential amino acids (NEAAs) Invitrogen, GibcoTM 

Penicillin Streptomycin  

(10,000 U/mL Penicillin, 10,000 µg/mL Streptomycin) 

Invitrogen, GibcoTM 

RPMI 1460 Invitrogen, GibcoTM 

Ultra-pure water Invitrogen, GibcoTM 

0.25 % Trypsin-EDTA (1X) Invitrogen, GibcoTM 

0.05 % Trypsin-EDTA (1X) Invitrogen, GibcoTM 

Tryptose Phosphate Broth Thermo Fisher Scientific 

 

2.1.6 Recombinant proteins  

 

Recombinant protein  Company  

Lipopolysaccharide (LPS) Sigma-Aldrich 

Recombinant mouse interferon gamma (rm IFNg) ImmunoTools 

Recombinant mouse interleukin 4 (rm IL-4) ImmunoTools 

 

2.1.7 Antibodies  

 

Antibodies used for immunofluorescence or immunohistological staining and western 

blot. Polyclonal Rabbit serum, containing antibodies against lytic proteins of MHV-68 

was used to label lytic virus proteins, which was described before (Steer et al., 2010). 

Antibody  Host  Dilution  Company  

Primary:     

Anti-Arginase 1 Rabbit 1:600 Cell Signaling 

Technology 

Anti-OPN Rabbit  1:500 Assay designs 

Anti-CCR2 Rabbit 1:200 Abcam 
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Anti-Cleaved caspase 3 Rabbit 1:200 Cell Signaling 

Technology 

Anti-b-Actin HRP-linked   1:5,000 WB Sigma Aldrich 

Anti-GPNMB Rabbit 1:800 Abcam 

Anti-SAA3 Rat 1:1,000 WB Abcam 

Anti-IBA1 Rabbit 1:600 WAKO 

Anti-MHV-68 serum Rabbit 1:2,000 Sattler et al., 2017 

Anti-MPO Rabbit  Abcam 

Anti-CD11b Rabbit 1:3,000 Abcam 

Anti-CD11c Rabbit 1:200 Cell Signaling 

Technology 

Anti-CD3 Rabbit 1:3,000 Sigma Aldrich 

Anti-CD45R/B220 Rat 1:100 BD Biosciences 

Anti-CD8a Rabbit 1:4,000 Abcam 

Anti-CXCL2 Goat  Santa Cruz 

Biotechnology 

Anti-pro SPC rabbit 1:3,000 Sigma Aldrich 

Secondary:     

Anti-rabbit IgG Alexa 

Flour 647+ 

Goat 1:1,000 Cell Signaling  

Technology 

Anti-rabbit IgG Alexa 

Flour 555 

Goat 1:1,000 Cell Signaling  

Technology 

Anti-rabbit IgG HRP-

linked Antibody  

Goat 1:2,000 Cell Signaling  

Technology 

Anti-mouse IgG HRP-

linked Antibody 

Goat 1:2,000 Cell Signaling  

Technology 

DAPI  1:1,000 Sigma Aldrich 
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2.1.8 Kits  

 

Kit  Company  

BCA assay Kit Thermo Fisher Scientific 

Bio-Plex Pro Mouse Chemokine Panel 31-

Plex 

Bio-Rad 

Cytotoxicity Detection Kit (LDH) Roche Diagnostics 

DAB Substrate Kit, Peroxidase (HRP), with 

Nickel, (3,3'-diaminobenzidine) 

Vector Laboratories 

ELISA CCL17 R&D systems 

ELISA CXCL1 R&D systems 

ELISA CXCL2/MIP R&D systems 

ELISA CXCL5/LIX R&D systems 

ELISA IgM Thermo Fisher Scientific 

ELISA IL-33 R&D systems 

ELISA IL-6 R&D systems 

ELISA Lipocalin 2 R&D systems 

ELISA MPO R&D systems 

ELISA Osteopontin1 R&D systems 

ELISA SAA3 EMD Millipore 

ELISA TNFa R&D systems 

Goat-on-Rodent AP Polymer Biocare Medical 

LightCycler® 480 SYBR® Green I Master Roche 

LDH assay Roche 

Massonôs Goldner Trichrome staining Kit Roth 

Nucleospin RNA kit for RNA purification Macherey-Nagel 

RNeasy kit for RNA purification Qiagen 

Quant-iT PicoGreen dsDNA assay Kit Thermofisher Scientific 

Rabbit-on-Rodent AP Polymer Biocare Medical 

Rat-on-Rodent AP Polymer Biocare Medical 

RNA isolation Kit Macherey&Nagel 

RNA isolation Kit Qiagen  



42 
 

TUNEL assay kit-BrdU-red Abcam 

Vulcan fast red chromogen kit Zytomed Systems 

 

2.1.9 Primer sequences  

 

Target 

gene 

Forward primer (5ô-3ô) Reverse primer (5ô-3ô) 

Acta2 GCTGGTGATGATGCTCCCA GCCCATTCCAACCATTACTCC 

Actb TCCATCATGAAGTGTGACGT GAGCAATGATCTTGATCTTCAT 

Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT 

Ccl5 CTGCTGCTTTGCCTACCTCT ACACACTTGGCGGTTCCTT 

Ccl9 ATTTTCCCACCACCCCTCCATC CCCTAACAGCCCAATTTCAGCC 

Ccl17 CTCTGCTTCTGGGGACTTTTCT AGTAATCCAGGCAGCACTCTC 

Ccl22 TCATGGCTACCCTGCGTGTC CCTTCACTAAACGTGATGGCAGA
G 

Ccr4 TCTACAGCGGCATCTTCTTCAT CAGTACGTGTGGTTGTGCTCTG 

Ccr5 ATGGATTTTCAAGGGTCAGTTCC CTGAGCCGCAATTTGTTTCAC 

Igae GGGTCCTACTTTGGCTCTGT GTGTGTGTGCCAAGGAGAAG 

Cd19 GAACAAAGCCTGTATGTGCCCC AAGCAGAAGAGACCCCCAAACC 

Cd247 AGTGTCTGTTCTCGCCTGCATC TCTGCTGTTTGCCTCCCATCTC 

Cd3d CTTGGGCAAAGGCGTTCTG CAGTTCTGGCACATTCGGTAAT 

Cd3e GCTGGGACATTGCTGACTCAAC AAGGAACTGAGGCAGAGAGGAC 

Cd3g TTGGTACAAGTGGATGGCAGC CCTTGACACTGATACGTGCCTC 

Cd4 AGGTGATGGGACCTACCTCTC GGGGCCACCACTTGAACTAC 

Cd8a CCGTTGACCCCGCTTTCTGT CGGCGTCCATTTTCTTTGGAA 

Cd8b TCCTTCCTACAACTGCCCCAAC GCAGAAGCAGGATGCAGACTAC 

Col1a1 ACGGCTGCACGAGTCACAC GGCAGGCGGGAGGTCTT 

Cxcl1 GCTGGGATTCACCTCAAGAA TCTCCGTTACTTGGGGACAC 

Cxcl9 GGAGTTCGAGGAACCCTAGTG GGGATTTGTAGTGGATCGTGC 

Cxcl10 ATGACGGGCCAGTGAGAATGAG TGGGTAAAGGGGAGTGATGGAG 

Cxcl11 GAAGGTCACAGCCATAGCCC CTTTGTCGCAGCCGTTACTC 

Cxcl16 AACAAAGAGCACACCCAACCC GAGTGTACCAGAGCTGCAAACC 

Cx3cl1 ATTGGAAGACCTTGCTTTGG GCCTCGGAAGTTGAGAGAGA 

Cx3cr1 CTGTTATTTGGGCGACATTG AACAGATTTCCCACCAGACC 

Cxcr3 CCAGCCAAGCCATGTACCTT TCGTAGGGAGAGGTGCTGTT 

Cxcr5 ACTCCTCTCCATCCACATCACC CACCATCCCATCACAAGCATCG 

Cxcr6 TGTGTTTCTGCTGAACTTGCCC CACATGACTGTGCCAAAGACCC 

Fn1 AATGGAAAAGGGGAATGGAC CTCGGTTGTCCTTCTTGCTC 
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Gpnmb AGAAATGGAGCTTTGTCTACGTC CTTCGAGATGGGAATGTATGCC 

Gzmk GCCCACTGCTACTCTTGGTTTC ACCTGGCATTTGGTCCCATCTC 

Gzmm AGAAAGCCCCGATCCAAGC AAGCGGCTGTTGTTACACATT 

Hprt GTTGGATACAGGCCAGACTTTGT CACAGGACTAGAACACCTGC 

Ifng AAAGAGATAATCTGGCTCTGC GCTCTGAGACAATGAACGCT 

Klrd1 ATGCTGTGTTTGCCTGGACAA GCTCTGGCCTGATAACTGAGAAT 

Klrg1 GGCTCACATCTCCTTACATTTCC CAAGCCGATCCAGTAAAAGTCC 

Il4 GGCATTTTGAACGAGGTCAC AAATATGCGAAGCACCTTGG 

Il6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 

Il7r AAAGTCCGATCCATTCCCCAT CCATCCTCCTTGATTCTTGGGT 

Il10 CCAAGCCTTATCGGAAATGA  TTTTCACAGGGGAGAAATCG  

Il12b TTGAACTGGCGTTGGAAGCAC TCTTGGGCGGGTCTGGTTTG 

Mmp2 TGGCACCACCGAGGACTATG GTTGCCCAGGAAAGTGAAGGG 

Mmp9 CTATTCGGCCTGCACCACAG CTTCTCCGTTGCCGTGCTC 

Mmp12 CAATTGGAATATGACCCCCTGT AGCAAGCACCCTTCACTACAT 

Muc5ac GTCTCCCACGTCACAGTAGT CTGAAGGTGGATGACCAG 

Orf50 GGAATTTCTGCAGCGATGGCCTCT CCTCTTTTGTTTCAGCAGAGACTC

CA 

Orf73 CTGGACTCCTCATCACCTT TGTCTGAGCGTCTTCCAC 

Retnla GCTAACTATCCCTCCACTGTAACG CAAGCACACCCAGTAGCAGTC 

Saa3 GAAGCTGGTCAAGGGTCT GTCAGCTCTTGAGTCCTC TG 

Spp1 AGCTCAGAGGAGAAGCTT CTTCAGAGGACACAGCAT 

Tff2 GCCCAGGTCCAGTGGAG GAACTTTCTTCTGGCTTGCAG 

Tgfb GACTCTCCACCTGCAAGACCA GGGACTGGCCGAGCCTTAGTT 

Thy1 GTCATTCTCAGCCACCACACAC TACCCCTTTCCCCATCATTCCC 

Tnf CACCACGCTCTTCTGTCT GGCTACAGGCTTGTCACTC 

Tnfrsf25 
 

GGCTGGTGTGTTGACTGCT GTTGGAGCCTCATGGACTGG 

Wfdc17 CCAGAGCCAACATGAAGAC CACAGCTATTGCTACAGCAC 

 

2.1.10 Equipment and General Consumables  

 

Equipment Name  Company  

ALICE chamber (commercial) Vitrocell 

ALICE chamber (Prototype) Lab made in the Institute of 

Lung Health and Immunity at 

Helmholtz center Munich 
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Autoclave machine Systec 

Brightfield Microscope Olympus 

Bioruptor Probe sonication Diagenode SA 

Cannulas Braun 

Centrifuge 5430 Eppendorf 

Centrifuge universal 32R Hettich 

Centrifuge 1k15 Sigma Laborzentrifugen 

Centrifuge Eppendorf 

Cell culture T75, T150 flasks Greiner Bio-One 

Cell culture incubator Thermo Fisher Scientific,  

Cell culture workflow ï HERA Safe KS Thermo Fisher Scientific 

Cell scraper Sarstedt 

Chemical workflow hood Köttermann 

ChemiDoc XRS+ Bio-Rad 

Confocal Microscope Zeiss 

Cover Slips 24x50mm Menzel-Gläser 

Cuvettes for Mastersizer analysis Brand 

Cytospin Centrifuge Shandon, PA 

Decloating chamber Biocare Medical 

Easypet® automatic pipette Eppendorf 

Einbettmaschine Thermo Scientific 

Falcon Tubes (15 mL, 50 mL) Corning Science 

Fluorescence Microscope Olympus 

Glass plates for SDS Gel Bio-Rad Laboratories 

Gloves Kleenex Kimtech 

Gloves Nitril NextGen 

Glass bottle (5 mL) and lid for nanoparticle 

preparation 

Carl Roth 

Histological cassette Leica Microsystems GmbH 

Ice machine Buchner Labortechnik 

Light Cycler 480 Roche 

Luminex 200  Luminex Corporation  

Mastersizer 2000 Laser Particle Size Analyzer Malvern 



 Materials and Methods  

 
 

Micro-Dismembrator S Sartorius 

Microscope Axiovert 135 Zeiss 

Microtome Hyrax M55 Zeiss 

Mirax Desk Scanner Zeiss 

Multipipette Eppendorf 

NanoDrop® ND-1000 spectrometer Thermo Fisher Scientific,  

Optically Clear Adhesive Seal Sheets Thermo Scientific 

PCR Cycler nexus gradient Eppendorf 

Pipette (10 ɛl, 20 ɛl, 100 ɛl, 1000 ɛl) Eppendorf 

PVDF membrane Thermo Scientific 

QCM Scientific Instruments GmbH 

qPCR LightCycler® 480 II Roche 

Shaker Coulter Electronics 

S-Monovette Sarstedt 

Sonication water bath Bandelin 

Spin tissue processor  Leica 

Syringe Braun 

Tecan Reader NanoQuant infinite M200 Pro Tecan Group 

Tecan Safire 2  Tecan Group 

Thermo Cycler Eppendorf 

Tips (10 ɛl, 20 ɛl, 200 ɛl, 1000 ɛl) Starlab 

Tips with filters (10 ɛl, 20 ɛl, 200 ɛl, 1000 ɛl) Biozol; Starlab 

Ventilation hood Thermo Fisher Scientific 

Vibrating mesh nebulizer (Aeroneb Pro) Aeroneb Inc. 

Vortex mixer Scientific Industries 

Water bath for cell culture Lauda, Koenigshofen, 

Germany 

Western blot bands detection machine Bio-Rad Laboratories 

Zetasizer AT Malvern 

15 mL and 50 mL Tubes Falcon 

0.5, 1.5 mL and 2ML Tubes Eppendorf 

6-well transwell insert plate #3450 Corning 

96 well LightCycler plate Sarstedt 
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96 well plate for WST-1, LDH and BCA assay Greiner Bio-One 

96 well plate for ELISA Thermo Scientific 

96 well plate black for dsDNA measurement Greiner Bio-One 

 

2.1.11 Softwares  

 

Product  Company  

BioPlex Manager 6.1 software Luminex Corporaion 

Computer Assisted Stereological Toolbox 

(newCAST) software 

Visiopharm 

GraphPad Prism 6 GraphPad  

Image Lab Software, Version 5.2.1 BioȤRad 

Light Cycler 480 software Roche 

Magellan Software Tecan Group 

Tecan Safire 2 Software Tecan Group 

ZEN 2010ȤDigital Imaging for Lightmicroscopy 

Software 

Zeiss 
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2.2 Methods 

 

2.2.1 in vivo  mice experiments  

 

Mice were treated humanely and with consideration to reduce suffering, according to 

the German law of protection of animal life. All animal experiments followed approved 

protocols by the local Animal Care and Use Committee (District Government of Upper 

Bavaria; permit numbers: 55 2-1-54-2532-67-2015). C57BL/6 mice were purchased 

from Charles River Laboratories (Sulzfeld, Germany) and housed in individual 

ventilated cages (IVC). 148 female mice were divided into 18 groups anesthetized by 

intraperitoneal injection of a mixture of Medetomidine (0.5 mg/kg body mass), 

Midazolam (5.0 mg/kg body mass) and Fentanyl (0.05 mg/kg body mass) (MMF) prior 

to intranasal (i.n.) infection with 5 x 104 PFU MHV-68. After infection mice were 

antagonized by subcutaneous injection of a mixture of Atipamezole (2.5 mg/kg body 

mass), Flumazenil (0.5 mg/kg body mass) and Naloxone (1.2 mg/kg body mass) to 

guarantee their awakening and well-being.  

