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Abstract 
Many lung diseases have been associated with exposure to various factors of 

air pollution including (nano)particles. In the past, research investigating cell-

particle interactions was mainly based on cultured cells or ex-vivo tissues. Such 

experimental methods cannot reproduce in full, the complex reactions of the 

immune system, which might be triggered by nanoparticles (NPs) in vivo. To 

visualize and measure in real-time the cellular pulmonary innate immune 

response elicited by different inhaled NPs, we apply state of the art intravital 

microscopy on the peripheral alveolar region of the murine lung, in combination 

with ventilator-assisted inhalation of nebulized Quantum-Dot and carbon black 

NP aerosols. 

Fluorescent Quantum-Dot NPs (with carboxyl-, amine-PEG- or PEG-surface 

modifications) became visible within seconds after the onset of inhalation and 

accumulated as distinct fluorescent spots at the alveolar walls. 

As early as 60 min after inhalation, a deposited dose of 16 cm2/g (NP surface 

area /mass lung) elicited an increase in neutrophil numbers only for cQDs, but 

neither for aPEG-QDs nor PEG-QDs. Neutrophils preferentially arrested in 

microvessels in close proximity to the site of cQD deposition, where they 

exhibited probing and crawling behavior, followed by rapid translocation into the 

alveolar space, where neutrophils ingested cQDs. This early immune response 

was not specific to cQDs as a comparable increase in neutrophil numbers was 
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also observed upon inhalation of an equivalent dose of carbon black NPs (CNP), 

a typical component of urban air pollution. 

The neutrophil response was accompanied by resident alveolar macrophages 

(AMs) increasingly internalizing cQDs up to the maximum observation time of 

90 min, and again only little uptake was detected for aPEG-QDs. Similar results 

were observed in in vitro experiments using the AM-like M-HS cell line. 

Analysis of neutrophil numbers in a 30 µm radius (which roughly corresponds 

to one alveolar diameter) around cQD-positive AMs clearly showed increased 

neutrophil amounts, whereas no local increase in neutrophil numbers was 

detected neither around cQD-negative AMs, nor close to cell-free cQD, thus 

indicating a central role of AMs in the initiation of a spatially restricted innate-

immune response. 

Intriguingly, cQDs as well as CNPs increased the migration velocity of AMs in 

the alveoli of exposed mice, whereas aPEG-QDs exposure decreased AM 

crawling velocity, as compared to sham controls. 

In order to decipher the chain of effects leading to NP-induced neutrophil 

recruitment, we applied specific blocking antibodies and inhibitors in order (1) 

to weaken AM-epithelial bonds to inhibit AM migration and affect NP uptake 

(anti-ICAM1 and anti-LFA1 mAbs), (2) to inhibit NP uptake and AM stimulation 

via Complement 5a receptor 1 (anti-CD88 mAbs) and Fcγ receptor (anti-CD64 

mAbs), (4) to block NP-induced ROS formation via N-acetyl cysteine (NAC) 

application, (5) to prevent NP induced cellular degranulation (cromolyn), (6) and 
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to assess if fast acting inflammatory mediator release (TNF-α) contributes to 

the NP induced immune cell recruitment.  

These mechanistic studies suggest that the induction of NP-elicited neutrophil 

recruitment depends on several key events:  

1. NP-induced neutrophil recruitment is initiated by AMs and related to NP 

internalization/uptake by AMs. 

2. The particle uptake efficacy depends on three factors: (1) NP surface 

modification; (2) the speed of macrophage patrolling movement in the 

alveoli; (3) AMs phagocytic/internalizing capability.  

(1) PEGylation of QDs which are deposited in alveoli renders the NPs invisible 

to AMs via avoiding protein corona formation and impairs subsequent NP-

induced neutrophil recruitment. 

(2) Alveolar AM patrolling mainly involves ICAM-1 and LFA-1 interactions and 

can be blocked by respective antibodies applied to the airway side but not 

to the vascular side. Blocking ICAM-1 and LFA-1 also effectively impaired 

particle-triggered neutrophil recruitment.  

(3) The macrophage receptors C5aR1 and FcγRI mediate particle 

internalization by AMs. Blocking C5aR1 or FcγRI also completely blocks 

Neutrophile recruitment. 

3. NP-triggered neutrophil recruitment requires cellular degranulation and 

can be inhibited by cromolyn treatment.  

4. Recruitment of neutrophils further requires TNFα as an anti-TNFα 
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application into the airways to reduce the neutrophilic inflammatory 

response.  

5. Scavenging ROS via NAC also decreased cQDs-induced neutrophil 

recruitment to some extent but was less effective than ICAM-1/LFA-1 

blocking. 

Overall, our data indicate a close relation between AM activity (phagocytosis, 

migration) and the rapid and site-specific recruitment of neutrophils during the 

early phase (1h and 24h) of particle inhalation, demonstrating a specific role of 

AMs in triggering the immune response by different NPs. 
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1. Introduction 

1.1 Nanotoxicology 

In general, nanomaterials are considered to be particles with a size from 1nm 

to 100nm at least in one dimension (International Organization for 

Standardization, 2008). Nanomaterials can be divided into carbon 

nanomaterials, inorganic nanomaterials, organic nanomaterials, and composite 

nanomaterials according to the source of the material. In addition, 

nanomaterials also can be divided into two types: natural and man-made 

(Jeevanandam et al., 2018). NPs have distinct physicochemical 

characteristics as well, such as nanoscale size, large specific surface area, 

strong surface reactivity, good photocatalytic activity, and superior thermal 

conductivity(Sukhanova et al., 2018). As a consequence of these special 

properties, nanomaterials are widely used in daily life, for instance, in cosmetics, 

electronic devices, pharmaceuticals, and other industries, throughout the time, 

these tiny particles are likewise being developed and put into several new 

applications (Yang et al., 2021). Nanomaterials-based nanotechnology has 

been developed as a diagnostic and therapeutic method, which is being 

extensively applied in clinical medicine (Gupta et al., 2014; Yohan & Chithrani, 

2014), for example, quantum dots (QDs) are being utilized for tumor diagnosis 

or medical imaging (Volkov, 2015). Gold (Au) NPs are applied in adjuvants for 

vaccines to reduce side effects, enhance immune effects and increase vaccine 
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stability (Dykman & Khlebtsov, 2012; Dykman & Khlebtsov, 2011). QDs are 

widely used as nano-fluorescent materials by virtue of their special optical 

properties (Ren et al., 2021). Furthermore, there are four main areas of 

application in the respiratory system: imaging of the respiratory system (Saitoh 

et al., 2012), targeted delivery vehicles for lung tumors (Duman et al., 2019; 

Matysiak-Brynda et al., 2018), diagnosis of thoracic tumors (Boeck et al., 2013; 

Li et al., 2020; Ma et al., 2016), and treatment of lung diseases (Gunaydin et 

al., 2021; Lai et al., 2014; Zhao et al., 2019). Conversely, the potential risk of 

NPs, such as the threshold of harmful doses, and the active response 

(neutrophil recruitment, phagocytic clearance) in vivo, which is not entirely clear 

yet ("Current Strategies for Engineering Controls in Nanomaterial Production 

and Downstream Handling Processes," 2013). 

Vehicle emissions and exhaust are supposed to be a prime source  of micro 

and nano-sized particles in the atmosphere (Kagawa, 2002). NPs from diesel 

engine combustion (20-130 nm) (Morawska et al., 1998) were slightly larger 

than those from gasoline engine combustion (20-60 nm) (Ristovski et al., 1998). 

Moreover, most carbon NPs (CNPs) (>90%) in atmosphere are produced by 

the combustion of diesel fuel (Kittelson, 2001).  

Nevertheless, maternal exhaust gas exposed in the air could result in 

cardiopulmonary mortality (Vermylen et al., 2005), and childhood cancer during 

or after pregnancy (Knox, 2005). Coronary heart disease (Bigert et al., 2003), 

and pro-inflammatory, pro-thrombotic, and hemolytic effects (Riediker et al., 
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2004) are several health threats that occurred in humans due to  high 

exposure with vehicle exhaust and emissions. 

Earlier studies in our laboratory indicated that exposure of healthy mice to high 

concentrations of CNP could induce a localized acute inflammatory response 

in the lungs (André et al., 2006). CNP exposure can induce ROS production, 

leading to TNFα released from rat AM via activation of NF-Kappa B and AP1 

driven by intracellular calcium-related signaling pathways (Brown et al., 2004). 

It has been presented in a previous study by our group showed that CXCL1, 

CXCL5 and TNFα levels in Bal peaked 12 h after CNP intratracheal instillation 

(Chen et al., 2016). In addition to that, it has been revealed as well that CNP 

inhalation was triggering endothelial dysfunction in secondary organs, which 

induced thrombosis and further cardiovascular damage (Khandoga et al., 2010). 