After 6 days, in acute virus infection, 8 mice were sacrificed for tissue harvest. After 

establishing of virus latency infection at day 28 post infection, mice were either left 

untreated for control, instilled with 50 µg of spherical or double-walled fiber-shaped 

carbon nanoparticles or instilled with 0,1 µg LPS as a positive control with intratracheal 

instillation. Following the anesthetizing with MMF the animals were intubated for the 

instillation by a nonsurgical technique, using a cannula inserted 10 mm into the 

trachea, a particle dispersion containing 50 µg CNPs, DWCNTs and a suspension 0,1 

µg LPS in 50 µL ultra-pure water (Gibco) was instilled. After instillation, mice were 

antagonized by subcutaneous injection.  

After the first instillation of 24 hours, mice for analyzing 1 particle dosing and LPS 

response, mice were anesthetized by intraperitoneal injection of a mixture of xylazine 

(4.1 mg/kg body mass) and ketamine (188.3 mg/kg body mass) and killed by 

exsanguination. Therefore, blood was drawn from the retroorbital plexus by a capillary 

and collected in non EDTA-covered tubes to gain blood serum.   

55 days after the first instillation, mice were instilled a second time with 50µg CNPs or 

DWCNTs in 50µL ultra-pure water described before. 24hours and 6 days post 
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instillation mice were over injected with Ketamine and Xylazine for harvesting the tissue 

samples. 

2.2.2 Harvesting mice  lungs for histology  

 

From each treatment group three mice were chosen for histological examination. As 

described before mice were injected with Ketamine and Xylazine for anesthetizing and 

exsanguinated after opening the abdominal region. For histological examinations 

especially for immunofluorescence staining of the lung, it is recommended to perfuse 

the organ with PBS to remove all erythrocytes which influence the autofluorescence 

with a high background fluorescence. After opening the chest, a 10 mL Syringe filled 

with PBS was used to inject the buffer into the right ventricle of the heart to infiltrate 

the blood vessels in the lung and remove the remaining blood. For inflating of the lung 

tissue to retain the alveolar structure an indwelling venous canula was inserted to the 

trachea. Trachea and cannula were connected by a threat to avoid leakage of PFA 

from the lung. After setting the cannula in the correct way 1 mL of 4% PFA was injected 

over the cannula into the lung. The lung was carefully removed out of the chest with 

avoiding the loss of PFA from inner lumen and collected in a 50 mL falcon tube filled 

with 4% PFA over night at 4°C. For embedding the lungs into paraffin blocks, the lung 

lopes were separated into the four right lopes and one left lope. Right and left lopes 

were separately poured later into blocks. After separation, the lopes were cut into 2-3 

mm thick slices and places into a cassette to avoid losing tissue during dehydration 

process in the spin tissue processor. The tissues were dehydrated and paraffinized in 

the spin tissue processor aver night for about 16 hours. The tissue slices were placed 

into holders and filled with paraffin in the tissue embedding machine. After cooling of 

the paraffin, blocks were stored at 4°C until cutting on the microtome.    

2.2.3 Harvesting serum from mice  

 

From each treatment group five mice were chosen for taking serum, bronchoalveolar 

lavage and lung tissue collection for protein and RNA isolation. As described before 

mice were intraperitoneal injected with Ketamine and Xylazine for anesthetizing. Blood 

was collected by puncture of the peri-orbital vein with a glass capillary into a serum vial 

(S-Monovette). Blood was incubated in the vials for complete coagulation for 30 

minutes at room temperature, following by centrifugation for 10 minutes at 4°C with 
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1500 g. The yellowish clear supernatant (serum) was removed and collected in a new 

1.5 mL reaction tube. Serum was snap frozen in liquid nitrogen and stored until further 

analysis at -80°C.  

2.2.4 Bronchoalveolar Lavag e  (BAL)  

 

To analyze cell types and proteins in the alveolar space a bronchoalveolar lavage 

(BAL) was performed to harvest cells for cytospin and subsequent BAL cell 

differentiation and lavage fluid to analyze cytokines and proteins with ELISA and 

protein quantification. As described before mice were intraperitoneal injected with  and 

overdose of Ketamine and Xylazine for anesthetizing and blood was collected. An 

indwelling venous canula was inserted to the trachea and lung was flushed with 1 mL 

PBS for two times. BALF was collected in a 15 mL falcon tube. Additionally, lungs were 

flushed four more times with 1 mL PBS and liquid was collected in a second tube. 

BALF was separately centrifuged for 20 minutes at 4°C with 400 x g. The first two mL 

supernatant from first tube was aliquot in three 1.5 mL reaction tubes and snap frozen 

in liquid nitrogen. BALF samples were stored at -80°C for long time till ELISA, BCA and 

LDH analysis. Supernatant from the second tube was discarded and cell pellet from 

tube one and two was resuspended and collected in total of 1 mL BAL cell medium. 

Cell numbers were determined with counting in a Neubauer chamber and the volume 

for 30,000 cells/slide was used for BAL cytospin centrifugation. Residual cell 

suspension was centrifuged for 10 minutes at 4°C with 1500 rpm. Supernatant was 

discarded and cell pellets were snap frozen in liquid nitrogen and stored for long term 

at -80°C. 

2.2.5 BAL cytospin  

 

To analyze cell types in bronchoalveolar lavage, the volume for 30,000 cells/slide (or 

a maximum volume of 200 µL) was used for cytospin. For each mouse 2 microscope 

slides for subsequent freezing to -80°C and 2 slides for subsequent May-Gruenwald-

Giemsa staining were load up with cells. Frozen BAL cells were stored till IF or IHC 

staining for specific protein analysis. May-Gruenwald-Giemsa-stained BAL cells were 

further analyzed for cell type identification. After centrifugation, cells were dried for 

several minutes at room temperature.  
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2.2.6 BAL cell staining ï May-Gruenwald -Giemsa staining  

 

BAL cells on microscope slide were stained as followed: 

- 10 minutes in May-Gruenwald stain 

- 2 minutes in tap water  

- 15 minutes in Giemsa stain (1:20 dilution from stock solution, diluted with tap 

water) 

- 2 minutes distilled water 

- 2 minutes distilled water 

Slides were dried after staining and covered with Entellan and cover glass. Slides were 

stored at room temperature on dry and light protect place until BAL cell differentiation. 

2.2.7 BAL cell differentiation  

 

To observe the composition of cell types recruited to the bronchoalveolar region the 

morphology of cell types was distinguished using a microscope and cell counter. Cell 

types were separated by Macrophages/Monocytes, Neutrophils, Lymphocytes and 

multicellular Macrophages. 200 cells were differentiated on two separate slides per 

animal. Total cell number/percentage of each cell types was calculated with known 

total cell numbers in BAL fluid.  

2.2.8 Harvesting mice lungs for protein and RNA isolation  

 

From each treatment group five mice were chosen for taking serum, bronchoalveolar 

lavage and lung tissue collection for protein and RNA isolation. As described before 

mice were intraperitoneal injected with Ketamine and Xylazine for anesthetizing and 

exsanguinated by collecting blood over peri-orbital vein. The chest of the mice was 

opened, and lungs were taken out. Lung lopes were separated and snap frozen in 

liquid nitrogen. Frozen tissue was stored till homogenization in -80°C freezer. 

2.2.9 Lung homogenate preparation  

 

Frozen lung lopes were used to prepare homogenates with Micro-Dismembrator S 

(Sartorius). Lung homogenates were dissolved in TRIzolÊ (Thermo Fisher Scientific) 
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for mRNA isolation and RIPA buffer for protein isolation. Residual tissue homogenates 

were stored at -80°C. 

2.2.10 Preparation of carbon nanoparticle (CNP) and doub le walled carbon 

nanotube (DWCNT) dispersions  

 

Carbonaceous spherical nanoparticles (CNP, Printex90, Degussa, Frankfurt, 

Germany) and double-walled carbon nanotubes (DWCNT; Nanocyl, Auvelais, 

Belgium) were used in the in vivo experiments. In the in vitro application only CNP 

were used because of nebulization issues. For DWCNT it is difficult to nebulize 

because of their fiber shape. For both, in vivo and in vitro application CNPs were 

dispersed in pyrogen-free water. For the application in animals, CNPs were dispersed 

in 1 mg/mL as followed: sonication for 5 minutes in sonication bath, sonication with 

sonication lance for 30 seconds at 30% power constant on ice, 5 minutes in sonication 

bath. For the application in vitro, CNPs were dispersed in 3 mg/mL as followed: 13 

minutes in sonication bath, lid covered with ice for protection of heating. DWCNTs were 

dispersed in a 1% Pluronic in pyrogen-free water (diluted from 10% Pluronic stock 

solution) to a concentration of 1 mg/mL and dispersed as followed: 5 minutes in 

sonication bath, 50 seconds in at 30% power constant on ice, 5 minutes in sonication 

bath.   After dispersion, the size and size distribution of CNP and DWCNT in the 

dispersions was measured with the dynamic laser scatter (DLS) device in a maximum 

concentration of 1 mg/mL. For nebulization in ALICE-Cloud model, Ions are necessary 

to form droplets in the vibrating mesh membrane of the nebulizer (Aeroneb). Because 

of this reason 1:1000 0.9% NaCl (Braun) was added to the CNP dispersion to a final 

salt concentration of 0.0009% NaCl.  

2.2.11 Characterization of particle dispersion  

 

To analyze the dispersion and agglomeration of particles the hydrodynamic size and 

polydispersity of DWCNTs and CNPs were measured using a Mastersizer 2000 Laser 

Particle Size Analyzer (Malvern) at 21°C. For this, particle dispersions were diluted to 

the lowest concentration of 1 mg/mL and 80 µL were measured in appropriate cuvettes.  
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2.2.12 Cell culture  

 

Cell culture is the growth and maintenance of cells from a multicellular organism 

outside the body in cell culture dishes and plates. Cells are grown under special 

conditions of temperature, CO2 concentration, nutrition and sterile conditions.  

All cell lines were kept during growth in 75 cm2 cell culture flasks and were maintained 

at 37°C, 5 % CO2 in a humidified incubator and routinely passaged at confluency. 

Cells were passaged one or twice per week into a new 75 cm2 flask with 0.5 ï 1.5 x 

106 cells per flask. Passaging was performed under sterile conditions under a cell 

culture workflow hood, which was cleaned on all surfaces before with PureSept A. 

Passaging of the cells was performed as follows: Growth medium was removed 

collected in a 50 mL falcon tube in case of suspended cells and discarded in case of 

adhered cells. Cells remained in the flask were washed with about 10 mL Dulbeccoôs 

phosphate buffered saline (Gibco, DPBS, - MgCl2, - CaCl2) two mL 0.5 % trypsin/EDTA 

(Ethylenediaminetetraacetic acid) was given to the cells and incubated for 2 ï 5 

minutes at 37°C until the cells detached from the surface of flasks. 18 mL complete 

growth medium + 10 % FBS were added to the trypsin/EDTA-cell suspension, to stop 

the trypsinization reaction. Cells were centrifuged in 50 mL falcon tubes for 5 minutes, 

1400 rpm at RT. Supernatant was removed by vacuum pump and the remaining cell 

pellet was resuspended in growth medium. Cells were counted and an appropriate 

number of cells were transferred into a new cell culture flask, containing warm growth 

medium.   

All experiments were performed on cells seeded out 2-24 hours in advance, allowing 

the cells to attach to the surface of the culture plate or the transwell insert plate 

membrane for the respective experiments.   

2.2.13 Freezing of cells  

 

Cells from continuous cell cultures are under influence of genetic drift and susceptible 

to microbial contamination. The replacement of established cell lines is expensive and 

time consuming. For these reasons, it is important that samples are frozen down and 

prepared for long-term storage. The best storage condition is in liquid nitrogen in 

growth medium with high serum concentration and in presence of a cryoprotective 
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agent such as dimethylsulfoxide (DMSO). DMSO reduces the freezing point of the 

medium and reduces the risk of ice crystal formation, which derogates the cells.  

Freezing medium was prepared for the cryo-preservation of cells. The appropriate 

freezing medium depends on the cell line. Cells were grown to about 90 ï 100% 

confluency. Mammalian adherent cells were washed with DPBS (Dulbeccoôs 

phosphate buffered saline, Gibco) and then incubated with 0.05 % Trypsin/EDTA 

trypsinization medium, until cells detached from tissue culture plated. Trypsinization 

reaction was stopped with about 8 ml growth medium and cells were centrifuged for 

1400 rpm for 5 minutes. The supernatant was discarded, and the cell pellet was 

resuspended in freezing medium. The cell suspension was pipetted into sterile 

cryogenic storage vials. The cryovials were placed in a paper towel and aluminum foil 

and stored at -80°C overnight, for decreasing temperature approximately 1°C per 

minute. For long-term frozen cells were stored in liquid nitrogen.  

2.2.14 Thawing of cells  

 

A sample taken from liquid nitrogen storage was transferred quickly in a 37°C water 

bath and cells were thawed, for about 1 minute, until only one or two small ice pieces 

remained. The whole content of the cryovial was pipetted into a cell culture flask, 

containing 20 mL of pre-warmed growth medium. Cells were incubated at 37°C and 5 

% CO2. It is important to thaw cells correctly to maintain the viability and recovery of 

the culture.   

2.2.15 Counting cells  

 

For the determination of the cell amount a Neubauer chamber (Roth) was used. One 

chamber contains nine squares with the dimension of 1 x 1 mm and a total volume of 

each square of 10 µL. adherent cells were washed with DPBS and dissected from the 

culture vessel with trypsinization medium. The trypsinization reaction was stopped by 

adding growth medium to the cells. Detached cells were centrifuged and supernatant 

was discarded. The cell pellet was resuspended in 1 mL growth medium. 10 µl of cell 

suspension were pipetted to 190 µl Trypan Blue Stain, for the discrimination of viable 

and death cells. 10 µl of this suspension were counted. The average of four counted 

quadrants was used to calculate the number of cells per mL in the following equation: 
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Cell number/mL = average x 20 (dilution factor) x 10,000 (chamber factor) 

2.2.16 Alveolar macrophage cell line ï ANA-1 

 

Bone marrow derived macrophage cell line ANA-1 (Mouse macrophage; 

RRID:CVCL_0142), derived from C57BL/6, was grown in complete RPMI-1640 

medium supplemented with 15% fetal bovine serum, 2mM L-Glutamine, 1% Non-

essential amino acids, 100 U/mL Penicillin and 100µg/mL Streptomycin. 

2.2.17 Bone Marrow derived macrophage cell line ï latently infected MHV -

68/ANA-1  

 

Murine bone marrow derived macrophage cell line ANA-1 (RRID: CVCL_0142), 

derived from C57BL/6, was latently infected with MHV-68 and called ñANA-1/MHV-68ò 

(Sattler et al., 2017). 

This cell line was used in the method of ALICE-Cloud treatment with CNPs and for the 

investigation of MHV-68 reactivation form latency to lytic phase after CNP treatment 

either under submerged conditions or on ALICE-Cloud treatment with a persistently 

MHV-68 infected cell line established by C. Sattler [Sattler et al., 2017].  

ANA-1 cells were grown in complete RPMI-1640 medium supplemented with 15% fetal 

bovine serum, 2mM L-Glutamine, 1% Non-essential amino acids, 100 U/mL Penicillin 

and 100µg/mL Streptomycin. For the maintaining of the latent MHV-68 infection, 

Hygromycin B resistance was integrated to ensure stable infection of MHV-68. This 

modification of MHV-68 is the reason to only handle these cells and medium under 

safety level 2 laboratories. The cells were handled very carefully in order not to 

reactivate the virus by stressful treatment. 0.05% Tripsin-EDTA was used. During 

experimental condition, growth medium without the addition of Hygromycin B was 

applied. 

2.2.18 Alveolar macrophage cell line ï MHS 

 

Murine alveolar macrophage cell line MHS (RRID: CVCL_ 3855), derived from 

BALB/cJ mice, was used for ALICE-Cloud exposure. Cells were grown in complete 

RPMI-1640 medium supplemented with 10% fetal bovine serum, 0.05 mM ɓ-

Mercaptoethanol, 100 U/mL Penicillin and 100µg/mL Streptomycin. 
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2.2.19 Alveolar epithelial cell line ï MLE-12 

 

Murine lung epithelial cell line MLE-12 (RRID: CVCL_ 3751), derived from FVB/N-

Tg(SFTPC-TAg)5.1Jaw SV40 transgenic mice, was used for ALICE-Cloud exposure 

in the co-culture model for virus reactivation analysis. Cells were grown in complete 

DMEM F12 medium supplemented with 10% fetal bovine serum, 100 U/mL Penicillin 

and 100µg/mL Streptomycin. 

2.2.20 Alveolar epithelial cell line ï LA4 

 

Murine lung epithelial cell line LA-4 (RRID: CVCL_ 3535), from lung adenoma, was 

used for ALICE-Cloud exposure in single culture and in the co-culture model for virus 

reactivation analysis. Cells were grown in complete Hamôs F12K medium 

supplemented with 15% fetal bovine serum, 1% NEAAs, 100 U/mL Penicillin and 

100µg/mL Streptomycin. 

2.2.21 Cultivation of non -infected and MHV -68 latently infected ANA -1 cells on 

transwell insert  

 

To investigate MHV-68 reactivation on ANA-1 cell cultured on air liquid interface, ANA-

1 or ANA-1/MHV-68 cells were detached from T75 cell culture plates with fist taking of 

the medium and collecting in a 50 mL falcon tube to keep the suspended macrophages. 

After washing with 10 mL of DPBS, the washing medium was collected as well. Trypsin 

was used to remove the cells with 2 mL and 4 minutes incubation at 37°C. The 

enzymatic reaction was stopped with addition of 18 mL growth medium, and all 

detached cells were collected together. Cell suspension was centrifuged for 5 minutes 

with 1400 rpm at RT. Supernatant was discarded and cell pellet was resuspended in 5 

mL growth medium. Cells were counted as described before. In each well of the 6-well 

transwell inserts, 1200 µL medium was given to the basal insert compartment.  

2.2.22 Transwell co -culture of alveolar epithelial cells and bone marrow derived 

macrop hages  

 

For the approximation to mimic more the in vivo situation, a co-culture of alveolar 

epithelial cell lines on the apical site of a transwell insert was grown together with the 



56 
 

latently infected bone marrow derived macrophage cell line located on the basal site 

of the transwell insert. For this co-culture model, ANA-1 cells with a density of 150,000 

cells per well in 33 % Matrigel matrix in ANA-1 growth medium was pipette to the basal 

site of the transwell insert with a volume of 125 µL cell-Matrigel-suspension per 6 well. 

Before seeding procedure, everything was done on ice to avoid hardening of the 

Matrigel matrix. Matrigel matrix was polymerized for 20 minutes in 37°C incubator with 

transwell insert converted upside down. Transwell insert were placed back to inserts, 

containing 1,200 µL growth medium. LA-4 and MLE-12 cells were seeded to the apical 

site with 1.6 x 106 LA-4 cells per well and 1.0 x 106 MLE-12 cells per well in 600 µL cell 

growth medium.  

2.2.23 ALICE-Cloud treatment of non -infected cells with  carbon nanoparticle 

dispersion  

 

For treatment of epithelial cells or macrophages growing on air liquid interface (ALI) 

with nanoparticle dispersion, first the ALICE-CLOUD (Vitrocell) 6-well chamber was 

cleaned with 80% Ethanol to avoid contaminations with bacteria or fungi. The surface 

area at the plate site is 145 cm2. All connections for the QCM and the control panel for 

the vibrating mesh nebulizer was set. QCM was run for a while to stabilize 

measurement baseline for later detection. ALICE-CLOUD was switched on and 18 mL 

of DPBS was given to all wells and was run for at least 1h to warm the chamber block 

and DPBS to 37°C. Nebulizer was cleaned with 200 µL 0.9% NaCl, followed by 2 x 

200 µL 0.0009% NaCl. After cleaning and base setting, transwell inserts were placed 

to the treatment plate in the ALICE-CLOUD chamber. QCM was started to detect and 

200 µL of in water dispersed CNPs were nebulized onto the cells. CNP dispersions 

were in different concentration with highest concentration of 1 mg/mL. Too high CNP 

concentrations lead to clotting the nebulizer mesh. Nebulization took around 25 

seconds, to completely nebulize 200 µL dispersion. CNPs were allowed to settle down 

in the cloud for 10 minutes. Then the chamber was opened and the QCM was dried. 

Only with the dry surface of the QCM, the exact CNP deposition could be detected. 

After the final measurement of CNP deposition, treated transwell inserts were put back 

to the plate and the incubator. For each experiment with CNP nebulization, sham 

controls and untreated controls were run, in which the sham control was nebulized with 

200 µL 0.0009% NaCl. 
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2.2.24 ALICE-Cloud prototype treatment of ANA -1/MHV-68 latently infected cells 

with carbon nanoparticle dispersion  

 

For treatment of epithelial cells or macrophages growing on air liquid interface (ALI) 

with nanoparticle dispersion, first the ALICE-Cloud chamber was cleaned with 80% 

Ethanol to avoid contaminations with bacteria or fungi. All connections for the QCM 

and the control panel for the vibrating mesh nebulizer was set. QCM was run for a 

while to stabilize measurement baseline for later detection. As the prototype version of 

ALICE-Cloud chamber was used for S2 work with infected cell, there was no heating 

unit integrated into the chamber block. 1.2 mL ANA-1 cell growth medium was added 

to each well of the sterilized 5-well plate. Nebulizer was cleaned with 200 µL 0.9% 

NaCl, followed by 2 x 200 µL 0.0009% NaCl. After cleaning and base setting, transwell 

inserts were placed to the treatment plate in the ALICE-CLOUD chamber. QCM was 

started to detect and 200 µL of in water dispersed CNPs were nebulized onto the cells. 

CNP dispersions were in different concentration with highest concentration of 1 mg/mL. 

Too high CNP concentrations lead to clotting the nebulizer mesh. Nebulization took 

around 25 seconds, to completely nebulize 200 µL dispersion. CNPs were allowed to 

settle down in the cloud for 10 minutes. Then the chamber was opened and the QCM 

was dried. Only with the dry surface of the QCM, the exact CNP deposition could be 

detected. After the final measurement of CNP deposition, treated transwell inserts 

were put back to the plate and the incubator. For each experiment with CNP 

nebulization, sham controls and untreated controls were run, in which the sham control 

was nebulized with 200 µL 0.0009% NaCl. 

2.2.25 Sterilization of cut 5 -well plates for ALICE -Cloud prototype  

 

For the ALICE-Cloud prototype a 6-well cell culture plate was cut to a 5-well plate, 

because one well needed to be free for the deposition measurement with the quartz 

crystal microbalance (QCM) which can measure the nanoparticle deposition after 

nebulization into the ALICE-Cloud chamber. Under the sterile hood, plates were 

washed 1 x 10 min. with 10% Penicillin Streptomycin in DPBS followed by 2 x 10 min. 

80% Ethanol washing steps. Plates were dried under the sterile hood and UV-light was 

activated for 20 minutes to finally sterilize the plates. Sterile 5-well plates were placed 

into sterile autoclaving bags and closed properly before the usage in the ALICE-Cloud 

prototype. 
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2.2.26 Immunofluorescence (IF) staining of fixed cell culture cells  

 

IF staining is a technique to visualize the localization of a protein of interest in cells by 

using a specific primary antibody and a secondary antibody labeled with a fluorophore. 

For this method, cover slips of transwell insert membrane with cultured cells were fixed 

with 4 % paraformaldehyde (PFA) in PBS for 15-20 minutes and washed 2 times in 1 

x PBS for 5 minutes. After fixation endogenous é were quenched in 50mM NH4Cl in 

1 x PBS. For blocking, the cells were incubated in blocking solution (PBS-T Triton X-

100 0.1 %, 5 % BSA) for 1 hour at room temperature. After blocking, cells were washed 

two times with 1xPBS for 5 minutes. All antibodies were diluted in PBS-T Triton X-100 

0.01 %, 5 % BSA in required dilution and were incubated on cells overnight at 4°C. At 

the following day, coverslips or membranes were washed three times with PBS-T 

Triton X-100 0.01 % for 5 minutes at room temperature and incubated with appropriate 

secondary antibodies conjugate with a fluorophore (Invitrogen) at a concentration of 

1:1000 at room temperature for one hour. Cell culture plates were covered with 

aluminum foil to protect the fluorescent dyes from the light. Cells were stained with 

DAPI (1:1000 in 1 x PBS) after washing cells 3 times with PBS-T 0.01 % for 5 minutes. 

Cells were washed at least 2 more times with 1 x PBS after DAPI staining. Membrane 

and cover slips were prepared on microscope slides and mounted with DAKO 

fluorescence mounting medium.  

2.2.27 Water soluble tetrazolium (WST -1) cell viability assay  

 

The water-soluble tetrazolium (WST-1) assay is used to determine the viability and 

proliferation of cells in culture. In this method tetrazolium salts get reduced to colored 

formazan compounds by succinate-tetrazolium reductase, which exists in viable cells. 

The optical density at 450nm is measured to determine cell viability. Growth medium 

was taken off from cells in culture plates or transwell inserts and replaced by the 

associated growth medium of the cell line containing 1:10 or 1:15 dilution of WST-1 

reagent. Cells with diluted WST-1 medium were incubated for 30 to 60 minutes in the 

cell culture incubator, protected from light. After the incubation time, the WST-1 

medium was collected in dark tubes and centrifuged for 10 minutes at rpm to sediment 

the particles to the bottom of the tube. 100µL triplicates were pipette to 96-well-plate 

and measured in a Tecan plate reader at 450nm. WST-1 medium was used as a blank 
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control. After subtraction of the blank OD value from OD value of the samples, the 

value of untreated or vehicle control cells were set to 100% viability. The treatment OD 

values were calculated to the corresponding % viability in comparison with the 

untreated or vehicle control. 

2.2.28 Lactate Dehydrogenase (LDH) assay ï assessment of cytotoxicity in 

BALF and in vitro  

 

To analyze cytotoxic effects of different treatments, LDH assay was performed. The 

assay is based on measurement of lactate dehydrogenase (LDH) released by cells 

losing the membrane integrity into the growth medium in vitro or into the 

bronchoalveolar region in vivo. For defining 100 % LDH in vitro, 1 % Triton X-100 in 

growth medium was prepared. All supernatants (apical and basal in case of air liquid 

interface culturing) were collected into 1.5 mL reaction tubes. The volume of collected 

supernatant was measured and the same volume of 1 % Triton X-100 in medium was 

added to the cell into the control well to destroy all cell membranes. This medium was 

also collected into a 1.5 mL reaction tube and defined as the high control (maximum 

LDH concentration in the experiment). The supernatant collected previously from non-

treated cell is defined as low control. All collected samples from in vitro experiments 

were centrifuged for 10 min. at 14,000 rpm to remove the cells and particles left in the 

medium. For LDH assay for BALF a LDH standard curve was prepared for the fact its 

not possible to create a high and low control. For pipetting the standard curve, LDH 

standard (Roche) was diluted in DPBS from dilutions 1:1,600 to 1:102,400. LDH assay 

was performed in transparent 96-well plates. 100 µL DPBS was used to measure the 

blank for the in vivo samples. For the in vitro samples, 100 µL of medium without FBS 

was used as a background or blank control. For the high control, 95 µL of medium 

without FBS was preset and 5 µL lysate was given to the medium. 100 µL low control, 

without dilution was added to the 96-well plate. For the samples, 70 µL medium plus 

30 µL samples supernatant was mixed. LDH working solution was prepared by thawing 

dye solution and reconstitution of catalyst in 1 mL ultra pure water for 10 min. Dilution 

of catalyst with dye solution in 1:45 was prepared. 100 µL of the freshly prepared LDH 

working solution was added to each well and incubated for 15 minutes at RT, protected 

from light. After incubation time, 50 µL of stop solution (1M HCl) was given to each well 

and plate was immediately measured in the Tecan reader at wavelength of 492 nm. 
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Either standard curve or the percentage of LDH compared to high control was 

calculated as shown: 

 

Cytotoxicity in % = Sample average OD/(High control ï low control)*100 

2.2.29 Plaque assay  

 

To analyze the production of infectious virus particles in cell culture cells and release 

into the supernatant plaque assay was performed. For this method BHK21 cells were 

detached from confluent 75cm2 cell culture flask with 0.25% Trypsin in EDTA 

(Invitrogen, Gibco) and resuspended in 10 mL BHK-21 growth medium. 0.25 mL of cell 

suspension was mixed with 9.75 mL fresh BHK21 growth medium and 1 mL of diluted 

cell suspension was pipetted into a 24-well plate. Cells were incubated for 24 hours at 

37°C, 5% CO2 cell culture incubator. On following day, experimental supernatants 

were taken from -80°C storage and thaw on ice. A 1:10 dilution series was done from 

10-1 to 10-6 by preloading 900 µL of BHK21 medium to the tubes and pipetting 100 µL 

from first to second tube, properly mixing and repeating the process to the last 10-6 

dilution. Old medium from cell coated plate was removed and 900 µL of each dilution 

series was added to the wells starting from 10-6 dilution. Cells were incubated for 90 

minutes with dilutions in cell culture incubator. After incubation, dilution series media 

were removed, and 2 mL of methylcellulose overlay medium was applied to each well. 

Cells were incubated for 5 days. Methylcellulose medium was removed and 300 µL of 

a crystal violet stain in 4 % PFA was added for 15 minutes to the cells. After fixation 

and staining, crystal violet stain was washed with tap water and plates were dried at 

room temperature. Plaques were counted under the microscope in the dilution range 

where plaques were clearly separated, and virus titer was calculated with following 

equation: 

Number of plaques x 1.1 (input factor) x dilution = virus titer in pfu/mL 

Where ÉÎÐÕÔ ÆÁÃÔÏÒ 
 Ⱦ
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2.2.30 Enzyme -linked Immunosorbent assay (ELISA)  

 

To determine the concentration or quantity of a specific protein in tissue homogenates 

protein lysates, BAL fluids and serum ELISA method was used. First a capture 
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antibody specific for the antigen of interest was coated over night to a 96-well-plate 

according to its specific working concentration diluted in PBS. For coating a volume of 

100 µL per well was added to the plate. On following day, 96-well-plate was washed 3 

times with PBS-T and 300 µL Reagent Diluent per well was pipetted to the plate to 

block nonspecific binding sites. During the blocking time standard curve was prepared 

for different concentrations with recombinant protein of interest diluted in Reagent 

Diluent and samples, which were stored at -80°C were thaw on ice. Reagent Diluent 

was used as blank. Sample lysate, BALF or serum was either diluted with Reagent 

Diluent or used undiluted to a final volume of 100 µL per well. With dilution it was made 

sure to include all sample concentrations into the concentration range of standard 

curve. The samples were incubated for 2 hours at room temperature and plate washed 

again 3 times with PBS-T to remove unbound antigens. Detection antibody was diluted 

with Reagent Diluent to working concentration and pipetted 100 µL per well for 

incubation at room temperature for 2 hours. After incubation with Detection antibody 

the plate was washed 3 times with PBS-T and incubated with Streptavidin-HRP 

(prediluted 1:40 in reagent diluent) for 20 minutes at room temperature. After washing 

again 3 times with PBS-T 100 µL TMB was pipetted into each well and incubated for 

maximum of 20 minutes. Depending on the antigen of interest and sample type 

incubation with TMB substrate was stopped earlier when color was changing. For 

stopping of the enzymatic reaction, 50 µL of 2 N H2SO4 was added per well. The 

absorbance of the plate was measured at 450 nm and reference wavelength at 540 

nm with the Tecan plate reader. To determine the quantity of antigen in the sample, 

the blank OD value was subtracted from each standard curve and sample value. With 

OD values of standard curve and the known recombinant protein concentration, a 

curve was fitted to the graph and concentrations in the samples were calculated 

according to the corresponding standard curve equation.  

2.2.31 Luminex analysis  

 

To investigate chemokine release in the lung into the bronchoalveolar space, a Bio-

Plex Pro Mouse Chemokine Panel 31-Plex was performed.  

The following cytokines and chemokines were detected using the Bio-Plex kit (Bio-

Rad, CA, USA): CXCL13, CCL27, CXCL5, CCL11, CCL24, CX3CL1, GM-CSF, CL1, 

IFN-ɔ, IL-1ɓ, IL-2, IL-4, IL-6, IL-10, IL-16, CXCL10, CXCL11, CXCL1, CCL2, CCL7, 
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CCL12, CCL22, CCL3, CCL4, CCL20, CCL5, CCL19, CXCL16, CXCL12, CCL17, 

TNF-Ŭ. 

Method was used, following the manufacturerôs instructions. 

Standard diluent was reconstituted by adding 250 µL of diluent. Preparation of a 

fourfold standard dilution series and blank. Sample dilutions were prepared 25 µL of 

BAL liquid was used for the analysis. Samples were centrifuged before to remove 

particulates from the supernatant before use. Vortex and add coupled beads and add 

50 µL to each well of the assay plate. After washing add samples, standard, blank and 

control to each well. Incubated with the detection antibody for 30 minutes. After several 

washes, detection antibody was added and incubated for 30 min. After washing, 

Streptavidin-PE was added to each well and incubated for 10 min. Cytokine and 

chemokine expression was measured using the Luminex 200 System (Luminex 

Corporation, Austin, USA). 