Inhalation of ultrafine carbon particles in asthma  subjects can alter peripheral 

blood leukocyte distribution and expression of adhesion molecules: descending 

percentages of CD4+ T cells, basophils, and eosinophils, as well as decreased 

expression of CD11b on monocytes and eosinophils and CD54 on granulocytes 

(Frampton et al., 2006).  

The toxicity of NPs could be affected by several factors: 

a. Size: Inhaling NPs is more harmful than inhaling larger particles at the same 

mass and in the same chemical composition (Ge et al., 2014). This is mainly 

due to the fact that nanomaterials have a very high surface-to-mass ratio, 

and they are more likely to deposit in the alveolar regions where clearance 
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efficiency is low. In consequence, NPs are able to be removed from the lung 

more slowly than larger particles, resulting in prolonged nanoparticle 

presence in the alveolar region. Therefore, NPs with larger surface area and 

longer residence time in the lung, are more likely to cause acute 

inflammation (Hadrup et al., 2020).  

b. Functional groups: Nanomaterials can be combined with 

proteins/biomolecules on their surface to form a NP specific corona. 

Therefore, surface coating, which prevents or influences biomolecule 

adsorption, is an essential  factor that can affect the toxicity of 

nanomaterials (Zhao & Liu, 2012). However, shells are generally used to 

improve the solubilization and reduce the toxicity of NPs such as QDs, for 

the reason that the metal cores of QDs are hydrophobic, and composed of 

toxic heavy metals like cadmium, tellurium, and mercury. The shell prevents 

desalination and oxidative or photolytic degradation thereby reducing QDs 

toxicity (Guo et al., 2007; Hardman, 2006; Huang et al., 2013; Peng et al., 

2013). These shells can be made up  of organic and  inorganic 

compounds such as polyethylene glycol (PEG), polyglycolic acid, lipids, low 

molecular weight compounds, silicon, and others (Sibi & Dhruv, 2020). The 

shell on the surface of engineered NPs improves the biocompatibility and 

solubility of NPs to reduce their aggregation ability and increase the NP 

stability (Sukhanova et al., 2018). Additionally, toxic effects crucially depend 

on the oxidative stress response (Nguyen et al., 2015; Xia et al., 2009; 
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Zhang et al., 2015). ZnS shell and Polyethylene glycol coating significantly 

extenuate or revoke  toxicological effects of CdSe/ZnS QDs (Peng et al., 

2013).  

c. Shape: Aspect ratios can be used to distinguish the shapes of NPs, with 

high and low aspect ratios for nanospheres and nano-cubes. NPs with high 

aspect ratio are more cytotoxic than those with low aspect ratios (Madani et 

al., 2013). Melanoma cell lines were exposed to mesoporous silica NPs 

(MSNs) with similar physicochemical properties but different longitudinal 

ratios (AR=1, 2, and 4). NPs with high aspect ratios were more likely to be 

internalized and bring about cytoskeleton disruption and apoptosis (Huang 

et al., 2010). 

The Global Burden of Disease Study ("Global, regional, and national 

comparative risk assessment of 79 behavioural, environmental and 

occupational, and metabolic risks or clusters of risks, 1990-2015: a systematic 

analysis for the Global Burden of Disease Study 2015," 2016) has reported that 

4,200,000 people died of environmental particulate matter (PM) exposition;  

2,900,000 died of household air pollution; 400,000 people died of  

occupational PM exposure, and 200,000 people died of asbestos during 2015. 

Environmental nanoparticle exposure is particularly relevant for the 

development of lung diseases, such as asthma (Khreis et al., 2017; Liu, 

Jørgensen, et al., 2021) and COPD (Liu, Lim, et al., 2021). It was further  

demonstrated that PM2.5 was significantly associated with death from all 
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causes in a meta-analysis of 107 published studies (stroke, COPD, lung cancer, 

etc.) (Chen & Hoek, 2020). 

Inhalation exposure holds one of the most common forms of exposure. The 

factors that can affect nanoparticle deposition in the airway are the shape and 

size of the NPs or their agglomerates. Compared with larger particles, NPs are 

more likely to deposit in the terminal bronchus, and the alveoli. If the NPs are 

deposited in the lungs, a fraction  will enter the blood circulation through the 

lung epithelial cell barrier and be transported to secondary organs, such as the 

brain, kidney, and liver (Figure 1) (Kreyling et al., 2010). For instance, Semmler-

Behnke et al. have exposed rats with two sizes of gold NPs by instillation into 

the lungs. After 24 hours, the 18-nm NPs were essentially retained in the lung 

(99.8% of the injected dose (ID)), while 8.5% of 1.4-nm NPs were found in 

secondary organs (blood, liver, skin, and carcass) (Semmler-Behnke et al., 

2008). Non-cationic inorganic/organic hybrid NPs (< 34 nm) cannot bind to 

serum proteins and can be observed in regional lymph nodes within 0.5 hours. 

On the contrary, larger NPs (>34 nm) can be retained in the lungs for an 

extended period of time (Kreyling et al., 2010). About half of the zwitterionic 

NPs (<  6nm) could quickly enter the bloodstream from the alveoli and be 

eliminated from the body in the urine (Choi et al., 2010). 
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Figure 1 Aggregation of NPs in various organs or tissues of the body. Adapted from (Wolfgang G Kreyling, et al. 

Nature Biotechnology, Dec. 2010) 

O. Schmid et al. retrospectively analyzed 9 studies using particles in vivo-

induced acute pulmonary toxicity   in mice or rats and found that the deposited 

nanoparticle surface area was the most relevant dose indicator for acute 

nanoparticle pulmonary toxicity. Transition metal oxides (Co, Ni, Zn) are about 

12 times more toxic than low-solubility, low-toxicity (LSLT) materials (including 

carbonaceous materials) (Schmid & Stoeger, 2016). Neutrophils reach 

prominent culmination within 12 to 24 hours after carbonaceous NPs are 

instilled, showing an acute inflammatory response in the lung (Chen et al., 

2016). Accordingly, our group found a positive correlation between the 
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inflammatory response in the lungs of mice and the BET surface area after 

intratracheal instillation of six combustion-derived nanoparticles (CDNPs) 

(Stoeger et al., 2006; Stoeger et al., 2009). 

Asbestos deposition in the lungs can cause mesothelial damage and 

inflammation, resulting in continuous oxidative stress, and ultimately induce 

lung cancer and chest wall mesothelioma (Donaldson et al., 2010). Long-term 

exposure to nano-silicon in the lung is closely related to the occurrence of 

silicosis, and the silicic acid released from the surface of the quartz is a toxic 

component. In summary, a series of acute and chronic adverse health effects 

and diseases are related to human exposure to NPs, especially through the 

respiratory system. 

1.2 Fluorescent nanomaterials for biomedical 

applications as research tools 

In the recent ten years, nanotechnology has achieved unprecedented 

developments, and a variety of nano-fluorescent materials have been invented 

and applied in various fields. Due to their cytotoxicity and poor biocompatibility, 

traditional organic dyes have been limited in biomedical usage (Jamalipour 

Soufi & Iravani, 2020). However, compared to traditional organic dyes, the 

emergence of fluorescent nanomaterials exhibits superior prospects. Common 

fluorescent nanomaterials are Quantum Dots, Carbon Dots, Carbon Nanotubes, 

Graphene-Based Nanomaterials, Metal Nanomaterials, Phosphors, Organic 
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Frameworks, and various other nanomaterials (Liu et al., 2020). The application 

of fluorescent nanomaterials has covered various fields of biomedicine, 

including bioimaging, bio-detection, and bio-therapy methods (Xiao et al., 2021). 

With the development of microscopy and nano-drug modification techniques, 

fluorescent NPs have been valued for their traceability in nano-toxicology or 

nano-drug delivery research (Riehemann et al., 2009). Fluorescent “model” 

NPs can be used to study basic aspects of NP bio-distribution, bio-interactions, 

and possible adverse effects. In order to compare the distributions of infrared 

wavelength melamine particles in the lung after inhalation and instillation 

administration, Lin Yang et al., who are working in our institute, established a 

3D co-recording image of lung structure and NPs maximum intensity projection 

(MIP) based on the application of Light-sheet Fluorescence Microscopy after 

3DISCO lung tissue clearance. Unlike instillation, inhalation delivery resulted in  

a uniform nanoparticle distribution pattern, with central and peripheral acini 

receiving similar NP doses (Yang et al., 2019). In addition to their excellent 

optical properties (high brightness, less photobleaching, and narrow emission 

wavelength) (Volkov, 2015), commercial QDs offer various commonly used 

surface modifications, such as PEG-, carboxyl-, amine-PEG-complexed 

modified surfaces, which are excellently suited to study the different biological 

effects of different NP surface modifications in vivo. To investigate whether the 

surface modification of fluorescent nanomaterial QDs could mediate the 

targeting of specific parts of the body, Praetner et al. injected carboxyl-, amine- 
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and PEG-QDs into the blood vessels of mice. The distributions of different QDs 

in cremaster blood vessels, myocardial and skeletal muscle was traced by 

fluorescence microscopy. After exposure in the circulatory system, carboxyl-

QDs (cQDs) had a short residence time in the blood, and their content was high 

in various organs, especially organs rich in capillary networks, such as the liver 

and spleen (Praetner et al., 2010). 

1.3 Lung Intravital microscopy 

Intravital Microscopy is a unique imaging method which allows real-time 

observation of cellular functions and interactions without the need to extract 

tissue from the body and allows the recording of immune cell dynamics at a 

cellular level resolution in the physiological or pathophysiological context 

(Alizadeh-Tabrizi et al., 2020; Wells et al., 2019). Until now, in vivo imaging 

technology has been mainly applied to uncover time-sequential immune cell 

activity in many organs, such as the liver, kidney, brain, and others (Khandoga 

et al., 2005; Kramer et al., 2000; Kuhnle et al., 1993; Ochi et al., 2019; Tabuchi 

et al., 2008). Using intravital microscopy on mouse cremasteric vessels, 

Rehberg et al. investigated the effect of quantum dot surface chemistry 

(carboxyl-, amine- and PEG- modification) on leukocyte recruitment in the 

circulatory system. After the intravenous (i.v.) application of cQDs, the rolling 

velocity of leukocytes was significantly reduced, while the number of adherent 

leukocytes in postcapillary venules and recruited leukocytes into the 
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surrounding tissue increased. However, upon injection of amine-PEG-Quantum 

dots (aPEG-QDs) or PEG-QDs, these parameters were almost identical to 

those of the control group (Rehberg et al., 2010). Bryan Ronain Smith et al. 

found that after administration of fluorescently labeled single-walled carbon 

nanotubes (SWNTs), most nanotubes were internalized by Ly-6C(hi) 

monocytes and delivered to tumors in mice. About 25% of SWNTs delivered 

into tumors are mediated by monocytes (Smith et al., 2014). 

Due to the closed negative pressure environment in the chest and continuous 

breathing movement, the lung intravital microscope is the most difficult to 

achieve in-vivo imaging technology.  

Prior to imaging, the mice underwent a minimally invasive procedure to open a 

window in the thoracic cavity, through which a portion of the lung tissue can be 

viewed directly under the microscope. The biggest obstacle to lung intravital 

microscopy is the continuous breathing motion of the lung, which greatly affects 

the imaging quality, especially at the cellular resolution level. 

In 1939, Terry invented a vacuum-based stabilization technique to achieve cat 

in vivo imaging (Terry, 1939). Recently, vacuum-based stabilization of the 

murine lung using a miniaturized easy insertable vacuum window, established 

by Headley et al in 2016 (Headley et al., 2016), has become the gold standard 

for lung intravital microscopy, judged by the number of recent publications. 

Bryan G. Yipp applied the lung intravital microscopy platform to reveal that the 

pulmonary microvasculature is a vital host neutrophilic defense niche for the 
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lung (Yipp et al., 2017). By the negative pressure vacuum environment, the 

observed local lung tissue is stabilized, which minimizes surgical trauma and 

lung tissue exposure, and provides stable, high-resolution images of lung cells 

(Figure 2). In this approach, continuous negative pressure suction has the risk 

of causing local inflammation, but short-term (<2h) imaging did not lead to 

obvious neutrophilic pneumonia (Looney et al., 2011). Skilled microsurgeons 

can build models within 30 minutes, and multiple experiments can be performed 

in the same day. 

Figure 2 Observation window of L-IVM. a, Top, side, and bottom views of the observation window. b–e. detailed 

surgical procedure images with viewing windows installed. Adapted from (Mark B. Headley, et al. Nature. 2016) 

Despite decades of intensive research, our knowledge about the process of 

lung-deposited NPs causing acute pulmonary disease remains incompletely 

understood. The lack of a clear comprehension of nanoparticle toxicological 

mechanisms is the main reason why valid therapies for particle-induced lung 

disease do not exist (Rehberg et al., 2016). The leukocyte total number and the 

ratio of different subtypes were applied as criteria to determine the occurrence 



17 

of inflammation. However, the applicability of this method is very limited for 

some specific patients or treatment stages. Children with Omenn syndrome, an 

autoimmune disease, have a marked decrease in lymphatic B cells and an 

increase in lymphatic T cells (Aleman et al., 2001). Myelosuppression occurs in 

patients with cancer during chemotherapy (Geissler et al., 2018). Abnormal 

leukocyte ratios occur in non-infectious patients, such as stroke patients with 

markedly increased neutrophils and lymphocyte counts (Hermann & Gunzer, 

2019). These numbers are usually obtained by analyzing blood smears with 

automated blood cell counters based on the principles of flow cytometry or by 

manual inspection using a microscope (Brunck et al., 2014; Lim et al., 2020). 

What both methods have in common is that they do not look at the active 

immune cell state, but simply enumerate their numbers from fixed/inactivated 

samples. Although we have known the mechanisms of neutrophil migration for 

more than a century (Kienle et al., 2021). Researchers have also begun to study 

other immune cell immune dynamic responses with intravital microscopy (AS., 

2021; Melnicoff et al., 1988). Lung intravital microscopy (LIVM) has been widely 

used to visualize and measure in real-time the cellular pulmonary innate 

immune response in the lungs. Using IVM to evaluate the immune response 

and the behavior of resident immune cells under various conditions helps us 

explain some very complex lung biology problems. 
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1.4 Ventilator-assisted aerosol inhalation 

To study the pulmonary toxicology of NPs or the pulmonary delivery for 

applications in nanomedicine, the establishment of a dose-controlled lung 

nanoparticle exposure/pulmonary nanoparticle delivery system is a very 

important step. Many genera have been used to build this model. This includes 

large animals such as non-human primates, dogs, pig, and small animals such 

as guinea pigs, mice, and rats (Cryan et al., 2007). Mice are the most commonly 

used animals because of their small size (easy to raise and low cost), high 

reproduction rate (high number of fetuses and short generation time), and high 

genetic similarity to humans (99% of the genes in mice can be found in 

homologous genes in the human genome (Zhu et al., 2019)). 

Different delivery methods can affect pharmacological or toxicological results in 

vivo. Pulmonary delivery in preclinical studies is achieved via nasal aspiration, 

oropharyngeal aspiration, intra-tracheal spray/dry powder insufflator, nose only 

and whole-body aerosol exposure chamber as well as ventilator-assisted 

aerosol inhalation (Ehrmann et al., 2020). 

Ventilator-assisted aerosol inhalation is a direct route of administration. The 

entire system consists of tracheal intubation, mechanical ventilation, and liquid 

nebulization (Robichaud et al., 2015). This method is performed with a cannula 

inserted into the trachea of an anesthetized animal. The cannula is connected 

to a mechanical ventilator equipped with a nebulizer, where the aerosol droplets 

are generated, then the droplets are delivered to the mouse airway through the 
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cannula (Yang et al., 2019). 

1.5 Lung immune system 

Even when the body is in a steady state, the lung is an active organ with 

continuous respiration. The abundant capillaries in the vasculature minimize 

the direct distance between blood and air, thereby greatly increasing oxygen 

exchange efficiency (Knudsen & Ochs, 2018). However, this direct exposure 

increases the possibility of alveolar localized pathogenic microorganisms 

invading the human body from the respiratory system. Therefore, there is also 

a complex network of immune cells in the lungs. This network can monitor the 

conditions in the lungs in real time and quickly generate immune responses and 

it contains different kinds of immune cells such as neutrophils, monocytes, T 

cells, B cells, NK cells, alveolar macrophages, interstitial macrophages and 

dendritic cells (Looney & Headley, 2020). Under healthy conditions, most cells 

are maintained at relatively low levels to ensure the homeostasis of the immune 

environment in the lungs. However, in disease states (infection, allergies, 

cancer, etc.), the types and numbers of immune cells will change dramatically 

to eliminate pathogens and restore the immune environment in the lungs to a 

steady state as soon as possible (Looney & Headley, 2020). 

1.5.1 Alveolar macrophages (AMs) 

AMs are the main phagocytes located in the alveolar sac. They are derived from 

the liver of the fetus (Yona et al., 2013) and have the ability to self-renew. In 
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acute lung injury, the lost AMs are replaced by monocyte recruitment (Misharin 

et al., 2017; Mould et al., 2021; van de Laar et al., 2016; Yona et al., 2013). 