2.2.32 Measurement of dsDNA in BALF  

 

To quantify double stranded DNA (dsDNA) released to the bronchoalveolar area 

Quant-iT PicoGreen dsDNA assay kit was used. ȿ-DNA was used to pipette a standard 

curve for dsDNA. All dilutions were used in 1x TE buffer. 50 µL of 1xTE buffer was 

added to each well. 50 µL of standard, blank and BAL fluid was added. Quant-iT 

PicoGreen Reagent was diluted 1:200 with 1x TE buffer and 100 µL was added to each 

well. Plate was measured with Tecan Safire 2 (Tecan Group, Männedort, Switzerland) 

and final dsDNA concentration was calculated according to the standard curve.  

2.2.33 Protein extraction  

 

To investigate protein expression in treated cell culture cells or lung tissue, protein 

isolation and Western blot analysis were performed. Cells from cell culture were 

washed with DPBS and lysed with RIPA lysis buffer containing 1x HALT Protease and 

Phosphatase Inhibitor Mix. Tissue protein was extracted after homogenization of the 

tissue. Homogenized tissue was lysed with appropriate amount of RIPA lysis buffer 

supplemented with 1x HALT Protease and Phosphatase Inhibitor Mix. For protein 

extraction, all steps were prepared on ice. Cells were lifted from the cell culture dish 

with RIPA lysis buffer and the mechanical help of a cell scraper. Lysate was incubated 

for 15 minutes at 4°C. After the incubation, lysate was centrifuged at 14,000 rpm for 
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15 minutes at 4°C, to sample non-protein parts on the bottom of the reaction tube. 

Supernatant was transferred into a new 1.5 ml reaction tube and the pellet was 

discarded. For long term storage, protein lysates were stored at -80°C. The protein 

concentration of the sample was measured afterwards with the BCA assay.  

2.2.34 Protein quantification with BCA assay  

 

The BCA assay was used to determine the protein concentration in cell or tissue lysate 

samples, which is important for the equal loading of the SDS gel and quantitative 

comparison of the results. For the reference standard solution, 0.5 mg/mL BSA solution 

was prepared by solving 75 µL of 2 mg/mL BSA stock solution in 225 µl PBS. The 

standard curve was prepared as follow: 

 

Concentration µg/mL BSA  0.5 mg/mL BSA standard 

solution (µL)  

PBS (µL)  

0 0 80 

0.025 4 76 

0.05 8 72 

0.1 16 64 

0.2 32 48 

0.3 48 32 

0.4 64 16 

0.5 80 0 

 

The BCA assay working solution was made with Reagent A and Reagent B from BCA 

assay kit which were diluted 50:1 (A:B). The BCA assay was performed in 96 well 

plates with triplicates of standard. In each well contained 20 µl of sample dilution (18 

µL PBS + 2 µL protein lysate sample) 200 µL of working solution was added. The 

mixture was incubated for 30 minutes at 37°C or 1 hour at room temperature. Standard 

curve and protein samples were read in the Tecan reader at 562 nm. Raw data were 

used to calculate the protein concentration of the individual samples. All samples were 

brought to the same concentration by dilution with RIPA lysis buffer. After equalization, 

4 x Laemmli buffer (previously dilute 1-part ɓ-ME + 9 parts Laemmli) was added to the 

protein samples. After vortexing, samples with Laemmli buffer were denatured for 10 
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minutes at 95°C, cooled down on ice for 5 minutes and centrifuged down for 30 

seconds at 6000 x g. Samples were ready for loading on a SDS gel or frozen down at 

ï 80°C for later analysis.  

2.2.35 RNA purification from tissue homogenates  

 

To measure genetic expression profiles in whole lung tissue, RNA needs to be purified 

from frozen lung homogenate powder. For this 1.0 mL of Trizol Reagent was added to 

the reaction tube containing frozen lung powder. The reaction tube was vortexed for 

30 seconds and incubated for 5 minutes on ice. 200 µL Chloroform was added to the 

reaction tube and vigorously shake for 15 seconds and following incubated for 5 

minutes at room temperature. The samples were centrifuged for 20 minutes at 4,000 

g and room temperature and colorless, upper phase (around 600 µL) was transferred 

to a fresh RNase-free tube. RNA isolation continued like in the manufacturers protocol. 

 

Measure the RNA-concentration and purity with the NanoDrop and either directly 

perform cDNA synthesis or store RNA at least at -20°C until processing to cDNA. 

2.2.36 cDNA synthesis  

 

To measure the level of gene expression in tissue and cells with quantitative PCR 

cDNA was synthesized from tissue or cell isolated mRNA. The RNA was reversed-

transcripted with help of the High-Capacity cDNA Reverse-transcription Kit. The 

working area was cleaned with 80% EtOH or RNase free to avoid RNA digestion from 

RNases on contaminated surfaces. Either at -20°C stored RNA was frozen on ice or 

directly used after RNA extraction on ice for cDNA synthesis. 1 µg total RNA was pipet 

in a fresh 0.5 mL reaction tube and filled up to a volume of 10 µL with RNase free 

water. For RNA samples with a lower concentration of 100 ng/µL 10 µL of the sample 

were used without additional water. 1 µL of random nanomers was added to the 

reaction tube. After the addition of the nanomers to the RNA, everything was incubated 

for 5 minutes at 70°C for denaturation in the PCR cycler. Directly after the denaturation, 

samples were cooled down on ice for 5 minutes and incubated additional 5-10 minutes 

at room temperature. In this incubation times a Master Mix was prepare for later 

addition to the reaction tube. The master mix was prepared as follow: 

 



 Materials and Methods  

 
 

Master Mix for 1 sample 

5 x First Strand Buffer   4 µL 

10 x DTT 0.1M    2 µL 

Superscript II RT 200 U/µL   1 µL 

RNase Inhibitor 40 U/µL   1 µL 

20 x 4dNTP mix 10 mM each NTP 1 µL 

 

All components were pipet into one reaction tube, vortexed and centrifuged down to 

make sure the mixture is sufficient mixed. After room temperature incubation of the 

samples in the reaction tube, 9 µL of the master mix was added to the RNA sample. 

Samples were incubated for 1 hour at 42°C for cDNA synthesis and subsequently 

incubated for 15 minutes in 70°C to inactivate Superscript. Both incubations were done 

in PCR cycler. After synthesis and inactivation, samples were shortly centrifuged and 

dilute 1:5 with distilled water (addition of 80 µL distilled water to 20 µL synthesis 

product). cDNA was stored for long term at -20°C or directly used in the quantified 

PCR. 

2.2.37 quantified PCR (qPCR) ï Transcriptome analysis  

 

qPCR is used to quantify the level of gene expression of samples, after mRNA isolation 

from tissue homogenates or cell lysates and cDNA synthesis. The selective gene 

expression analysis from cDNA by real time quantitative PCR was done with 45 cycles 

using TaqMan SYBR green PCR master mix. The used primer sets are specified in 

Materials (2.1.9). Gene expression analysis was performed with technical duplicates 

of each sample and gene of interest. The fold gene expression of each target gene 

was calculated relative to the housekeeper gene Hprt (Hypoxanthine-guanine 

phosphoribosyl transferase of murine cells) expression. Calculations for Normalized 

Relative Quantity (NRG) were based on the threshold cycle (Ct): 

NRG: 2-ȹCt; where ȹCt = Cttarget gene - CtHprt  

2.2.38 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS -PAGE) 

 

SDS-PAGE is a technique to separate proteins according to their electrophoretic 

mobility, which depends on the size of the molecule.  
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10% SDS resolving gel:    5 % stacking gel: 

H2O       6.7 mL H2O    5.8 mL 

30 % acrylamide mix   5.5 mL 30 % acrylamide mix 1.7 µL 

1.5 M Tris (pH 8.8)     4.2 mL 0.5 M Tris (pH 6.8)  2.5 mL 

10 % SDS     165 µL 10 % SDS    100 µL 

25 % ammonium persulfate (APS) 22 µL  25 % APS   20 µL 

TEMED     22 µL  TEMED   20 µL 

 

For one 10 % SDS PAGE gel, 8,3 ml of separating gel was prepared. The separating 

gel mixture was immediately loaded into the casing with a pipette. Distilled H2O was 

gently added on the top of the gel. The leftover mixture was held back for determination 

when the gel is polymerized. The polymerization takes about half an hour, depending 

on the amount of APS and TEMED. After the separating gel was set, H2O was poured 

off and with the help of a Whatman paper the inside of the casing was dried. 5 ml of 

stacking gel was prepared for one SDS gel. The stacking gel mixture was pipetted into 

the casing and a required comb was inserted. The leftover was held back for 

determination of the polymerization similar as for the separating gel. After 

polymerization of the gel, it was immediately used for the electrophoresis or stored in 

water wetted paper towel at 4°C for less than one week. 10 µl of PageRuler prestained 

protein ladder was used for the marker. Gel was run for 10 minutes at 100V constant 

followed by 1 ï 1.5 hours at 120 V constant with 1 x Running Buffer.   

2.2.39 Western  blotting transfer  

 

Western blotting is a technique for transferring proteins from a gel matrix to a 

membrane for the subsequent immunodetection of proteins separated by 

electrophoresis. First, the SDS-PAGE method was used, to separate proteins by their 

seize. Proteins in the SDS gel were transferred with the wet blotting method. 

The transfer sandwich was assembled in the following way: 

- Anode side of holder (black) 

- Thrush 

- 1 x Whatman filter 

- SDS gel  

- PVDF membrane 
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- 1 x Whatman filter 

- Thrush 

- Cathode side of holder (white) 

 

PVDF membrane was activated with methanol for 1 minute before inserted to the 

transfer sandwich. All bubbles in the sandwich were removed and the cassette was 

put into the transfer tank. Transfer buffer was filled in the tank and an ice battery was 

placed in the chamber to prevent melting of the gel by the heat of the voltage during 

transfer. Transfer was carried out for 1 hour with a constant voltage of 100V. 

PVDF membranes were blocked in 1x Roti-Block for 1 h at room temperature. 

Membranes were incubated with primary antibodies in the required concentration in 

blocking solution overnight at 4°C. After incubation, membranes were washed with 

PBS-T 3 times for 10 minutes and then incubated with the secondary antibody (linked 

with HRP) for 1 h at room temperature. After washing with PBT-T 3 times for 10 

minutes, signals were made visible by SuperSignal® West Femo Maximum Sensitive 

Substrate (Thermo Fisher Scientific) or ECL® Prime Western Blotting Detection 

Reagent (GE Healthcare Life Science) and membranes were developed by using 

ChemiDoc imaging system (BioRad).  

After detection of protein of interest binding antibodies were optionally stripped off from 

the membrane for the incubation with a second specific antibody. Before the stripping, 

membranes were washed 3 times 10 minutes with PBS-T to remove residual 

chemiluminescent substrate. To remove binding antibodies, membranes were 

incubated with Restore PLUS Western Blot Stripping Buffer (Thermo Scientific) for 15 

minutes at RT. After stripping, membranes were washed 3 times 10 minutes with PBS-

T and blocked again 1h at room temperature in 1 x Roti-Block. Membranes were 

incubated with the new primary antibody over night at 4°C or 1h at room temperature. 

Usually after stripping off the antibodies binding the protein of interest, an HRP-labeled 

anti-b-actin Antibody was used to use the intensity of this housekeeper protein for 

analysis of protein intensities of the treatment conditions within the experiment. After 

incubation of the HRP-labeled b-actin antibody, membranes were washed 3 times 10 

minutes with PBS-T and b-actin amount was detected described earlier.  
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2.2.40 Microtome cutting  

 

Lung tissues embedded into paraffin blocks were cut with microtome into 3 µm thick 

lung slices. Tissue slices were fixed and dried on microscopic slides (super frost, ) with 

45°C heating plate. 

2.2.41 Immunohistochemistry (IHC) staining of lung tissue sections ï Vulcan 

fast red  

 

IHC staining is a method to specifically detect a protein of interest in tissue sections 

based on an enzymatic reaction leading to a coloration change on site of the target 

protein. Lung tissue embedded in paraffin and cut on microtome to 3µm thick slides 

were placed over night at 60°C for the first deparaffinization. To remove the remaining 

paraffin and rehydrate the tissue it was placed in Xylol and descending ethanol series: 

- Xylene 1   5 min. 

- Xylene 2   5 min. 

- 100% EtOH   1 min. 

- 100% EtOH    1 min. 

- 90% EtOH    1 min. 

- 80% EtOH    1 min. 

- 70% EtOH    1 min. 

- distilled water  1 min. 

 

To block endogenous peroxidase activity slides were incubated for 20 minutes in 1.8% 

H2O2-Methanol-solution and dipped briefly afterwards in distilled water. For paraffin 

embedded tissue, epitopes of interest need to be restored. For this depending on the 

primary antibody application heat induced epitope retrieval (HIER) needs to be done 

either with the use of HIER Citrate buffer or HIER EDTA buffer. In case of Citrate 

retrieval, tissue sections were placed into a cuvette immersed with 1 x HIER Citrate 

buffer and cooked in the Decloaking chamber (filled with 500 mL distilled water) up to 

125°C holding the temperature for 10 seconds and subsequently cooled down to 90°C 

holding the temperature for 30 seconds. In need of EDTA retrieval, tissue sections 

were placed into a cuvette immersed with 1 x HIER EDTA buffer. Cuvette was placed 

into a water bath preheated to 95°C for 45 minutes. After the retrieval processes, 

cuvettes were cooled down for 10 minutes at room temperature and gradually cooled 
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down by adding little by little TBS wash buffer into the cuvette. Sections were washed 

3 times for 2 minutes in TBS wash buffer. After the first washing step, tissue sections 

were bordered with PapPen (histological hydrophobic pen, DAKO). After washing, 

samples were blocked for 30 minutes at room temperature with addition of 1 or 2 drops 

per section of Rodent Block M (BioCare Medical). After blocking tissue sections were 

washed by rinsing 3 times with TBS buffer. Primary antibody of interest was diluted to 

the working concentration (depending on primary antibody) in Antibody diluent and add 

to the sections. Primary antibody was incubated over night at 4°C, placed in an 

incubation box to maintain moisture surrounding. On following day, lung sections were 

washed 3 times for 2 minutes in TBS buffer. After washing lung sections were 

incubated with an AP-Polymer specific binding to the host specimen of the primary 

antibody (Rabbit on rodent AP-Polymer, Rat on rodent AP-Polymer, Mouse on Mouse 

AP-Polymer, Goat on Mouse AP-Polymer) and washed again 3 times for 2 minutes 

with TBS buffer. 2.5 mL of Vulcan fast red buffer were freshly mixed with 1 drop of 

chromogen dye and added to the tissue section for enzymatic substrate metabolism to 

visualize protein of interest by a color change to pink. Incubation time depends on 

intensity of primary antibody. Time varies between 5 and 15 minutes. Enzymatic 

reaction was stopped by placing slides into distilled water. For counterstain of the 

tissue structure, sections were dipped briefly (0.5 sec. up to 4 sec. depending on 

antibody and wanted intensity of counter staining) in Hematoxylin followed by briefly 

dipping into distilled water and incubated for one minute in tap water for blueing of the 

sections. After tap water incubation, slides were washed once in distilled water and 

dried on 60°C heating plate for 15 minutes. For dehydration and mounting, completely 

dried slides were placed into Xylol for 5 minutes. This step was repeated with fresh 

Xylol. Slides were mounted with Entellan and covered with a glass cover slide. 

Because of vapors, Xylol and Entallan is releasing, slides were dried under the 

chemical hood overnight and stored for long term in histological boxes, protected from 

light at room temperature.  

2.2.42 Immunohistochemistry (IHC) staining of lung ti ssue sections ï DAB 

 

IHC staining is a method to specifically detect a protein of interest in tissue sections 

based on an enzymatic reaction leading to a coloration change on site of the target 

protein. Lung tissue embedded in paraffin and cut on microtome to 3µm thick slides 
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were placed over night at 60°C for the first deparaffinization. To remove the remaining 

paraffin and rehydrate the tissue it was placed in Xylol and descending ethanol series: 

- Xylene 1   5 min. 

- Xylene 2   5 min. 

- 100% EtOH   1 min. 

- 100% EtOH    1 min. 

- 90% EtOH    1 min. 

- 80% EtOH    1 min. 

- 70% EtOH    1 min. 