Like most tissues residing macrophages, which constitute the first line of 

defense against pathogens at the interface with the surrounding environment, 

AMs provide a sentinel function against inhaled pathogens (Islam et al., 2012). 

At the same time, AMs also perform a key homeostasis function, constantly 

removing endogenous debris (dead cells and ineffective surfactants) in the 

lungs (Guilliams et al., 2013; Kopf et al., 2015; Trapnell & Whitsett, 2002). It has 

been described that in the lung of mice during acute lung injury, AMs rapidly 

release micro vesicles (MVs) into the alveoli after LPS treatment, and these 

MVs carry large amounts of tumor necrosis factor (TNF) inducing an increase 

in the acute influx of neutrophils into the alveoli (Soni et al., 2016). 

AMs play an important role in many respiratory diseases, such as infectious 

diseases (viral, bacterial and fungal infections), and lung inflammation related 

to genetic or environmental exposure (Hussell & Bell, 2014). These diseases 

have a huge impact on global health. Lower respiratory tract infections and 

chronic obstructive pulmonary disease (COPD) are the 4th and 6th leading 

causes of death. In addition, 8 million people die every year from environmental 

pollution exposure (Gordon et al., 2014; Shaddick et al., 2018). 

Air pollution, especially PM2.5, is one of the top 5 major risk factors for death 

worldwide (Organization, 2016). When fine particles are inhaled into the lungs, 

they are mainly deposited in the respiratory bronchioles, and tracheal 
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macrophages are the main immune cells that phagocytose particles in the 

trachea (Alexis et al., 2006; Geiser, 2002; Pinkerton et al., 2000). AMs are vital 

in removing air-pollution-induced airway debris, but other studies have shown 

that AMs may also aggravate lung inflammation caused by air pollution, and the 

mechanism is unknown (Miyata & van Eeden, 2011; Pinkerton et al., 2000). 

Silicosis is an inflammatory fibrotic disease, mainly caused by occupational 

exposure and inhalation of silica crystals produced by mining or glass 

manufacturing. AMs are crucial to the formation of silicosis (Rimal et al., 2005). 

AMs phagocytose silica particles and the cells die and lyse subsequently, 

releasing the particles and passing them to other cells, producing a chain 

reaction. Local inflammation occurs during this process, including the secretion 

of pro-inflammatory cytokines (IL-1β and TNF-α), the activation of 

inflammasomes, and the release of reactive oxygen species (ROS) (Dostert et 

al., 2008; Rimal et al., 2005; Srivastava et al., 2002).  

Carbonaceous nanoparticles (CNPs) are one of the main components of urban 

particulate air pollution. High-dose CNP exposure can trigger a proinflammatory 

response in the lung with CXCL1, -2, -5, and TNFα highest levels 12 h after NP 

(Chen et al., 2016). As early as 3 hours after CNPs instillation, half of AMs 

showed nanoparticle loading. However, AMs acquired from the lungs for 3-12 

hours upon CNPs exposure didn’t exhibit proinflammatory features (Chen et al., 

2016). Furong Tian et al. revealed that particles were found in AMs 1, 3, and 7 

days after DWCNT instillation exposure. Upon exposure on day 3, the 
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contribution of macrophages and related cytokines such as CCL2, CCL3, IL6, 

and CSF3 became more pronounced (Tian et al., 2013). Similarly, 24 h after 

CNP and DWCNT exposure, the number of polymorphonuclear neutrophils 

(PMNs) in the alveoli peaked and then gradually decreased (Chen et al., 2016; 

Tian et al., 2013). 

1.5.2 Lung epithelial cells 

Lung epithelium is directly connected to the external environment and 

responsible for coordinating the innate immune response and repair after 

inflammatory damage. The lung epithelium is a complex and adjustable system 

required for efficient breathing. It has different physiological effects depending 

on the position in the respiratory tract. There are a variety of epithelial cell types 

in the respiratory tract, and various cells have complex cellular interaction 

networks and regulatory mechanisms, which are necessary for maintaining 

homeostasis and repair after injury (Crystal et al., 2008). Alveolar epithelial cells 

(AEC), which form the alveolar structure are the most common in the respiratory 

tract, and they include two subtypes, type I and type II pneumocytes (Davis & 

Wypych, 2021). Type I pneumocytes occupy about 90-95% of the alveolar 

surface and are the main place for gas exchange (Wang et al., 2018) , while 

type II pneumocytes secrete alveolar surfactant to reduce alveolar surface 

tension and prevent alveolar collapse (Olajuyin et al., 2019). Epithelial cells are 

the first firewall against the external environment and have many properties or 

functions to maintain homeostasis in the lungs, such as tight junctions between 
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epithelial cells and secretion of antimicrobial active molecules (Adivitiya et al., 

2021; Leiva-Juárez et al., 2018; Marchiando et al., 2010; Tam et al., 2011; 

Whitsett & Alenghat, 2015). Lung epithelial cell death, a hallmark of acute lung 

injury (ALI), contributes to ALI by causing damage to the air barrier and 

structural integrity (Deshpande & Zou, 2020). Apoptosis and ferroptosis were 

also observed in NiONPs-exposed human lung epithelial cells, accompanied 

by increased numbers of inflammatory cells and secretion of inflammatory 

factors (Liu et al., 2022). Early exposure to TiO2 NPs produced cytotoxic, 

genotoxic, and inflammatory responses in human alveolar and bronchial 

epithelial cells (Ursini et al., 2014), but long-term exposure did not affect 

epithelial cell viability, but caused oxidative damage to DNA (Armand et al., 

2016). 

1.5.3 Neutrophils 

Neutrophils are the main effector cells of inflammation and mainly found in the 

peripheral organs, like the lung (Burn et al., 2021; Rosales, 2018). Interestingly, 

although it is a terminally differentiated immune cell, it has a very short life span, 

with a half-life of 1.5-8 hours after leaving the bone marrow into the blood 

circulation (Pillay et al., 2010). The main functions of neutrophils are to generate 

ROS, release pro-inflammatory mediators, release neutrophil extracellular 

traps (NETs) for kill, and limit the spread of pathogenic microorganisms 

(Gazendam et al., 2016). In addition to these weapons, they also swallow and 

remove cell debris or pathogens (Gazendam et al., 2016; Segal, 2005). 
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Ultimately, neutrophils undergo an orderly programmed breakdown  

(apoptosis), and are eliminated (Nauseef & Borregaard, 2014). Meanwhile, the 

neutrophils promote the resolution of inflammation via neutrophil exosomes 

release to modulate the activity of other phagocytes (macrophages and 

dendritic cells (DCs)) for vascular homeostasis (Angelillo-Scherrer, 2012; Eken 

et al., 2013). During the differentiation and maturation of neutrophils, they 

express a variety of receptors, such as pathogen recognition receptors, 

chemokine receptors, innate immune receptors (like Toll-like receptors and C-

type lectins), Fc receptors, and cell adhesion molecules (Futosi et al., 2013). 

When inflammation occurs, neutrophils adhere to endothelial cells close to the 

tissue injury site, cross the endothelial cell barrier, and finally transfer to the site 

of inflammation. In skeletal muscle, neutrophils migrate to inflamed tissues 

through the postcapillary venules (Marki et al., 2015), for which they first roll 

along and later arrest on the surface of endothelial cells in the lumen of these 

microvessels. During inflammation, glycocalyx degradation induced by 

metalloproteinases and heparinases released by injured endothelial cells 

occurs, and cytokines, proteases, histamines, and heparinases are secreted by 

activated mast cells (Tarbell & Cancel, 2016). The cytokine-evoked degradation 

of glycocalyx exposes adhesion molecules, like intercellular adhesion 

molecules (ICAMs) on the surface of endothelial cells. Cytokines also promote 

the expression of selectins and integrins, which are required for neutrophil 

recruitment on these cells (Hu et al., 2021). Subsequently, neutrophils cross the 
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endothelial barrier towards the inflammation site (Kolaczkowska & Kubes, 

2013).  

The vascular system of the lung consists of a continuous layer of endothelial 

cells (Marki et al., 2015). Neutrophils have two routes to enter the lungs: 1. 

The post-capillary venules of the systemic circulation, 2. The alveolar 

capillaries of the pulmonary circulation (Figure 3). The average size of the 

capillaries (6 µm) of the respiratory tract is smaller than the size of neutrophils 

(8-10 µm) (Doerschuk et al., 1993; Tasaka et al., 2003), which greatly slows 

down the transit time of neutrophils in the respiratory capillaries. In addition, 

neutrophils must deform to pass through the respiration capillary cavity. In this 

process, neutrophils and endothelial cells are tightly attached (Kim & Luster, 

2015; Kolaczkowska & Kubes, 2013). Therefore, the rolling of neutrophils 

mediated by CD62L in the pulmonary capillaries hardly occurs (Hogg & 

Doerschuk, 1995). Neutrophils entering the pulmonary circulation can react 

quickly and on a large scale to pathogens entering the alveoli. 
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Figure 3 The trafficking of neutrophils in the lung. Adapted from (Sanne L. Maas, et al. Frontiers in Immunology. 