- Running tap water  4 min. 

For paraffin embedded tissue, epitopes of interest need to be restored. For this 

depending on the primary antibody application heat induced epitope retrieval (HIER) 

needs to be done either with the use of HIER Citrate buffer or HIER EDTA buffer. In 

case of Citrate retrieval, tissue sections were placed into a cuvette immersed with 1 x 

HIER Citrate buffer and cooked in the Decloaking chamber (filled with 500 mL distilled 

water) up to 125°C holding the temperature for 10 seconds and subsequently cooled 

down to 90°C holding the temperature for 30 seconds. In need of EDTA retrieval, tissue 

sections were placed into a cuvette immersed with 1 x HIER EDTA buffer. Cuvette was 

placed into a water bath preheated to 95°C for 45 minutes. After the retrieval 

processes, cuvettes were cooled down for 10 minutes at room temperature and 

gradually cooled down by running tap water for 5 minutes. Slides were quickly rinsed 

in dest. Water and tissue sections were bordered with PapPen (histological 

hydrophobic pen, DAKO). Slides were rehydrated for 10 minutes in PBS-T (1 x PBS + 

0.1% Tween-20). Endogenous peroxidase activity was blocked in the tissue with 

incubating 10 minutes in 3% H2O2 (30% H2O2 diluted in PBS). After blocking, slides 

were washed 3 x 2 minutes in PBS-T and a drop of Avidin solution was add to each 

section and incubated for 15 min, at RT, followed by 3 x 2 minutes washing in PBS-T. 

1 drop of Biotin solution was added to each section and washing step was repeated. 

Unspecific binging was blocked with 3% BSA in PBS blocking for 1h at RT. Primary 

antibody was diluted in 3% BSA in PBS, where the dilution was depending on the 

antibody, and overlayed to the tissue sections. Primary antibody was humidified 

incubated overnight at 4°C. At the following day, slides were washed 3 x 2 min. in PBS-

T and incubated for 30 minutes at RT with biotinylated secondary antibody, where the 

dilution was depending on the antibody. Peroxidase solution was prepared by adding 
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1 drop of solution A and 1 drop of solution B in 2.5 mL PBS. Prepared solution was 

protected from light and incubated for 30 minutes at RT in the falcon tube before 

application. After the usual washing step, peroxidase solution was given to the tissue 

and incubated for 30 minutes, protected from light. Slides were washed again and 

substrate solution was prepared by adding 1 drop of DAB to 1 mL of DAB buffer.  

After an additional washing step, substrate solution was added to the tissue section for 

enzymatic substrate metabolism to visualize protein of interest by a color change to 

brown. Incubation time depends on intensity of primary antibody. Time varies between 

30 seconds and 5 minutes. Enzymatic reaction was stopped by placing slides into 

distilled water. For counterstain of the tissue structure, sections were dipped briefly (4 

to 20 sec. depending on antibody and intensity of counter staining) in Hematoxylin 

followed by briefly dipping into distilled water and placing under running in tap water 

for blueing of the sections. After tap water incubation, slides were dipped into distilled 

water and rehydration was performed, by dipping slides in 70% Ethanol, 80% Ethanol, 

96% Ethanol and 90% Ethanol followed by 2 x 100% Ethanol for 1 minute and 2 x Xylol 

for 5 minutes. Slides were mounted with Entellan and covered with a glass cover slide. 

Because of vapors, Xylol and Entallan is releasing, slides were dried under the 

chemical hood overnight and stored for long term in histological boxes, protected from 

light at room temperature. 

2.2.43 Immunofluorescence  (IF) staining of lung tissue sections  

 

IF staining is a method to specifically detect a protein of interest in tissue sections 

based on binding of a primary antibody to the target protein and following binding of a 

fluorophore labelled secondary antibody to the primary antibody. Lung tissue 

embedded in paraffin and cut on microtome to 3µm thick slides were placed over night 

at 60°C for the first deparaffinization. To remove the remaining paraffin and rehydrate 

the tissue it was placed in Xylol and descending ethanol series: 

- Xylene 1   5 min. 

- Xylene 2   5 min. 

- 100% EtOH   1 min. 

- 100% EtOH    1 min. 

- 90% EtOH    1 min. 

- 80% EtOH    1 min. 
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- 70% EtOH    1 min. 

- distilled water  1 min. 

 

For paraffin embedded tissue, epitopes of interest need to be restored. For this 

depending on the primary antibody application heat induced epitope retrieval (HIER) 

needs to be done either with the use of HIER Citrate buffer or HIER EDTA buffer. In 

case of Citrate retrieval, tissue sections were placed into a cuvette immersed with 1 x 

HIER Citrate buffer and cooked in the Decloaking chamber (filled with 500 mL distilled 

water) up to 125°C holding the temperature for 10 seconds and subsequently cooled 

down to 90°C holding the temperature for 30 seconds. In need of EDTA retrieval, tissue 

sections were placed into a cuvette immersed with 1 x HIER EDTA buffer. Cuvette was 

placed into a water bath preheated to 95°C for 45 minutes. After the retrieval 

processes, cuvettes were cooled down for 10 minutes at room temperature and 

gradually cooled down by adding little by little PBS-T wash buffer into the cuvette. 

Sections were washed 3 times for 2 minutes in PBS-T wash buffer. After the first 

washing step, tissue sections were bordered with PapPen (histological hydrophobic 

pen, DAKO). After washing, samples were blocked for 60 minutes at room temperature 

with addition of 1 or 2 drops per section of IF Blocking buffer. After blocking tissue 

sections were washed by rinsing 3 times with PBS-T buffer. Primary antibody of 

interest was diluted to the working concentration (depending on primary antibody) in 

Antibody diluent and add to the sections. Primary antibody was incubated over night 

at 4°C, placed in an incubation box to maintain moisture surrounding. On following day, 

lung sections were washed 3 times for 2 minutes in PBS-T buffer. After washing lung 

sections were incubated for 1 hour at room temperature and protected from light with 

fluorophore labeled secondary antibody binding specific to host specimen of primary 

antibody. Additionally adding of 1:1000 dilution of DAPI and 1:40 dilution of Phalloidin, 

to visualize the nuclear structure and cytoplasm. After incubation, slides were washed 

3 x 5 minutes in PBS-T and slides were mounted to preserve the staining. For this 

preservation, 1 drop of fluorescence DAKO mounting medium was added to the tissue 

and a glass cover slip was gently placed on the slide. After 1h of letting the mounting 

medium harden at RT, in the dark, the slides were stored at 4°C until microscopical 

examination.   
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2.2.44 Detecting DNA fragmentation with TUNEL assay  

 

TUNEL assay is a method to detect DNA fragmentation by labeling the 3ǋ- hydroxyl 

termini in the double stranded DNA breaks generated during cell death. Lung tissue 

embedded in paraffin and cut on microtome to 3µm thick slides were placed over night 

at 60°C for the first deparaffinization. To remove the remaining paraffin and rehydrate 

the tissue it was placed in Xylol and descending ethanol series: 

- Xylene 1   5 min. 

- Xylene 2   5 min. 

- 100% EtOH   1 min. 

- 100% EtOH    1 min. 

- 90% EtOH    1 min. 

- 80% EtOH    1 min. 

- 70% EtOH    1 min. 

 

After rehydration, slides were incubated for 5 min. in 0.85% NaCl, followed by 2 x 5 

min. in PBS. Addition of 100 µL proteinase K solution (20µg/mL Proteinase K in Tris-

HCl pH 8.0 + 50 mM EDTA) and incubation for 5 minutes at RT. Wash slides 5 minutes 

in PBS. Fix slides for 5 minutes in 4% PFA and wash again 5 minutes in PBS. Cover 

slides with Wash buffer for 5 minutes and repeat this step one more time. Cover the 

slides with 50 µL of the DNA labeling solution, prepared as described: 

For 1 test 

- TdT Reaction Buffer  10 µL 

- TdT Enzyme   0.75 µL 

- Br-dUTP   8 µL 

- ddH2O    32.35 µL 

- TOTAL VOLUME  51 µL 

 

Gently place a cover slip on the top of the cells to ensure even distribution. Place the 

slides in a dark humidified 37°C incubator for 1h. Remove the cover slips and wash 

the slides 3 x 5 minutes in PBS. Cover the slides with 100 µL antibody solution, 

prepared as described: 

For 1 test 

- Anti-BrdU-Red antibody 5 µL 
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- Rinse buffer   95 µL 

- Phalloidin-488  2.5 µL 

- DAPI    1 µL 

 

Gently place a cover slip on the top of the cells to ensure even distribution. Place the 

slides in a dark humidified incubation chamber for 30 minutes at RT. Wash the slides 

3 x 5 minutes with ddH2O. Slides were mounted to preserve the staining. For this 

preservation, 1 drop of fluorescence DAKO mounting medium was added to the tissue 

and a glass cover slip was gently placed on the slide. After 1h of letting the mounting 

medium harden at RT, in the dark, the slides were stored at 4°C until microscopical 

examination.   

2.2.45 Hematoxylin and Eosin (H&E) staining  

 

H&E staining is for staining of histological samples to an intense blue nucleus by 

Hemalum and a pink stain of the cytoplasm by Eosin.  

Lung tissue embedded in paraffin and cut on microtome to 3µm thick slides were 

placed over night at 37°C for the first deparaffinization. To remove the remaining 

paraffin and rehydrate the tissue it was placed in Xylol and descending ethanol series: 

- Xylene 1   5 min. 

- Xylene 2   5 min. 

- 100% EtOH   1 min. 

- 100% EtOH    1 min. 

- 90% EtOH    1 min. 

- 80% EtOH    1 min. 

- 70% EtOH    1 min. 

- distilled water  1 min. 

 

For the nuclear staining tissues were incubated with Mayerôs Hemalum (filtered before 

usage) for 5 minutes. After the incubation tissues were briefly dipped first into tap water 

and subsequent in 0.1% HCL-EtOH. Following samples were adequately blued in the 

sink with running tap water for 10 minutes. After bluing, the tissue was dipped briefly 

in distilled water and afterwards incubated in 0.5% Eosin (filtered before usage) for 8 
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minutes for cytoplasm staining. after finishing the staining tissue was dehydrogenated 

with an ascending ethanol series: 

- 70% EtOH    1 x dip briefly 

- 80% EtOH    1 x dip briefly 

- 90% EtOH    1 x dip briefly 

- 96% EtOH    1 x dip briefly 

- 100% EtOH    1 min. 

- 100% EtOH    1 min. 

- Xylene 1   5 min. 

- Xylene 2   5 min. 

After dehydration, tissues were covered with Entellan and glass cover slips in the 

corresponding size. The slides were left for hardening overnight under the hood and 

long term stored in a dry and light protected cover box at room temperature.  

2.2.46 Massonôs Goldner Trichrome staining  

 

To visualize collagen deposition into the lung tissue, Massonôs Goldner Trichrome 

staining was done with 3 µm thick lung sections using the staining Kit #3459 from Roth. 

Manufacturerôs protocol was change according to the best suitable conditions.  

All staining solutions were filtered before usage and except Weigertôs iron hematoxylin 

used for several times.  

First deparaffinization was done by putting slides over night at 60°C incubator. To 

remove the remaining paraffin and rehydrate the tissue it was placed in Xylol and 

descending ethanol series: 

5 minutes Xylene 1 

- 5 minutes Xylene 2 

- 1 minute 100% Ethanol 1 

- 1 minute 100% Ethanol 2 

- 1 minute 90% Ethanol  

- 1 minute 80% Ethanol 

- 1 minute 70% Ethanol 

Start with staining directly from 70% Ethanol: 

- 10 minutes in Weigertôs iron hematoxylin 

- 1 x dip briefly in tap water 
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- 1 x dip briefly in HCl-Ethanol (2 mL 32% HCl + 200 mL 70% Ethanol) 

- 12 minutes under running tap water 

- 1 x dip briefly in distilled water 

- 5 minutes in Goldner Solution I (ponceau acid fuchsin) 

- 1x dip briefly in 1% acetic acid and change solution Ą 30 seconds in 1% acetic 

acid 

- 1 x dip briefly in distilled water 

- 8 minutes in Goldner Solution II (phosphomolybdic acid) 

- 1x dip briefly in 1% acetic acid and change solution Ą 30 seconds in 1% acetic 

acid 

- 15 minutes in Goldner Solution III (Light green)  

- 1x dip briefly in 1% acetic acid and change solution Ą 30 seconds in 1% acetic 

acid 

- 1 x dip briefly in distilled water 

- 1 x dip briefly sequentially in 70% EtOH, 80% EtOH, 90% EtOH, 96% EtOH 

- 1 minute 100% Ethanol 1 

- 1 minute 100% Ethanol 2 

- 5 minutes Xylene 1 

- 5 minutes Xylene 2 

After dehydration, tissues were covered with Entellan and glass cover slips in the 

corresponding size. The slides were left for hardening overnight under the hood and 

long term stored in a dry and light protected cover box at room temperature. 

2.2.47 Imaging of histological stainings  

 

Brightfield and fluorescence images were taken with Olympus BX-51 light microscope 

(Olympus, Hamburg, Germany). With fluorescence filter for DAPI, AF-488, Cy-3, Cy-

5. 

2.2.48 Quantitative morphometry of mean linear chord length (MCL), IHC stains 

and tissue inflammation  

 

In this study, MCL, IHC stains and tissue inflammation were determined using 

stereology. Computer-assisted stereological toolbox software Visopharm Integrator 
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System (VIS) v6.0.0.1765 (newCAST, Visiopharm) was used for design-based 

stereology to analyze histological lung sections using an Olympus BX51 light 

microscope. H&E was used for assessing the airspace enlargement and the tissue 

inflammation. Air space enlargement was assessed by quantifying mean linear chord 

length (MCL) on 30 field of view per lung, a line grid was superimposed on lung section 

images taken with the ×20 objective. Intercepts of lines with alveolar septa and points 

hitting airspace were counted to calculate MCL applying the formula MCL = ×Pair × 

L(p)/×Isepta × 0.5. Pair are the points of the grid hitting air spaces, L(p) is the line length 

per point, and Isepta is the sum of intercepts of alveolar septa with grid lines. To quantify 

tissue inflammation in the lung, a line grid was superimposed on lung section images 

taken with the ×20 objective and were analyzed on lung sections across at least 30 

random fields per lung. Intercepts of lines crossing with airways and vessels were 

counted to calculate the tissue inflammation (µm3/µm2) = ×Pinflamed area × 

L(p)/×Iintercept(A+V). Pinflamed area are the points of the grid hitting inflammatory tissue area, 

L(p) is the line length per point, and IIntercept(A+V) is the sum of intercepts of airways and 

vessels to normalize the inflammatory area.  

To determine IHC stains, the number of specific antibody positive cells across the lung 

was used with CAST system. 30 random fields were chosen by the software in the lung 

sections and with 40x objective was used to take images of AB positive cells, which 

were count across this random field of views. The mean value per lung was used as a 

representative ñpositive cells per fieldò. 

2.2.49 Statistical analysis  

 

In this study, results were presented as mean values ± standard deviation (SD). Figure 

legends contain the number of samples as well as number of repeats (ñnò numbers) for 

each graph. To compare the significance between only two groups, studentôs unpaired 

tȤtest was performed, when comparing more than two groups in one experiment, one-

way ANOVA followed by Tukeyôs multiple comparisons test was used. Dose dependent 

analysis was performed with either nonlinear or linear regression.  

Correlations between two measured results were tested with GraphPad Prism 

correlation test. Significance was determined according to P value being lower than 

0.05. All graphs were generated with the help of GraphPad Prism software version 9.4 

(GraphPad Software, Inc. San Diego, CA, USA). ñ*ò, ñ#ò or ñ§ò was used to show 
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significant difference, */#/§ P ᾽ 0.05, **/##/§§ P ᾽ 0.01, ***/###/§§§ P ᾽ 0.001, ****/####/§§§§ 

P ᾽ 0.0001. 
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3. Results 

3.1 Characterization of CNP and DWCNT for in vitro and in vivo 

application 

 

To study virus reactivation in vitro and pulmonary inflammatory and virus reactivation 

in vivo, I used different kinds of carbonaceous nanoparticles (CNPs) and fiber shaped 

double walled carbon nanotubes (DWCNTs). CNP is a soot-like nanoparticle of 

agglomerates from primary particles with a diameter of 14 nm. Brunauer-Emmett-Teller 

(BET) analysis revealed the CNP surface area of 272 cm2/g (Stoeger et al., 2009; 

Sattler et al., 2017). In aqueous dispersions, with a concentration of 1 mg/mL, CNP 

form agglomerates of 140 nm (+/- 20nm) analyzed by dynamic laser scatter (DLS) 

measurement. The Polydispersity index (Pdl) is between 0.1 and 0.2 which indicates 

a stable dispersion in H2O. 