2018) 

1.5.3.1 Microbial infection 

a) Bacterial infection 

The rapid response to bacterial infection is the most obvious and main function 

of neutrophils in innate immunity. In order to achieve this rapid immune 

response, neutrophils use non-specific antibacterial activities, such as NADPH 
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oxidase-mediated ROS production, which attack pathogenic cells and host cells 

indiscriminately (Gazendam et al., 2016; Khan et al., 2017; Naumenko et al., 

2018; Segal, 2005; Subramaniam et al., 2014). In addition to the production of 

reactive oxygen species, neutrophils produce a large amount of reactive 

nitrogen, such as nitric oxide (NO) in the airway (Ichinose et al., 2000), which 

also plays a very important role in destroying bacteria (Wright et al., 1989). 

Another antibacterial mechanism involves the release of neutrophil extracellular 

traps (NET) composed of a branched network of extracellular DNA filaments 

(Schimmel et al., 2013), and cytoskeletal proteins and proteases are mostly 

related to host defense during infection by pathogenic microorganisms 

(Papayannopoulos, 2018). 

b) Viral infection 

Although previous studies have investigated the function of granulocytes in 

bacterial infections, more and more studies have demonstrated its importance 

in dealing with viral infections. Early in viral infection, neutrophils are rapidly 

recruited from the blood to inflammation sites. At the same time, the bone 

marrow is rapidly mobilized and differentiated into mature neutrophils in the 

periphery. In lung virus-induced infections, such as influenza, respiratory 

syncytial virus (RSV), and Middle East respiratory syndrome-related 

coronavirus (MERS), numerous infiltrated neutrophils had been found in the 

alveolar space (Baseler et al., 2016; Geerdink et al., 2015; Narasaraju et al., 

2011).  
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c) Fungi infection 

In fungal infections, neutrophils also produce a strong immune response. The 

most common fungal infection is Aspergillus fumigatus, which also induces the 

recruitment of a large number of neutrophils (Morán et al., 2018). This process 

is related to the proteolytic regulation of VWF by ADAMTS-13 or ADAMTS-13 

by itself. In addition to the direct removal of hyphae and spores, neutrophils 

play a key role in regulating the adaptive immunity caused by Aspergillus 

fumigatus infection (Alflen et al., 2017). 

1.5.3.2 Nano-particle exposure 

After exposure to NPs, neutrophils produce an immune response to infiltrate 

into the alveoli, secrete chemokines, and activate downstream pathways 

(Cronin et al., 2020). In an earlier study of our group, bronchoalveolar lavage 

(BAL) analysis showed that CNP instillation elicited an acute inflammatory 

response, where numerous neutrophils accumulated in the alveoli after 1 day 

after nanoparticle exposure and neutrophil chemokines CXCL1, -2 and -5 

reached peak levels upon 12 hours after CNP application (Chen et al., 2016). 

Our group further compared the immune responses elicited by CNP inhalation 

versus intra-artery injection of a CNP dose with equivalent surface area. 

Increased retention of activated leukocytes, secondary thrombocytosis, and 

pro-inflammatory responses in secondary organs were detected only 4 and 24 

hours after CNP inhalation exposure (Ganguly et al., 2017). Various 
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physicochemical properties like the size, charge, surface area, reactivity, 

surface coating, synthesis method, and impurities of NPs are the main factors 

affecting the innate immune response (Getts et al., 2015; Moyano et al., 2016; 

Petrarca et al., 2015; Vivier & Malissen, 2005; Warheit, 2008). According to the 

review of O. Schmid et al., the surface area of NPs is the most biologically 

relevant dose indicator for spherical NPs when infiltrated PMNs amounts were 

chosen as the toxicological endpoint, explaining approximately 80% of the 

observed variation in acute lung toxicity (Schmid & Stoeger, 2016). Frédéric 

Cosnier and colleagues compared data on benchmark materials - TiO2, CNP, 

and MWCNT - after subacute (4 weeks) inhalation with acute (1 week) to sub-

chronic (13 weeks) inhalation exposure data. Dose-response relationships in 

short- and long-term studies revealed that PMN percentage was associated 

with the lung-retained surface area dose, independent of time post-exposure 

(Tian et al., 2013).  

Once the pathogen-associated molecular patterns (PAMPs) of nanoparticle 

bind to pattern recognition receptors (PRRs) on the surface of neutrophils, 

inflammasome-dependent neutrophil activation is initiated (Demento et al., 

2009; Najafi-Hajivar et al., 2016). NETosis, a specific cell death of neutrophils, 

is an alternative for NP to stimulate immune and inflammatory responses 

(Brinkmann et al., 2004; Fuchs et al., 2007). When NPs stimulate neutrophils 

to develop NETosis and release neutrophil extracellular traps (NETs), the NPs 

may be taken up by NETs in a process independent of phagocytosis (Jorch & 
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Kubes, 2017). A variety of NPs (such as gold, silver, diamond, and Polystyrene, 

etc.) exposure can induce NETosis (Bartneck et al., 2010; Hwang et al., 2015; 

Liz et al., 2015; Muñoz et al., 2016). 
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Aim of the study 

As explained above, airborne nanoparticle exposure is a nonnegligible threat 

to public health, and it is urgent to reveal the toxicological mechanisms to 

formulate corresponding prevention strategies. AMs are the main immune cell 

group present in the alveolar cavity. When pathogens enter the alveoli, AMs 

are the first cells to interact with them and induce an immune response, such 

as phagocytosis, and secretion of inflammatory-related factors, to maintain 

the stability of the alveolar environment. While neutrophils are known as one 

of the main players in the acute inflammatory process, they are the immune 

cells that primarily recruit and massively infiltrate into the inflammation site 

(alveolar space). The series of events that trigger NP-induced neutrophilic 

inflammation has not been fully characterized yet. 

Here we applied state-of-the-art intravital microscopy to observe 

pathophysiological changes and pulmonary innate immune response at the 

cellular level resolution in animals exposed to NPs by means of ventilator-

assisted inhalation of nebulized QDs (fluorescent NPs) and carbon black NP 

aerosols. 

With this in vivo imaging platform, we aimed to visualize immune cells (AMs 

and neutrophils) and measure the number of alveolar localized neutrophils in 

mice exposed to NPs. Furthermore, we aimed to observe alterations in the 

motility status of AMs and neutrophils and by application of specific inhibitors 

to clarify crucial steps, associated with the innate immune responses to 
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nanoparticle exposure. 

Taken together, this study aimed to uncover the role of AMs and neutrophils in 

sterile inflammation in a murine model of acute nanoparticle inhalation 

exposure. 
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2. Materials and Methods 

2.1 Materials 

All used laboratory equipment and consumables are listed in the Appendix.  

2.2 Methods 

2.2.1  In vivo experiment 

2.2.1.1 Mice 

C57BL/6 (WT) mice were purchased from Charles River (Sulzfeld, Germany) 

for the respective experiments, Lyz2 mT/mG C57BL/6 mice, IL1r1ko C57BL/6 

mice, and Macgreen (Csf1r-EGFP) C57BL/6 mice were originally purchased 

from the Jackson Laboratory (Bar Harbor, ME, USA) and bred in house. All 

mice were housed in individually ventilated cages supplied with filtered air in a 

12 h light/12 h dark cycle and under a specific double-barrier, pathogen-free 

unit at Helmholtz Zentrum München. Mice were fed autoclaved rodent feed 

and water ad libitum. All experiments were performed with female animals at 

10 to 16 weeks old. All protocols used were according to the guidelines 

drafted by and approved by the Regierung von Oberbayern (District 

Government of Upper Bavaria). 

2.2.1.2 Nanoparticle 

Quantum Dots (QDs): Qdot™ 655 ITK™ Carboxy, Qdot™ 655 ITK™ Amino 
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(PEG), and Qtracker™ (PEG) 655 quantum dots (Diameter in water: 22.2-

37.5 nm (Rehberg et al., 2012), Emission wavelength: 655 nm) were 

purchased from Invitrogen Corporation (Karlsruhe, Germany). These QDs are 

composed of a semiconductor material CdSe core encapsulated with a ZnS 

shell and an extra layer of polyethylene glycol (PEG-QDs), with additional 

amine residues (aPEG-QDs) or without any coating carboxyl residues solely 

without PEG layer (cQDs). The PEG coating itself was composed of short 

PEG oligomers (1.3 kDa) (Praetner et al., 2010). 