DWCNTs is an engineered nanomaterial with fiber shape similar to asbestos. DWCNT 

has a 10 nm diameter and a length of 1000 nm with a BET of 660 m2/g (Sattler et al., 

2017). DWCNTs easily form aggregations when dispersed in ultrapure water. 

Dispersion quality can be increased with 1% Pluronic F-127 (Sigma Aldrich, Germany). 

The dynamic diameter is 1800 to 3200 nm and PdI is 0.4 to 0.6. DWCNT are less 

stable in water than CNPs.     

 

Table 3.1 Characterization of nanoparticles used in the study  

Nanoparticles  Name Acronym  Particle 

Sizea (nm)  

BETb (m2/g) 

Carbon black  Printex 90 CNP 14 272 

Double walled carbon 

nanotubes  

NC2100TM DWCNT 10*1000 660 

a Particle Size: primary particle size, not considering agglomerate formation 

b BET: Brunauer-Emmett-Teller (BET) surface area analysis of particle surface area 

based on nitrogen adsorption. 
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3.2 Repeated CNP and DWCNT instillation trigger MHV-68 

reactivation in the lungs 

3.2.1 Repeated CNP and DWCNT instillation approaches environmental NP 

exposure  

 

C57BL/6 mice were intranasally infected with 5*10
4 
PFU MHV-68 for 28 days to establish virus latency. 

At day 28 and day 83 after virus infection mice were exposed to 50 µg of CNP or DWCNT by intratracheal 

instillation. 6d after MHV-68 infection, 24h after the first and 24h and 6 days after the second CNP or 

DWCNT exposure, mouse serum, lung tissue, bronchoalveolar lavage (BAL) fluid and BAL cells were 

harvested to investigate cytokines and chemokines, free dsDNA, BAL protein and IgM levels as well as 

structural and inflammatory changes and cell recruitment into the lung tissue and air space. 5 mice per 

group were treated for the analysis of BAL fluid and protein, RNA in lung tissue and 3 mice per group 

were treated for the histological examination. 

 

Previous experiments from our group, as described in Sattler et al. 2017, showed that 

pulmonary exposure to carbon nanoparticles (CNP) and double walled carbon 

nanotubes (DWCNT) trigger the reactivation of latent virus infection with an increase 

of lytic virus proteins in mouse lungs of latently infected MHV-68 animals (Sattler et al., 

2017). In my project, I was interested, how repeated nanoparticle (NP) exposure effect 

the lung structure, inflammation and integrity. The repeated NP exposure should mimic 

Figure 3.1 Schematic illustration of repeated CNP and DWCNT instillation into MHV -68 infected 

mice.  
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a chronic and more environmental relevant exposure scenario. We performed an in 

vivo experiment (Fig. 3.1 ) with C57BL/6 mice. They were intranasally (i.n.) infected 

with 5 Ĭ 104 PFU MHV-68 for 28 days to establish latency (virus infection model). At 

day 28, either 50µg CNP or DWCNT were intratracheal instilled for the first time 

(second hit model). 24h later, some mice were sacrificed, and tissue was harvested. 

55 days after the first instillation, a second 50µg CNP or DWCNT dosing was 

intratracheal instilled into the lungs (repeated second hit model). 24h and 6 days after 

the repeated instillation, mice were sacrificed, and lungs were analyzed on histological 

level for nanoparticle-triggered reactivation of MHV-68 latent infection to its lytic 

infection phase. To investigate reactivation, lytic virus proteins were stained with 

Immunohistochemistry (IHC) with polyclonal rabbit serum containing antibodies 

directed against lytic proteins of MHV-68 (described previously by Steer et al., 2010).  

3.2.2 CNP and DWCNT trigger virus reactivation in the lung in first and 

repeated exposure  

 

During latent virus infection only a limited number of viral proteins are expressed. When 

latent virus gets triggered to reactivate to its lytic infection phase, more proteins are 

produced by the virus. In previous work of Sattler and the group, only one time of CNP 

or DWCNT was instilled to the lungs of infected animals to test virus reactivation 

(Sattler et al., 2017). In this work, I confirm, that the repeated NP exposure also allows 

the MHV-68 to reactivate. For this investigation, lung tissue was sectioned and 

immunohistochemically (IHC) stained for lytic virus proteins with polyclonal rabbit 

serum containing antibodies directed against lytic proteins of MHV-68. MHV-lytic 

proteins can be visualized in Vulcan fast red staining in pink, compared to the violet 

staining for the lung structure. In Fig. 3.2 , its shown, that the control and virus latency 

have no positive cells for lytic proteins. In the positive control, the acute virus infection 

after 6 days, lytic MHV-68 proteins are mainly localized in the alveolar epithelium. In 

the 2nd hit models, virus latency plus NP exposure, cells positive for the lytic virus 

proteins are visible. The localization of the virus proteins changed from acute virus 

infection mainly in the epithelial region to more diffuse localizations in tissue recruited 

cells. These cells are mainly localized peribronchial and perivascular. Virus 

reactivation can be observed in both, the first and repeated instillation, with both the 

CNP and DWCNT particles. Even still in the later time point at 6 days after the repeated 
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NP exposure, lytic virus protein positive cells can still be observed.  These results show 

that virus can be reactivated for several times, after nanoparticle exposure to the lungs.   

 

 

Mice latently infected with MHV-68 were one and two times instilled with CNP or DWCNT. Lung tissue 

was isolated and histological analyzed after IHC staining for lytic virus proteins to investigate virus 

Figure 3.2 Nanoparticles trigger virus reactivation in f irst and repeated exposure in lung tissue.  
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reactivation. Non-infected control and virus latency shows no lytic virus protein staining. Acute virus 

infection after 6 days shows lytic virus proteins localized mainly in epithelial cells. IHC stains of lytic virus 

proteins show reactivation in the 2nd hit model, mainly in infiltrating cells. In all conditions, with CNP and 

DWCNT in first and repeated NP exposure. Scale bar: 8 µm. 

3.2.3 CD11b and IBA1 positive recruited macrophages are the main cell type 

for nanoparticle -triggered virus reactivation  

 

As I detected MHV-68 lytic protein expression via IHC in infiltrating cells after particle-

triggered reactivation, I want to investigate which cells reactivating latent MHV-68 

infection upon the CNP or DWCNT exposure. I used IF co-staining to test different 

cellular marker to be co-localized with the lytic MHV-68 proteins. MHV-68 lytic proteins 

were not found to be co- localized with CD3+ T-lymphocytes, CD45r/B220+ B-

lymphocytes, MPO+ neutrophils, CCR2+ monocytes or CD11c+ or Siglecf+ alveolar 

macrophages. I found MHV-68 reactivating in cells positive for both, CD11b and Iba1 

(Fig. 3.3 ). CD11b, or integrin alpha M, belongs to integrin family and predominately 

expressed in monocytes, monocyte derived macrophages and granulocytes. In lung 

tissue, A high expression of CD11b is mainly detected in inflammatory, recruited 

macrophages originating from circulating monocytes or interstitial macrophages. 

Ionized calcium-binding adapter molecule (Iba1), or allograft inflammatory factor 1 

(AIF-1), in contrast is expressed in all lung macrophages, except alveolar 

macrophages. Few cells reactivating MHV-68 were found to be also positive for ARG1 

and GPNMB. Both proteins are known to be expressed in inflammatory macrophages. 

The predominantly co-localization of CD11b and Iba1 with lytic MHV-68 proteins, 

indicate inflammatory recruited macrophages, not tissue resident alveolar 

macrophages as the source of MHV-68 reactivating cells in the 2nd hit model.   

 

Table 3.2 Marker co -localization  with lytic MHV -68 proteins  

Immunohistological marker Co-localization with MHV-

68 lytic proteins 

Potential cell type 

CD11b yes Inflammatory monocyte 

derived macrophages, 

interstitial macrophages, 

dendritic cell subset 
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IBA1/AIF-1 yes All macrophages, except 

alveolar macrophages  

Arg1 yes M2 polarized 

inflammatory 

macrophages, monocytes 

GPNMB yes Inflammatory 

macrophages 

CD11c no Alveolar macrophages, 

dendritic cell subset 

Siglecf no Alveolar macrophages, 

Eosinophils 

CCR2 no Classical monocytes and 

derived macrophages 

CD45r/B220 no B-lymphocytes 

CD3 no T-lymphocytes 

CD4 no T-helper cells 

CD8 no Cytotoxic T-lymphocytes 

MPO no Neutrophils 

 

 

 



 Results  

 
 

Immunofluorescence (IF) staining of CD11b, IBA1 and lytic MHV-68 proteins. Left picture shows IF 

staining of lung tissue of latent virus infection after 29 days. Right picture shows staining of lung tissue 

of virus latency plus 1xCNP instillation. Anti-CD11b antibody, anti-Iba1 antibody and anti-lytic MHV-68 

protein antibody was used for IF staining followed by Alexa Fluor 555-conjugated, Alexa Fluor 488-

conjugated and Alexa Fluor 647-conjugated secondary antibodies, respectively. Image below shows all 

channels merged. The co-staining show co-localization of all markers, indicating NP-triggered virus 

reactivation happening in recruited macrophages. All sections were co-stained with DAPI. Scale bar: 20 

µm.  

Figure 3.3 NP-triggered MHV -68 reactivation occurs in CD11b+/IBA1+ cells.  
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3.3 BAL cell differentiation ï Airspace accumulation of 

lymphocytes and neutrophils in repeated CNP exposure of 

latently infected mice 

 

Mice were infected with MHV-68 and after established latency (day 28 post infection), 

either with 50µg CNP or DWCNT were instilled intratracheal for one or two repeated 

times. After different time points, bronchoalveolar lavage was performed to collect 

cells, which are localized in the airspace. Cells were centrifuged to a microscopic slide 

and Giemsa staining was performed to differentiate the BAL cells by morphology and 

staining pattern. A significant increase of total BAL cell numbers in all groups of the 

second hit model and repeated second hit model, both after CNP and DWCNT and 

24h after of the first and repeated CNP exposure was observed (Fig. 34a ). Elevated 

airspace neutrophil numbers indicating an acute pulmonary inflammation. Neutrophils 

were observed significantly high 24h after the first and repeated CNP exposure in non-

infected animals, 24h after the first DWCNT exposure in non-infected mice and in the 

second hit model (Fig. 3.4b ). Furthermore, elevated airspace as well as interstitial 

lymphocyte numbers indicate chronic pulmonary inflammation. In BAL differentiation 

staining (Giemsa staining), further discrimination of B-lymphocytes, T-lymphocytes or 

natural killer cells cannot be investigated. Significantly higher numbers of airspace 

lymphocytes are found in all latency groups, in NP treatment or without. In both CNP 

and DWCNT exposure. Besides the infection groups, there is also a significant 

increase of airspace lymphocytes in the later time point of repeated CNP exposure in 

non-infected animals (Fig. 3.4c ). Airspace macrophages are mainly alveolar 

macrophages and found to be significantly increased in the early phases of virus 

latency with and without NP exposure. High macrophage numbers last longer in the 

second hit and repeated second hit model of DWCNTs (Fig. 3.4d ). Representative 

Giemsa-stained BAL cell images are shown in Figure 3.4e . In the control, mainly 

alveolar macrophages are found (marked with ñMò), and few numbers of neutrophils 

and lymphocytes (ñLò). In virus latency and CNP exposure, there are significantly more 

neutrophils (ñNò) and lymphocytes (ñLò) compared to macrophages (ñMò). In the right 

image, CNP uptake of alveolar macrophages are clearly visible (ñNP-Mò). No 

eosinophils were observed in BAL cytospins.  



 Results  

 
 

Taken together, BAL cell differentiation shows combinatory significant increase of 

airspace recruited lymphocytes and neutrophils in repeated 2nd hit model with CNP 

instillation compared to virus latency or NP exposure alone.  

 

 

BAL cell isolation from mice infected with MHV-68 and treated with CNP or DWCNT. BAL cells were 

counted and differentiated after cytospin and Giemsa staining. (a) shows total BAL cells. (b) shows BAL 

neutrophil numbers which were significantly high in repeated CNP exposure in virus latency, early CNP 

time points in first and repeated exposure and in the first exposure of DWCNTs. (c) shows BAL 

lymphocytes with increased numbers in all MHV-68 latency groups with and without CNP or DWCNT, 

and in the late time point of repeated CNP exposure. Significant higher BAL lymphocytes in later time 

points in the 2nd hit model after repeated CNP or DWCNT exposure compared to virus latency or NP 

Figure 3.4 Differentiation of BAL cells show significant in crease of lymphocytes and 

neutrophils in 2 nd hit model.  
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only. (d) shows BAL macrophages with increased numbers in virus latency with and without NP 

exposure. (n = 5-7). (e) shows representative bright field microscopic images of BAL cell cytospins with 

Giemsa staining. Left image show control with green ñMò: macrophage and green ñLò: lymphocyte, right 

image show MHV-68 latency plus repeated CNP exposure with green ñNò: neutrophil, green ñLò: 

lymphocyte, green ñMò: macrophage, green ñNP-Mò: nanoparticle loaden macrophage. Scale bar: 200 

µm.  Data were analyzed by Ordinary one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò 

indicates statistically significant difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P value 

< 0.01. ***: indicates P value < 0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically 

significant difference of two indicated groups. #: indicates P value < 0.05. ###: indicates P value < 0.001. 

####: indicates P value < 0.0001. 

 

3.4 Increased lung tissue inflammation in 2nd hit model 

 

As I can see a high recruitment of lymphocytes and neutrophils to the airspace, I 

wanted to investigate, how the lung tissue inflammation can be validated. For this 

observation, lungs were harvested, PFA-fixed and embedded into paraffin. After 

embedding, tissue was cut in slices and stained with hematoxylin and eosin (H&E) to 

visualize pulmonary structure. In lung tissue, I also observe high numbers of tissue 

infiltrating cells (Fig. 3.5a ). Cellular infiltrations mainly localized in peribronchial and 

perivascular regions. Inflammation level can be assessed by CAST quantification, in 

which random fields of view are chosen by the software, and inflammatory area is 

marked. Inflammatory area gets normalized to the bronchial region of all slides. In the 

quantification I see higher tissue inflammation in the 2nd hit model, with both, CNP and 

DWCNT exposure. There is also higher pulmonary inflammation in the first exposure 

to DWCNT in non-infected animals (Fig. 3.5b ). From H&E staining it was not possible 

to clearly distinguish the exact cell types infiltrating to the pulmonary area, leading to 

tissue inflammation. What is only clear with H&E staining, that there are no eosinophil 

cell recruitments, which confirms also the BAL cell differentiation in which I did not see 

changes of eosinophilic numbers.    

  



 Results  

 
 

Lungs were isolated from mice infected with MHV-68 and instilled with CNP or DWCNT in latency. 

Histological slides were stained with H&E and analyzed for tissue inflammation with CAST. (a) shows 

representative brightfield images from lung tissue. (b) Quantification of tissue inflammation shows 

increased inflammation levels in both 2nd hit models with CNP or DWCNT compared to latency or particle 

only. (n = 3). Data were analyzed by Ordinary one-way ANOVA and Tukeyós multiple comparisons test, 

Figure 3.5 Increased tissue inflammation level in 2 nd hit model.  
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ñ*ò indicates statistically significant difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P 

value < 0.01. ***: indicates P value < 0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically 

significant difference of two indicated groups. #: indicates P value < 0.05. ##: indicates P value < 0.01. 

###: indicates P value < 0.001. ####: indicates P value < 0.0001. 

 

 

3.5 Increased Leakage of Proteins and IgM into bronchoalveolar 

space 

 

Next, I wanted to investigate whether higher pulmonary inflammation levels in lung 

tissue can lead to the disruption of the endothelial-epithelial barrier. This can be 

assessed by measuring the BAL protein and BAL IgM concentration. Upon endothelial-

epithelial barrier damage, smaller proteins and eventually even high molecular weight 

serum proteins, such as IgM, with an average size of 1050 kDa can enter the airspace 

through these leakages. Measurement of BAL protein and BAL IgM confirms tissue 

inflammation is significantly higher in the second hit and repeated second hit model, 

with CNP and with DWCNT exposure (Fig. 3.6a ). In addition to the high BAL protein 

content, the IgM concentration is also elevated in the 2nd hit models. But also during 

the latency and 6 days after the repeated CNP exposure (Fig. 3.6b ). However, the 

BAL IgM content remains significantly higher 6 days after the CNP exposure in latently 

infected animals, compared to CNP exposure alone. 
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Bronchoalveolar lavage (BAL) was performed on mice infected with MHV-68 and treated with CNP or  

DWCNT in virus latency. (a) BAL protein concentration was measured in mg/mL with BCA and show  

elevated levels in virus latency plus CNP or DWCNT compared to virus latency or NP instillation alone 

(n = 3-7). (b) BAL IgM content was measured in ng/mL with IgM-ELISA and show significant increased 

levels in early MHV-68 latency, in repeated CNP exposure, in all MHV-68 latency plus CNP and early 

MHV-68 latency plus DWCNT time points. (n = 3-7). (c) Significant correlation between mean of BAL 

protein concentrations and mean of BAL IgM levels confirms results. (a and b) Data were analyzed by 

Ordinary one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates statistically significant 

difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 

0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically significant difference of two indicated 

groups. #: indicates P value < 0.05. ###: indicates P value < 0.001. ####: indicates P value < 0.0001. 

(c) Data were analyzed by correlation test, ñÄò indicated statistically significant correlation of ñBAL 

proteinò and ñBAL IgMò. ÄÄ indicates P value < 0.01.  

 

 

 

 

 

Figure 3.6 Increased BAL protein and BAL IgM levels in 2 nd hit model indicate elevated epithelial 

endothelial barrier damage.  
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3.6 Elevated levels of neutrophil chemoattractants after repeated 

CNP exposure in 2nd hit model  

 

As high numbers of neutrophils recruited to the air space of the lungs have been 

observed, mainly after particle exposure only but also in the repeated second hit model, 

I investigated the release of neutrophil chemoattractants into the air space region. To 

investigate this, I collected the BAL fluid and separated the cells for the BAL cytospin 

from the BAL liquid only. This BAL fluid was used in ELISA to test the concentrations 

of CXCL2, CXCL1, CXCL5 and myeloperoxidase (MPO), a peroxidase enzyme most 

abundantly expressed in neutrophil granulocytes (Fig. 3.7 ). 

 

 

Neutrophile chemoattractants were measured with ELISA and correlated to BAL neutrophil numbers. 

(a) CXCL2 concentrations in BAL fluid in pg/mL measured with CXCL2-ELISA show increased levels in 

repeated CNP exposure in MHV-68 latency and later timepoint of repeated CNP exposure without MHV-

68 infection. (b) CXCL1 concentrations in BAL fluid in pg/mL measured with CXCL1-ELISA show 

Figure 3.7 Increased neutrophil chemoattractants in BAL fluid after CNP exposure.  
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increased levels in all 2nd hit conditions with CNP exposure and early CNP exposure without infection. 

(c) CXCL5 concentrations in BAL fluid in pg/mL measured with CXCL5-ELISA show increased levels in 

repeated CNP exposure in MHV-68 latency and later timepoint of repeated CNP exposure without MHV-

68 infection. (d) MPO concentrations in BAL fluid in pg/mL measured with MPO-ELISA show increased 

MPO levels in all groups with CNP exposure with or without MHV-68 infection. (n = 4 ï 5). (e ï h) show 

correlation between CXCL2/CXCL1/CXCL5/MPO vs. BAL neutrophils. (e) indicates a significant 

correlation between BAL CXCL2 and BAL neutrophils. (f) indicates no significant correlation between 

BAL CXCL1 and BAL neutrophils. (g) indicates no significant correlation between BAL CXCL5 and BAL 

neutrophils. (h) indicates a significant correlation between BAL MPO and BAL neutrophils. (a ï d) Data 

were analyzed by Ordinary one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates 

statistically significant difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. 

***: indicates P value < 0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically significant 

difference of two indicated groups. #: indicates P value < 0.05. ##: indicates P value < 0.01. ###: 

indicates P value < 0.001. ####: indicates P value < 0.0001. (e ï h) Data were analyzed by correlation 

test, ñÄò indicated statistically significant correlation of ñneutrophil numbersò and ñBAL 

CXCL2,CXCL1,CXCL5 or MPOò. Ä indicates P value < 0.05. §§§ indicates P value < 0.001.  

 

The release of all chemokines increases from first repeated instillation of CNP during 

latency (Fig. 3.7a-d). They are still significantly high in the later time point, after 6 days 

post CNP exposure to latent infection. CXCL2 and CXCL5 were significantly high in 

the first instillation of CNP in non-infected animals (Fig. 3.7a, c ). Whereas CXCL1 was 

significantly high in the late time point after 6 days without virus infection. (Fig. 3.7b ). 

MPO was significantly high in all CNP groups, both infected and not infected. As well 

as in the early time points of first and repeated DWCNT instillation without infection 

(Fig. 3.7d ).  

CXCL1 and CXCL5 concentrations were not significantly correlated with BAL 

neutrophil numbers (Fig. 3.7f, g ). But there was a significant correlation of CXCL2 and 

MPO release to the BAL neutrophil numbers (Fig. 3.7e,  h).  

 

3.7 Investigation of lymphocytes in the 2nd hit model 

3.7.1 No change in CD45R+ B -lymphocyte numbers after viral infection and NP 

treatment  

 

Elevated lymphocyte numbers infiltrating the air space, mainly in virus infection but in 

addition even higher numbers after CNP instillation were observed. To investigate, 
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which lymphocyte cell types specifically are recruited to the lungs under the respective 

conditions. Immunohistochemical staining for CD45R, as a marker for B-lymphocytes 

was performed. No increase of B-lymphocyte numbers in lung tissue with or without 

infection or NP treatment was observed (Fig. 3.8 ),  

  

Figure 3.8 B-lymphocytes are not recruited to the lungs after NP exposure into latent virus 

infection.  

Mice were infected with MHV-68 and either CNP or DWCNT were exposed to the lungs. Lung tissue 

was isolated, fixed and embedded to paraffin. Lung sections were immunohistochemically stained 

(vulcan fast red) with anti-CD45R antibody, labelling B-lymphocytes in the lung tissue colored in pink. 

Images show no changes in B-lymphocyte numbers between different treatments. Scale bars: 50 µm.  
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3.7.2 Increased infiltration of  CD8+ T-lymphocytes in lungs after viral infection  

 

T-lymphocytes were stained, using the pan-T-lymphocyte marker is CD3. The CD3 

complex, as T cell co-receptor is expressed on the plasma membrane virtually all T 

cells. Whereas the marker for cytotoxic T-lymphocytes is CD8 and for helper T-

lymphocytes CD4. Immunohistochemical staining of these T-lymphocyte markers 

show high numbers of CD3+/CD8+ T-lymphocyte cells in the cell infiltrating area (Fig. 

3.9a). No changes in CD4+ positive cell numbers indicating steady CD4+ T-

lymphocyte numbers. Additionally higher T-cell numbers in BAL cells can be confirmed 

with significantly higher CD8+ lymphocyte numbers in the repeated second hit model 

6 days after both with CNP and DWCNT exposure (Fig. 3.9b ). CD8+ positive cells 

were quantified in the pulmonary tissue by CAST, in which random fields of view are 

chosen by the software, and positive stained cells are marked and counted. 

CD8+ T-lymphocytes were localized diffusely over the lung tissue and elevated 

pulmonary recruitment was detected in the peribronchial and perivascular areas (Fig. 

3.9a). 

 

CD8+ T-lymphocytes were investigated on their proliferation. Ki67, which production 

accumulates in the cells are cycling from S to M phases and is an established marker 

for cell polarization was used to co-stain in immunofluorescence (IF) staining with CD8. 

Co-immunofluorescence staining of anti-CD8 antibody and anti-Ki67 are detected to 

co-localization of both markers only in the virus reactivation model, not in virus or CNP 

exposure alone. These results indicating the proliferation of CD8+ T-lymphocytes in 

pulmonary tissue in the second hit model (Fig. 3.10 ).  
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Mice were infected with MHV-68 and either CNP or DWCNT were exposed to the lungs. Lung tissue 

was isolated, fixed and embedded to paraffin. (a) Lung sections were immunohistochemically stained 

(DAB) with anti-CD8 antibody, labelling cytotoxic T-lymphocytes in the lung tissue colored in brown. 

Scale bars: 50 µm. (b) Quantification of CD8 positive cells in lung tissue with CAST, confirms elevated 

T-lymphocyte numbers in the tissue with still higher numbers after nanoparticle exposure. (n=3). Data 

were analyzed by Ordinary one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates 

statistically significant difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. 

***: indicates P value < 0.001. ****: indicates P value < 0.0001. 

 

 

Figure 3.9 CD8 IHC staining, and quantification show elevated T -lymphocyte recruitment to the 

lungs during MHV -68 infection.  
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Mice were infected with MHV-68 and either CNP or DWCNT were exposed to the lungs. Lung tissue 

was isolated, fixed and embedded to paraffin. Lung sections were immunofluorescence stained (IF) with 

anti-CD8 and anti-Ki67 antibodies, labelling cytotoxic T-lymphocytes and cell proliferation, respectively. 

Proliferation was detected in T-lymphocytes in the 2nd hit model with MHV-68 infection and CNP 

treatment. Scale bars: 10 µm. 

 

3.7.3 Increased CD8+ T -lymphocytes in BAL cells  

 

Elevated cytotoxic T-lymphocyte recruitment and proliferation in lung interstitium and 

air space after MHV-68 infection and even more increase in the repeated second hit 

model after CNP or DWCNT treatment. Lymphocytes types contributing to the elevated 

numbers in the BAL cell were analyzed. To answer this question, the collected BAL 

cells were lysed, and RNA was purified. cDNA was synthesized and cell type specific 

marker expressions was analyzed relative to the housekeeper gene Hprt. Cd19 (for B-

lymphocytes), Klra7 (for natural killer (NK) cells), Cd247 (pan T-lymphocytes), Cd4 (for 

T-helper cells), Cd8b (for cytotoxic T-lymphocytes), Cxcr3 (for effector T-lymphocytes) 

and Cxcr6 (for resident memory T-lymphocytes) gene expression were investigated 

(Fig. 3.11 ). Only a small increase of Cd19, the B-lymphocyte marker expression was 

found in BAL cells in CNP induced second hit model (Fig. 3.11a ). No significant 

changes in marker expression of Klra7 and Cd4, for NK-cells and T-helper cells were 

observed (Fig. 3.11b, d ). Significant expression of pan-T-lymphocyte, cytotoxic T-

lymphocyte, effector T-cell and resident memory T-cell were found by elevated Cd247, 

Cd8b, Cxcr3 and Cxcr6 expression (Fig. 3.11c, e ï g), with even higher expression in 

the CNP induced second hit and repeated second hit model. These results suggest 

enhanced cytotoxic T-cell recruitment to the alveolar pace in the CNP-induced second 

hit and repeated second hit model compared to MHV-68 latent infection or CNP 

exposure only.  

 

 

 

 

 

Figure 3.10 CD8+ T-lymphocytes proliferate in 2 nd hit model.  
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Figure 3.11. High expression of cytotoxic T -lymphocyte markers in BAL cells of CNP induced 

2nd hit model.  

Mice were infected with MHV-68 and instilled with CNP or DWCNT. Lungs were lavaged and BAL cells 

isolated. RNA was isolated. cDNA synthesized and the expression of Cd19, Klra7, Cd247, Cd4, Cd8b, 

Cxcr3 and Cxcr6 was detected by qPCR. Hprt was used as a housekeeping gene and used to normalize 

the expression to the gene of interest. No significant change in NK-cell and T-helper-lymphocyte 

expression markers, Klra7 (b) and Cd4 (d), respectively. (a) shows significant increase of B-lymphocyte 
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expression marker Cd19 high in the first CNP exposure in latent infection. (n=5). Data were analyzed 

by Ordinary one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates statistically significant 

difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 

0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically significant difference of two indicated 

groups. #: indicates P value < 0.05. ##: indicates P value < 0.01. ###: indicates P value < 0.001. ####: 

indicates P value < 0.0001. 

 

3.7.4 Elevated cytotoxic potential of BAL T -lymphocytes in CNP induced 2 nd 

hit model  

 

As cytotoxic T-lymphocytes are defined in the property to express and regulate 

secretion of potent toxins, including pore-forming protein perforin and serine proteases 

granzymes, I investigated the cytotoxic potential by analysis of the expression of these 

genes by qPCR.  

 

  

Mice were infected with MHV-68 and instilled with CNP or DWCNT. Lungs were lavaged and BAL cells 

isolated. RNA was isolated. cDNA synthesized and the expression of Pfn1, Gzma and Gzmb was 

detected. Hprt was used as a housekeeping gene and used to normalize the expression to the gene of 

interest. (n=5). Data were analyzed by Ordinary one-way ANOVA and Tukeyós multiple comparisons 

test, ñ*ò indicates statistically significant difference to ñcontrolò. *: indicates P value < 0.05. **: indicates 

Figure 3.12 Elevated markers for cytotoxic T -lymphocyte potential.  
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P value < 0.01. ***: indicates P value < 0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically 

significant difference of two indicated groups. #: indicates P value < 0.05. ##: indicates P value < 0.01. 

###: indicates P value < 0.001. ####: indicates P value < 0.0001. 

 

Increase of cytotoxic T-lymphocyte marker expression was observed and increased 

cytotoxic potential of the T-lymphocytes in the alveolar region was confirmed by 

significant higher expression levels of Pfn1, Gzma and Gzmb, marker for perforin, 

granzyme a and granzyme b respectively (Fig. 3.12 ). Again, even higher expression 

levels in the repeated second hit model induced by CNP in first and repeated instillation 

were detected. These results suggest more cytotoxic effector T-lymphocytes in 

airspace with elevated cytotoxic potential in the CNP induced second hit and repeated 

second hit model.   

 

3.8 Inflammatory response of virus infection and nanoparticle 

exposure  

 

Classically inflammatory genes and proteins were investigated to observed potential 

alterations in inflammatory response to NP exposure with and without latent MHV-68 

infection.  

 

3.8.1 The effect of virus infection and CNP or DWCNT exposure on IL -6 

 

IL-6 is a cytokine that plays an important role in host immune defense. It has various 

functions in immune and hematopoietic activities and IL-6 is able to induce the acute 

phase response. It acquires the immune response by stimulation of antibody 

production and of effector T-cell development. It can induce proliferation and promote 

differentiation of several cells and rather pro-inflammatory in chronic inflammation.  

The expression and released of IL-6 during latent infection and NP treatment was 

observed. Additionally, Il6 gene expression was investigated from whole lung 

homogenate relative to the housekeeper gene Hprt by qPCR analysis (Fig. 3.13a ). Il6 

expression in the lung was only significantly increased in the first instillation of CNP in 

non-infected mice and in the first and repeated DWCNT exposure after 24h also in 

non-infected mice. However, the expression of Il6 in whole lung was not increased in 
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the second hit model, I observed significantly increased IL-6 release into the air space, 

what was analyzed by Bio-Plex assay (Fig. 3.13b ). Similar to the Il6 expression pattern 

in the lung, there was a significant IL-6 release in 1x CNP and first and repeated 

DWCNT exposure in non-infected mice. The trend of reduction of Il6 expression and 

IL-6 release from the first to the repeated NP exposure without virus infection is 

reversed in the latent infected mice. Here there is an increase in both CNP and 

DWCNT from first to repeated exposure in the MHV-68 infection (Fig. 3.13 ).  

 

Mice were infected with MHV-68 and treated with either CNP or DWCNT during latency. Lungs were 

lavaged and isolated. BAL fluid was collected for analysis of chemokines released into the airspace and 

lung tissue was homogenized for RNA purification. RNA was synthesized to cDNA and (a) whole lung 

gene expression of Il6 relative to the housekeeper gene Hprt was detected. (b) The release of IL-6 into 

the BAL fluid was measured in pg/mL by Bio-Plex assay. (n = 4-5). Data were analyzed by Ordinary 

one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates statistically significant difference 

to ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 0.001. ****: 

indicates P value < 0.0001. ñ#ò indicates statistically significant difference of two indicated groups. #: 

indicates P value < 0.05. ##: indicates P value < 0.01. ###: indicates P value < 0.001. ####: indicates 

P value < 0.0001. 