Melamine resin particles: MF-FluoRed (Excitation wavelength: 636 nm and 

Emission wavelength: 686 nm) were purchased from microParticles GmbH 

(Berlin, Germany). MFs are prepared by an acid-catalyzed polycondensation 

process in the aqueous solution using melamine resin precursors in presence 

of red fluorophores. The discrete size is 0.94±0.05 μm. 

Printex90 carbon-NPs (CNPs): These commercial carbon NPs were 

purchased from Degussa (Frankfurt, Germany), (diameter: 14nm; organic 

content: 1%; surface area: 272 m2/g) (Ganguly et al., 2009). 

2.2.1.3 In vivo labeling of AMs 

The method was performed according to a previously published procedure 

(Neupane et al., 2020). PKH26 phagocytic cell labeling kit (Sigma, Burlington, 

MA, USA) was purchased from Merck KGaA (Darmstadt, Germany). 0.1 ml 

PKH dye stock (10-3 M) was mixed thoroughly with 0.9 ml p.a. ethanol to 
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make a 100 μM working solution. The working solution was then freshly 

diluted in Diluent B to prepare 0.5μM PKH26PCL, which was used as a 

labeling solution for the respective L-IVM experiments. Mice were applied 

75μL of the solution directly into the airway by oropharyngeal aspiration at 

least 5 days prior to the experiment. 

2.2.1.4 Oropharyngeal aspiration 

The mice were deeply anesthetized by intraperitoneal injection (i.p.) with a 

triple compound of medetomidine (0.5 mg/kg body weight), midazolam (5 

mg/kg body weight), and fentanyl (0.05 mg/kg body weight) (MMF). Then, 

mice were attached with their foretooth on a 60° slope in a custom-made 

platform. The tongue was softly outstretched with toothless blunt forceps and 

fixed with two gloved fingers. Next, the nose was gently clamped with 

toothless blunt forceps. When the mice began to breathe deeply, the required 

volume was pipetted into the back of the throat. After the mice took 10 deep 

breaths, the nares were reopened. After the antagonist was injected, the mice 

have been returned to the cage and monitored until they moved normally. 

2.2.1.5 In vivo antibody labeling  

Direct-labeled antibodies were administered via intravenous injection (i.v., via 

the medial canthal vein) at least 15min before L-IVM surgery to anesthetized 

mice (MMF (i.p.)). Neutrophils were labeled with 3µg of anti-mouse Ly6G 

antibody (Alexa Fluor® 488, clone:1A8, Biolegend, California, USA). 
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2.2.1.6 Lung Intravital microscopy (L-IVM) 

The lung intravital microscope is based on the VisiScope. A1 imaging system 

(Visitron Systems GmbH, Puchheim, Germany) equipped with an LED light 

source for fluorescence epi-illumination (CoolLED, U.K.). For QDs excitation 

the 365nm LED modules (at 50% output power, exposure time 50 ms), and for 

Melamine resin particles the 655 nm LED module (at 50% output power, 

exposure time 50 ms) were used. The light was directed onto the sample via a 

quad-band LED light filter (F66-014, DAPI/FITC/Cy3/Cy5 Quad LED ET Set; 

AHF Analysentechnik AG, Tuebingen, Germany). Microscope images were 

acquired by a water dipping objective (20 x, NA 1.0. Zeiss MicroImaging 

GmbH, Jena, Germany). A beam splitter (T 580 lpxxr, Chroma Technology 

Corp, Bellows Falls, USA) was used to divide the light from the sample and 

was acquired with two Rolera EM2 cameras and VisiView Imaging software 

(Visitron Systems GmbH, Puchheim, Germany). The experimental approach 

was adapted from the previously described work (49). The mice deeply 

anesthetized with MMF (i.p.) were kept at 37°C on a mouse heating platform 

and monitoring system (Harvard Apparatus, Massachusetts, United States). 

Fluorescent dyes/ antibodies have been applied via the left medial canthal 

vein using a 1ml insulin syringe (Becton, Dickinson and Company, Franklin 

Lakes, USA). The surgical sites (neck and left chest) have been locally 

anesthetized with Bucaine (50µg/site, Puren Pharma) 15 min prior to surgery. 

The neck tissue was separated, and the trachea was visualized. The anterior 
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part of the trachea was incised with Castroviejo scissors and a small blunt 

catheter (20G, Braun, Melsungen, Germany) was threaded <5 mm into the 

trachea and secured by a ligature. The catheter was then connected with a 

small rodent ventilator (MiniVent, Harvard Apparatus, Massachusetts, United 

States) with a 10µl/g bodyweight stroke volume and 150 breaths per minute 

under 2-3 cm H2O (~0.1cm/g) positive end-expiratory pressure (PEEP) with 

100% oxygen. The mouse was placed on its right lateral decubitus position for 

left chest surgery. A small surgical incision was made in the skin on the left 

thorax, thereafter the intercostal muscles between ribs 3 and 4 were carefully 

incised forming a 5mm opening. The vacuum chamber with an 8mm glass 

cover slip was carefully inserted between the incision. The lung was stabilized 

against the coverslip with a 20-25mmHg suction. Negative pressure was 

generated by a custom-made system consisting of differential pressure gage 

(Magnehelic. Dwyer Instruments. inc, USA), and a negative pressure pump 

(Nupro, St Willoughby, USA). Anesthesia was maintained by the 

administration of half of the initial dose of MMF (i.p.) every hour.  

2.2.1.7 Quantum Dots aerosol inhalation 

During the experiment, the tube supplying the mouse with oxygen was 

connected to a small rodent ventilator (Harvard Apparatus, Massachusetts, 

USA) to control the mouse’s breathing with 150 breaths/min and 10μl/g 

bodyweight tidal volume. In the inspiration tube, a nebulizer unit consisting of 
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an AerogenPro nebulizer (Aerogen Small VMD, Kent Scientific Corporation, 

USA), was inserted to generate liquid aerosol droplets of 3.5-4 μm diameter, 

composed of NP suspension. For every quantum dot group, the nebulizer was 

added with 20μl solution containing 4μM quantum dot suspension (1:2 diluted 

stock suspension) in distilled water with 1% saline providing ions. During NP 

inhalation, the tidal volume was increased to 15 μl/g. The infrared detector 

installed on the ventilator detected the tidal volume change and activated the 

Control Module (Aeroneb® Lab, Kent Scientific Corporation, USA), which 

triggered the nebulizer activation for 20 ms per inspiration. The entire 

inhalation process lasted around 2 minutes, after which the tidal volume was 

reduced back to 10μl/g bodyweight. 

2.2.1.8 CNP aerosol inhalation 

The inhalation process of CNP (Printex 90) was as described above (3.2.1.7), 

adding 460 μl CNP (5μg/μl) into the nebulizer for transtracheal inhalation. 

2.2.1.9 In vivo blocking/inhibiting experiments 

The mice were administered blocking antibodies/isotype control antibodies or 

inhibitors (Table 1) via the oropharyngeal method into the airway. 3 hours after 

administration, mice were imaged with L-IVM. 

Table 1: List of blocking antibodies or inhibitors applied to the lungs. 

Blocking antibody/Inhibitor Clone Manufacturer 

In vivo mAb anti-mouse LFA-1α M17/4 Bio X Cell, 
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Lebanon, USA 
Purified anti-mouse CD54 (ICAM-1) 
Antibody  

YN1/1.7.4 ATCC, 
Manasses, USA 

In vivo mAb anti-mouse/human 
CD44 

IM7 Bio X Cell, 
Lebanon, USA 

Ultra-LEAF™ Purified anti-mouse 
CD88 (C5aR) mAb 

20/70 BioLegend,  
Fell, Germany 

Ultra-LEAF™ Purified anti-mouse 
CD64 (FcγRI) mAb 

W18349F BioLegend,  
Fell, Germany 

In vivo mAb rat IgG2a isotype 
control 

2A3 Bio X Cell,  
Lebanon, USA 

Ultra-LEAF™ Purified Rat IgG2b, κ 
Isotype Ctrl antibody 

RTK4530 BioLegend,  
Fell, Germany 

NAC(N-Acetyl-L-cystein) CAS 616-91-1 Merck, 
Darmstadt, Germany 

For i.v. application experiments, mice were pretreated with blocking 

antibodies/isotype control antibodies or degranulation inhibitors (Table 2) via 

medial canthal vein injection. 0.5h after administering blocking antibodies, 

mice were imaged with L-IVM. 

Table 2: List of blocking antibodies or degranulation inhibitors applied to the 

blood circulation. 

Blocking antibody/Stabilizer Clone Manufacturer Dose 

In vivo mAb anti-mouse LFA-1α M17/4 Bio X Cell, 
Lebanon, USA 

30μg/mouse 

Purified anti-mouse CD54 (ICAM-1) 
antibody  

YN1/1.7.4 ATCC, 
Manasses, USA 

30μg/mouse 

Mouse CXCL1/GRO alpha /KC/CINC-
1 antibody 

48415 R&D Systems, 
Minneapolis, USA 

1μg/g(body weight) 

Cromolyn sodium salt  Sigma,  
Burlington, MA, USA 

0.2μg/g(body 
weight) 

2.2.1.10 Measurement of blood perfusion velocity 

Melamine resin (microParticles, Berlin, Germany) fluorescence particles (50 μl 

of 0.05 % stock solution, Ex/Em 636 nm/686 nm) were injected into mice by 
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intravenous injection and imaged at ∼2.5 frames per second (fps) with the fast 

acquisition mode. The pulmonary blood flow velocity of mice is represented by 

the trajectory (velocity) of MF fluorescence particles. The “Manual Tracking” 

function of ImageJ (National Institutes of Health, Bethesda, USA) was applied 

to give a specific coordinate axis to the bead location at each time point. 

Then, bead velocity was analyzed with the Chemotaxis and Migration Tool 

software (ibidi GmbH, Gräfelfing, Germany). 

2.2.1.11 BAL preparation and cell differentiation 

Mice were anesthetized via a mixture of xylazine (110 μg, WDT, Garbsen, 

Germany) and ketamine (10mg, PharmaWiki, Disentis, Switzerland) (i.p,) and 

sacrificed by abdominal aorta exsanguination. Immediately after, BAL was 

performed by tracheal intubation with a 20G cannula (Braun, Melsungen, 

Germany) and infusing the lungs 8 times with 1.0 ml sterile phosphate-

buffered saline (PBS). The total recovered volume was around 8 ml/mouse. 

The supernatant obtained from the first two BAL centrifugations (400 g, 20 

min at 4℃) was pooled for protein or cytokine analysis. The cell pellets were 

resuspended in 1 ml sterile PBS and the cell number was counted using the 

trypan blue exclusion method. For this, 20 μl cell suspension was added into 

80μl 0.4% trypan blue dye to obtain a 1:5 dilution and mixed by pipetting up 

and down. The mixture was added to a hemocytometer and all non-blue cells 

were counted in each large square in each corner of the hemocytometer. The 
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final cell concentration was calculated by the formula as: Number of cells in 

cell suspension/ml = total number of cells in 4 large squares/4×5×104. 

BAL cell differentials were accomplished on cytospin slides with May-

Grünwald- Giemsa staining. 3×104 BAL cells were added into different 

Cytofunnel chambers of Cytospin™ Centrifuge (Cytospin 2, Thermo Shandon 

Ltd, U.K.) with Cytofunnel and Cytoclips and centrifuged at 400 rpm for 6 min, 

to concentrate and deposit a monolayer of cells onto the circular area of the 

slide. The slides were immersed in 100% May-Grunwald for 10 minutes and 

washed in tap water for 2 minutes. Slides were transferred directly to 5% 

(diluted in tap water) Giemsa for 15 minutes. Next, the slides were dipped 10 

times in tap water quickly and submerged in fresh tap water for 2 minutes. 

The slides were air-dried at least 2 hours in a ventilated place, then covered 

with coverslips.  

2.2.1.12 Lung tissue frozen section 

After the L-IVM experiment, the mouse was sacrificed immediately after the 

experiment by exsanguination. The trachea was cannulated with a 20G 

catheter (Braun, Melsungen, Germany), and the lungs were inflated using 

1000μl of the mixture of cryo embedding matrix (OCT) (Cellpath, Newtown, 

England) and 4% Paraformaldehyde (1：2) via the catheter. Subsequently, 

the whole lung was isolated and washed in sterile PBS. The lung was then 

fixed in 4% PFA at 4℃ overnight. The lungs were immersed sequentially in 
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10% and 30% sucrose overnight. The lung was embedded in OCT and stored 

at -80°C. 6 μm sections were made in a Hyrax C50 Cryostat (Zeiss, Jena, 

Germany).  

2.2.1.13 Nuclear Staining 

Lung cryosections were permeabilized 3 times with PBST (0.1% Tween 

(Sigma-Aldrich, Burlington, MA, USA) in PBS) for 2 minutes, followed by 

incubation with DAPI in PBS containing 0.1% (w/vol) bovine serum albumin 

(BSA) for 1h at room temperature. Afterwards, sections were washed three 

times with PBST and mounted with DAKO fluorescence anti-fade agent. 

2.2.1.14 Murine precision-cut lung slices (PCLS) 

Mice were anesthetized via a mixture of xylazine (110 μg, WDT, Garbsen, 

Germany) and ketamine (10mg, PharmaWiki, Disentis, Switzerland) (i.p,) and 

sacrificed by abdominal aorta exsanguination. Then, the trachea was 

cannulated with a 20G catheter (Braun, Melsungen, Germany), and the lungs 

were inflated with 800μl of a mixture of pre-warmed 2% low melting agarose 

(Sigma, Burlington, MA, USA) via the catheter. Left lung lobes were cut to a 

thickness of 100 µm with a vibratome (Hyrax V55; Zeiss, Jena, Germany) 

using a speed of 10–12 µm·s−1, a frequency of 80 Hz, and an amplitude of 1 

mm. Nuclear staining of the PCLs sample was done as described in chapter 

2.2.1.12. 
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2.2.1.15 3D Lung Imaging 

Macgreen mice were sacrificed by exsanguination and transcardially perfused 

with 30 ml sterile PBS at room temperature to flush all blood (EGFP-labeled 

cells (monocytes, neutrophils, etc.) included) from the lungs. After this, only 

EGFP-expressing AMs and interstitial macrophages were left in the lung. The 

lung tissue was stained and cleared as described (Yang et al., 2019). Briefly, 

samples were fixed in 4% PFA at 4 °C overnight. Next, samples were 

incubated in PBSG-T (0.2% gelatin, 0.01% thimerosal, and 0.5% TritonX100 

in PBS) for 3 days with rotation (70 rpm) at room temperature to block 

nonspecific antibody binding. Lung samples were incubated with an anti-GFP 

antibody (clone: ab13970, ABCAM, Waltham, USA) which is diluted in 0.1% 

saponin in PBSG-T for 7 days with rotation (70 rpm) at 37℃. Afterwards, lung 

samples were rinsed 6 times with PBST (0.5% Triton in PBS) for 1 hour and 

incubated with goat anti-chicken secondary antibody (AF647, ABCAM, 

Waltham, USA) / DAPI diluted in 0.1% saponin in PBSG-T for 3 days with 

rotation (70 rpm) at 37℃. Samples were washed 6 times again in PBST for 1 

hour with rotation at RT to finish the last step of staining. The clearing was 

performed after dehydration in a concentration gradient of tetrahydrofuran 

(THF, Sigma, Burlington, MA, USA, 50% v/v tetrahydrofuran/H2O overnight, 

50% THF/H2O for 1 h, 80% THF/H2O for 1 h, 100% THF for 1 h, 100% THF 

overnight, and 100% THF for 1 h) under constant slight shaking. Then 

samples were incubated in dichloromethane (DCM, Sigma, Burlington, MA, 
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USA) for around 30−40 min and eventually immersed in dibenzyl ether (DBE, 

Sigma, Burlington, MA, USA) at least 2h prior to imaging. Imaging was 

performed in dibenzyl ether with a light sheet fluorescence microscope 

(Ultramicroscope II, LaVision Biotec) equipped with an sCMOS camera 

(Andor Neo, Abingdon, United Kingdom) and a 2× objective lens (Olympus 

MVPLAPO 2×/0.5 NA) equipped with an Olympus MVX-10 zoom body, which 

provided zoom-out and -in ranging from 0.63× up to 6.3×. Light sheet 

microscope images were generated with different magnification factors and a 

step size of 5-10 μm according to the sample size with 470±30 / 640±30 nm 

ex/em bandpass filters for QDs and 640±30 / 690±50 nm ex/em bandpass 

filters for AF647 GFP staining. Lung tissue autofluorescence was generally 

scanned with 520±40 / 585±40 nm ex/em filters to show the microstructure of 

the lungs. 100 ms exposure time and 95% laser power are typically set with 

LSFM, where the light sheet microscope has different xy width and numerical 

aperture (NA) to match the different sample sizes. During the LSFM image 

acquisition, the sample was immersed in the DBE. Imaris 9.1.0 (Bitplane, 

Belfast, United Kingdom) was used to perform 2D and 3D rendering and 

image processing.  

2.2.1.16 Fluorescence-based analysis of NP dose in lung homogenates 

Mice were sacrificed immediately after L-IVM experiments by exsanguination 

and then lung perfusion was performed following the protocol above 
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(2.2.1.15). Subsequently, the whole lungs were removed. The quantification of 

QDs was based on a previously published method (Robe et al., 2008). Briefly, 

the lung was immersed in 1 ml tissue lysing solution (Solvable®, Perkin–

Elmer, Waltham, USA) at 50 °C for 24 h until the tissue was completely 

dissolved. NP fluorescence intensity in the samples was measured with a 

spectrofluorometer (Safire 2, Tecan, Zurich, Switzerland). QDs were detected 

with BP 400 nm filter for excitation and BP 635nm filter for emission. 