Figure 3.13 Increase of IL -6 release after repeated CNP exposure in virus latency and early NP 

exposure without virus infection.  
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3.8.2 Elevated interferon -ɔ (Ifng ) expression in BAL cells in the CNP induced 

second hit model  

 

Because of the observed increased cytotoxic CD8+ T-lymphocytes in lung tissue and 

in the air space, Interferon-ɔ (IFN-ɔ) expression was investigated. IFN-ɔ orchestrates 

early inflammatory events and is also known to play an important role in MHV-68 

latency regulation. Gene expression of Ifng in the BAL cells by qPCR relative to the 

housekeeper gene Hprt was performed. Analysis of the Ifng expression reveal longer 

significant increased levels in the CNP induced second hit and repeated second hit 

model compared to the virus latency alone. This response was not visible in the second 

hit and repeated second model induced by DWCNT (Fig. 3.14 ). These results match 

the expression data of Pfn1, Gzma and Gzmb (Fig. 3.12 ), which were also elevated in 

the CNP induced second hit models.    

 

 

Mice were infected with MHV-68 and treated with either CNP or DWCNT during latency. Lungs were 

lavaged and isolated. BAL cells were collected for RNA purification. RNA was synthesized to cDNA and 

gene expression of Ifng relative to the housekeeper gene Hprt was detected. (n = 4-5). Data were 

analyzed by Ordinary one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates statistically 

significant difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates 

P value < 0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically significant difference of two 

indicated groups. ##: indicates P value < 0.01.  

 

Figure 3.14. Expression of Infg  in BAL cells.  
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3.8.3 The effect of virus infection and CNP or DWCNT exposure on Lipocalin -2 

 

Lipocalin-2 (LCN2), also known as neutrophil gelatinase-associated lipocalin 

(NGAL), is a member of the lipocalin family. It is an innate acute-phase protein and 

an inflammatory mediator. LCN2 plays a role in multiple biological processes, 

including cell migration and differentiation and its expression is specifically 

upregulated in the lung in alveolar epithelial type II cells during inflammatory injury.  

Because of its role in pulmonary inflammation, its regulation in the lung on genetic 

level, as well as in the release of LCN2 into the air space was analyzed. RNA of 

whole lung homogenates was purified and synthesized to cDNA. Lcn2 gene 

expression was investigated relative to the expression of the housekeeper gene 

Hprt (Fig. 3.15a ). Significant higher expression was detected 24h after first and 

repeated CNP and DWCNT exposure in non-infected mice and in the repeated 

CNP exposure in latently infected mice. Also, here the trend of decreasing 

expression of Lcn2 from first to repeated NP in non-infected mice and the increase 

of first to repeated CNP exposure is similar from the previous expression of Il6 (Fig. 

3.13). LCN2 protein release was measured from BAL fluid with LCN2 ELISA (Fig. 

3.15b). All CNP exposed groups were significantly increased, both with and without 

MHV-68 infection, in released LCN2. LCN2 levels were significantly elevated in the 

DWCNT induced repeated second hit model and 24h after the first and repeated 

DWCNT exposure in non-infected mice.  
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Mice were infected with MHV-68 and treated with either CNP or DWCNT during latency. Lungs were 

lavaged and isolated. BAL fluid was collected for analysis of chemokines released into the airspace and 

lung tissue was homogenized for RNA purification. RNA was synthesized to cDNA and (a) whole lung 

gene expression of Lcn2 relative to the housekeeper gene Hprt was detected. The release of LCN2 into 

the BAL fluid was measured by (b) ELISA assay. (n = 4-5). Data were analyzed by Ordinary one-way 

ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates statistically significant difference to 

ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 0.001. ****: 

indicates P value < 0.0001. ñ#ò indicates statistically significant difference of two indicated groups. #: 

indicates P value < 0.05. ##: indicates P value < 0.01. ###: indicates P value < 0.001. ####: indicates 

P value < 0.0001. 

 

 

 

 

Figure 3.15 Elevated Lipocalin -2 release and gene expression after NP treatment.  
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3.8.4 The effect of virus infection and CNP or DWCNT exposure on TNF -a 

 

TNF-Ŭ is a potent inflammatory cytokine, which plays essential roles in maintenance 

of immune homeostasis, acute inflammation and is has been implicated in various 

chronic pulmonary diseases as a driver of pathology. Expression of Tnf in the lung and 

BAL cells was investigated. For this analysis Tnf expression was detected by qPCR, 

relative to the housekeeping gene Hprt. Significantly high Tnf expression was observed 

in the CNP induced second hit and repeated second model. Additionally, the gene 

expression level of Tnf in DWCNT induced second hit model was significantly 

upregulated (Fig. 3.16a ) compared to virus infection or NP treatment alone. In the BAL 

cell gene expression, Tnf was significantly high expressed in the first and the repeated 

CNP exposure in non-infected mice and additionally in the CNP induced repeated 

second hit model (Fig. 3.16b ). There was no change in the expression induced by 

DWCNT exposure.  
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After MHV-68 virus infection and CNP or DWCNT instillation during latency, lungs and BAL cells, were 

isolated and homogenized. Whole lung and BAL cell RNA was isolated. Tnf gene expression was 

investigated from whole lung tissue (a) and from BAL cells (b) by qPCR. Expression results were 

normalized to the housekeeper gene Hprt. Data were analyzed by Ordinary one-way ANOVA and 

Tukeyós multiple comparisons test, ñ*ò indicates statistically significant difference to ñcontrolò. *: indicates 

P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 0.001. ****: indicates P value < 

0.0001. ñ#ò indicates statistically significant difference of two indicated groups. #: indicates P value < 

0.05. ##: indicates P value < 0.01. ###: indicates P value < 0.001. ####: indicates P value < 0.0001. 

 

3.8.5 The effect of virus infection and CNP or DWCNT exposure on CCL17  

 

CCL17, also known as TARC, is described to be elevated in many models related to 

pulmonary inflammation, such as COPD, acute asthma and idiopathic pulmonary 

fibrosis and plays a role in Th1 and Th2 immune response. Ccl17 gene expression and 

release and its regulation during MHV-68 infection and NP exposure was investigated. 

To answer this question, whole lunge homogenates were used to purify RNA, which 

was synthesized to cDNA for qPCR analysis. Ccl17 gene expression was detected 

relative to the housekeeper gene expression Hprt. Ccl17 gene expression levels were 

significantly elevated in the first and repeated CNP exposure after 24h, in both, virus 

infected and non-infected mice (Fig. 3.17a ). Interestingly, the trend here is similar to 

the Il6 (Fig. 3.13a ) and Lcn2 expression patterns (Fig. 3.15a ). The gene expression of 

Ccl17 is higher in repeated CNP exposure in virus infected compared to the first CNP 

instillation in the latency. And the trend in the non-infected animals is decreasing in the 

repeated CNP exposure compared to the first exposure (Fig. 3.17a ). Similar patterns 

were observed after DWCNT exposures, even there is no significant increase of Ccl17 

expression levels in DWCNT exposure in latent infected mice, this trend for higher 

expression from first to repeated instillation was observed. And a trend in the non-

infected animals from first to repeated DWCNT exposure in reduction of Ccl17 

expression levels. 

Measurement of BAL CCL17 concentration by ELISA demonstrate significantly high 

CCL17 release into the air space after repeated CNP exposure in infected and non-

infected lungs (Fig. 3.17b ). Whereas CCL17 release was not affected by DWCNT 

exposure.  

Figure 3.16 Increas ed lung gene expression of Tnf  in the 2 nd hit model and particle treatment.  
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These results confirm previous data and amplify the suggestion, about a differential 

regulated immune response to NP exposure between latent MHV-68 infected and non-

infected animals.  

 

 

 

Mice were infected with MHV-68 and treated with either CNP or DWCNT during latency. Lungs were 

lavaged and isolated. BAL fluid was collected for analysis of chemokines released into the 

bronchoalveolar area and lung tissue was homogenized for RNA purification. RNA was synthesized to 

cDNA and (a) whole lung gene expression of Ccl17 relative to the housekeeper gene Hprt was detected. 

The release of CCL17 into the BAL fluid was measured by (b) ELISA assay. (n = 4-5). Data were 

analyzed by Ordinary one-way ANOVA and Tukeyós multiple comparisons test, ñ*ò indicates statistically 

significant difference to ñcontrolò. *: indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates 

P value < 0.001. ****: indicates P value < 0.0001. ñ#ò indicates statistically significant difference of two 

indicated groups. #: indicates P value < 0.05. ##: indicates P value < 0.01. ###: indicates P value < 

0.001. ####: indicates P value < 0.0001. 

Figure 3.17 Increased CCL17 release and gene expression after CNP exposure in virus infected 

and not infected lungs.  
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3.8.6 The effect of virus infection and NP exposure on cell migrating and 

priming chemokines  

 

Chemokines, regulating monocyte T-lymphocyte and eosinophil recruitment and 

priming were investigated. These chemokines are known to be essential for eosinophil 

migration and priming. As eosinophils are a major source of reactive oxygen, 

metalloproteinases as well as pro-inflammatory cytokines such as TNF-Ŭ, TGF-ɓ and 

IL-6 and play an important role in allergic inflammation. CCL24 (eotaxin-2), CCL11 

(eotaxin-1) and CCL5 (RANTES) released into the air space was detected by Bio-Plex 

assay. Mice lungs were lavaged after MHV-68 and NP exposure and BAL liquid was 

collected for the analysis.  

 

 

CCL24, CCL11 and CCL5 concentrations in pg/mL were measured with a Bio-Plex assay. (a) significant 

high CCL24 release after CNP and DWCNT exposure in non-infected mice. (b) significant high CCL11 

release in repeated CNP exposure in virus infected mice, first CNP exposed group and early single 

exposure to DWCNT in non-infected mice. (c) significantly high CCL5 release in early virus latency and 

in the 2nd hit models with CNP and DWCNT (n = 4-5). Data were analyzed by Ordinary one-way ANOVA 

and Tukeyós multiple comparisons test, ñ*ò indicates statistically significant difference to ñcontrolò. *: 

Figure 3.18. Bio -Plex analysis of immune cell migrating, and priming chemokines released into 

the air space.  
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indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 0.001. ****: indicates P 

value < 0.0001. ñ#ò indicates statistically significant difference of two indicated groups. #: indicates P 

value < 0.05. ##: indicates P value < 0.01. ###: indicates P value < 0.001. ####: indicates P value < 

0.0001. 

 

Significant increase of BAL CCL24 levels in first exposure of CNP and DWCNT and in 

the repeated CNP exposure in non-infected animals were observed (Fig. 3.18a ). The 

pattern of CCL11 reflects again the trend of additive release in the repeated CNP 

exposure in latent infection compared to the first exposure, compared to the non-

infected mice, with a decreased release from first to second CNP exposure (Fig. 

3.18b). Release of CCL5 was significantly elevated in the first group of latent virus 

infection, as well as elevated in the early and later time point in the exposure of CNP 

and DWCNT in the repeated second hit model (Fig. 3.18c). Especially CCL5 is 

described to direct T-lymphocytes, monocytes and eosinophils to site of inflammation. 

This cytokine is only significantly elevated in the repeated second hit model.  

3.8.7 Elevated macrophage activation in 2 nd hit model  

 

Lung macrophages including alveolar macrophages and interstitial macrophages, are 

important innate immune cells and play an important role in the destruction of 

pathogens and in the processing and clearing of inhaled particles. As a next step, the 

potential of MHV-68 latent infection and NP treatment to alter macrophage 

inflammation in the lung was investigated.  

3.8.8 The effect of virus infection and NP exposure macrophage inflammatory 

proteins CCL3 and CCL4  

 

Macrophage inflammatory proteins CCL3, also known as MIP-1Ŭ, and CCL4, also 

known as MIP-1ɓ, are important chemokines for immune response towards infection 

and inflammation. To investigate CCL3 and CCL4 content in the airspace, lungs were 

lavaged, after MHV-68 infection and CNP or DWCNT instillation, to collect the BAL 

fluid. BAL fluid was analyzed for CCL3 and CCL4 by Bio-Plex assay (Fig. 3.19 ). CCL3 

release into airspace was significantly elevated in all repeated NP exposure, with both, 

CNP and DWCNT exposure in non-infected and in virus infected lungs (Fig. 3.19a ). 

However, the expression pattern of CCL4 is different to the pattern of CCL3. CCL4 is 
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significantly high in all CNP exposed groups without virus infection and high in the first 

exposure of DWCNT in non-infected mice (Fig. 3.19b ). In the latent virus infected 

groups, latency alone, doesnôt affect the release of CCL3 and CCL4. But repeated CNP 

exposure after 24h and repeated DWCNT exposure after 6d in virus infected mice, 

increase the CCL4 release significantly.   

 

 

CCL3 and CCL4 concentrations in pg/mL were measured with a Bio-Plex assay. (a) significant high 

CCL3 release after repeated CNP exposure to the latently infected mice, CNP exposure without virus 

infection and the repeated dosing of DWCNT in virus infected and non-infected mice. (b) significant high 

CCL 4 release in repeated CNP exposure in virus infected mice, all CNP exposed groups without virus 

infection, late time point of repeated DWCNT exposure in virus infected animals and early single 

exposure to DWCNT in non-infected mice. (n = 4-5). Data were analyzed by Ordinary one-way ANOVA 

and Tukeyós multiple comparisons test, ñ*ò indicates statistically significant difference to ñcontrolò. *: 

indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 0.001. ****: indicates P 

value < 0.0001. ñ#ò indicates statistically significant difference of two indicated groups. #: indicates P 

value < 0.05. ##: indicates P value < 0.01. ###: indicates P value < 0.001. ####: indicates P value < 

0.0001. 

Figure 3.19. Increased CCL3 and CCL4 release to the airspace after nanoparticle exposure.  
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3.8.9 The effect of virus reactivation on the expr ession of osteopontin in lung  

 

Osteopontin (OPN) is a matricellular protein that drives different biological functions. 

OPN functions as a cytokine, promotes cell-mediated immune response and plays a 

role in chronic pulmonary inflammation. Lung diseases are associated with increased 

OPN expression, since OPN modulates remodeling of the lung structure.  

The gene name of OPN is called Spp1. Spp1 expression and OPN release between 

different treatments were investigated. For this investigation, lungs were lavaged and 

isolated, RNA was purified from lung homogenates and BAL cells. cDNA was 

synthesized and Spp1 gene expression was detected, normalized to the expression of 

the housekeeper gene Hprt (Fig. 3.20 ). Lung Spp1 gene expression was significantly 

high in all CNP induced second hit model groups as well as in the repeated DWCNT 

exposure in virus infection (Fig. 3.20a ). Repeated DWCNT exposure in non-infected 

mice also significantly increases Spp1 expression. However, there is also a significant 

increase in the repeated DWCNT in non-infected groups, there is even significant 

higher expression in the DWCNT induced second hit model. Also, all CNP induced 

second hit model groups are significantly higher in expressing Spp1 compared to the 

MHV-68 latency or NP treatment alone.    

The Spp1 expression pattern in BAL cells alters compared to whole lung expression. 

Significant higher expression 24h after the second hit and repeated second hit model 

and in non-infected mice, only 24h after the repeated CNP exposure leads to significant 

higher Spp1 BAL cell expression (Fig. 3.20b ). In DWCNT all groups of repeated 

exposure was expressing higher Spp1 levels, in both, non-infected and latently 

infected mice.  
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After MHV-68 virus infection and CNP or DWCNT instillation during latency, lungs and BAL cells, were 

isolated and homogenized. Whole lung and BAL cell RNA was isolated. Spp1 gene expression was 

investigated from whole lung tissue (a) and from BAL cells (b) by qPCR. Expression results were 

normalized to the housekeeper gene Hprt. (n = 4-5). Data were analyzed by Ordinary one-way ANOVA 

and Tukeyós multiple comparisons test, ñ*ò indicates statistically significant difference to ñcontrolò. *: 

indicates P value < 0.05. **: indicates P value < 0.01. ***: indicates P value < 0.001. ****: indicates P 

value < 0.0001. ñ#ò indicates statistically significant difference of two indicated groups. #: indicates P 

value < 0.05. ##: indicates P value < 0.01. ###: indicates P value < 0.001. ####: indicates P value < 

0.0001. 

Figure 3.20. Increased lung and BAL cell gene expression of Spp1  in the 2 nd hit model and 

particle treatment.  
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After MHV-68 virus infection and CNP or DWCNT instillation during latency, lungs and BAL liquid, were 

isolated. Lung tissue was fixed and embedded into paraffin. Tissue slides were immunohistochemically 

stained with anti-OPN and images are shown in (a). OPN staining is mainly localized in alveolar 

Figure 3.21 Increased Osteopontin in alveolar macrophages and release into airspace after 

particle treatment.  












































































































































