Calibration standard curves were generated for each QD type by measuring 

solubilized blank lung samples with known but different amounts of QDs 

which have been incubated with blank lung tissue in Solvable for 24 hours at 

50°C. QD concentrations were calculated via the fluorescence intensities 

according to the relevant standard curves. 

2.2.1.17 Fluorescence Activated Cell Sorting (FACS) 

PKH26-labeled mice were sacrificed by exsanguination and the lungs were 

taken out. Then lung tissue was minced in a 4ml digestion cocktail which was 

obtained by dissolving 750 ng DNAse (Qiagen, Hilden, Germany), 50 μg 

Collagenase (Sigma, Burlington, MA, USA), and 80 μg Elastase (Serva, 

Heidelberg, Germany) in 4ml of Dispase solution (50 caseinolytic U/ml, 

Corning, New York, America). Next, the mixture was put on a vertical shaker 

at 37°C for 15-20 min. The mixture solution was gently pressed through a 70 

µm filter (Corning, New York, United States) using a 3ml syringe and washed 
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with an excess volume of 2% fetal bovine serum (FBS) (with 2mM EDTA, 

Sigma, Burlington, MA, USA). Immediately afterwards, the above filtration 

step was repeated with a 30µm filter (Corning, New York, United States). The 

cells were pelleted by centrifugation at 1500 RPM for 10 minutes at 4°C, and 

the supernatant was discarded. The remaining red blood cells were lysed with 

1ml red blood cell lysis buffer (Thermo Fisher Scientific, Massachusetts, USA) 

for 10 min, then 10ml PBS was added to stop cell lysis. The cells were 

pelleted by centrifugation at 1500 RPM for 10 minutes at 4℃ and cells were 

resuspended with 1ml FACS Buffer (0.5% FBS in PBS). The total cell number 

was counted by a hemocytometer. 106 cells were transferred in FACS tubes 

(Thermo Fisher Scientific, Massachusetts, USA) for each sample, and 

centrifuged at 300g, 4℃ for 5 min. The supernatant was discarded. To each 

sample 100uL of the staining solution (anti-siglec F APC 770, clone: REA798, 

Miltenyi Biotec, Cologne, Germany) was added and incubated at 4℃ for 

30min in the dark. After washing and re-suspending in FACS buffer, cells were 

analyzed on a BD FACSCanto II flow cytometer (BD Bioscienc, New Jersey, 

USA) with BD FACSDiva software. 

2.2.1.18 In Vivo Imaging System (IVIS) 

To determine the distribution of fluorescent nanomaterials in the lungs, the 

IVIS system (Lumina II, Caliper/PerkinElmer, USA), was used for whole organ 

imaging. In short, the whole lung was placed on a platform located in the 
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center of the IVIS chamber and imaged with QDs-specific excitation and 

emission filters (ex/em: 475 nm/ Cy5.5; exposure time: auto; Binning: 

Medium; F/Stop: 16 and Lamp level: high). The fluorescence/white light 

images were acquired with the Living Imaging 4.0 software (Caliper, 

Hopkinton, USA) to determine the fluorescence intensity and the 2D projected 

geometric area of the lung.  

2.2.1.19 Electron Microscopy 

The lung electron microscopy images were acquired as described in a 

previous study (Rehberg et al., 2012). The lung tissue was fixed in 1% PFA, 

0.1 M cacodylate buffer (pH 7.4). After dissection, the samples were finally 

fixed in 2% PFA and 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 

2-3 hours at room temperature. The samples were then fixed in 1% OsO4 

containing 1.5% potassium cyanoferrate and embedded in Epon after 

dehydration. The ultrathin (70 nm) sections of the samples were cut in serial 

sections (Leica-UC6 ultramicrotome, Vienna, Austria). Except for some 

sections, which were counterstained with uranyl acetate and lead, sections 

were not stained. The images were acquired with 80 kV on an FEI-Tecnai 12 

electron microscope (FEI, Eindhoven, The Netherlands). The consecutive-

stained sections were used to identify organelles. The sections were scanned 

with a CCD camera (Megaview, Olympus-SIS, Muenster). 
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2.2.1.20 Quantification of leukocyte kinetics 

In order to quantify the neutrophil numbers at different time points after NP 

exposure (inhalation) (-15min, 0min, 15min, 30min,45min, 60min, 75min, 

90min), the short (15s) L-IVM movies were analyzed with Image J software 

(National Institutes of Health, Bethesda, USA). For neutrophil amount 

counting, the “Trackmate” function of Image J was used. All neutrophils were 

automatically counted by the software using the -15min (neutrophil baseline) 

image for the threshold setting. The same settings were used for subsequent 

time points, and results were manually corrected if required. 

2.2.2  In vitro experiments 

2.2.2.1 MH-S cells culture 

Murine MH-S alveolar macrophage-like cells were purchased from the 

American Type Culture Collection (ATCC®, CRL-2019TM) and grown in 

Roswell Park Memorial Institute (RPMI) 1640 medium with supplements 

containing 0.05 mM 2-mercaptoethanol, 10 %FBS and 1% penicillin-

streptomycin at 37°C and 5 % CO2. For cell passage, the medium was 

removed, and cells were washed gently with 20ml pre-warmed sterile PBS. 

Then cells were incubated with 2ml pre-warmed Trypsin-EDTA (0.25 %, Life 

Technologies Limited, Paisley, UK) for 4 min at 37 °C. 18 ml pre-warmed MH-

S medium was added to stop digestion. After resuspending in the culture 

medium, MH-S cells were transferred into 50 ml falcon tubes (Thermo Fisher 
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Scientific, Massachusetts, USA) and re-pelleted by centrifugation (1400 rpm, 

5 minutes, 4℃). The cell pellets were resuspended, and 500,000 cells were 

transferred to a new flask (50 ml, 25 cm², Greiner Bio-One GmbH, 

Frickenhausen, Germany). 

2.2.2.2 ALICE-CLOUD exposure system 

500,000 MH-S cells were distributed in 100 μL cell culture medium and then 

seeded on the 6-well corning insert (0.4 μm pores), with 1.7 mL basal 

medium in the bottom wells. The basal medium was changed with the 

aspiration of the apical medium 24h after cell seeding, and then the cells were 

equilibrated at an air-liquid interface (ALI) condition for 2h. The AerogenPro 

nebulizer (Aerogen Small VMD, Kent Scientific Corporation, USA) was added 

with 20μl solution containing 4μM quantum dot suspension (1:2 diluted stock 

suspension) in distilled water with 1% saline providing ions to generate QDs 

liquid aerosol droplets of 3.5-4 μm diameter. Cells were exposed to the QDs 

at the ALI conditions for 2h or 24h after complete sedimentation of the 

particles and then washed with PBS to remove the un-attached particles.  

2.2.2.3 Water-soluble tetrazolium salt (WST) cell viability assay 

MH-S cells were seeded in 24-well plates at a density of 105 / well and 

cultured overnight. Cells were exposed to QD particles (8nM) and vehicle as a 

control group in 500μl cell culture medium in submerged conditions for 1h. 

The supernatant was removed, and the cells were incubated with 10 % Roche 
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WST reagent for 15min at 37℃ and 5% CO2. After 15 min of incubation at 

37 °C and 5 % CO2, WST samples were then collected and centrifuged at 

14,000 rpm, 10min at room temperature. Absorbance at 450nm of 200µl 

solution was measured in 96-well plates with the Tecan reader (TECAN 

Trading AG, Männedorf, Switzerland). Each sample was measured with 2 

duplicated wells, and the absorbance value was corrected with a blank 

sample (WST solution non-incubated with cells). The cell viability of each 

sample was compared with the control group according to the following 

equation: 

Cell viability= (sample OD – blank OD) / (control OD – blank OD) ∗100% 

2.2.2.4 Analysis of cell phagocytosis with FACS 

MH-S alveolar macrophage-like cells were seeded respectively in a 24-well 

plate at a density of 25*104 cells / well. The cells were pre-treated with anti-

ICAM-1, anti-LFA-1, anti-CD44, anti-CD64, anti-CD88 and isotype (10μg/ml) 

antibodies, cromolyn (4 μg/ml), NAC (10μg/ml) or vehicle-control separately 

up to 3h at 37 °C and 5 % CO2 (Table 3). Then pHrodo™ Green E. coli 

BioParticles (5 μg/ml) were added to the supernatant for 1h. The medium was 

removed, and cells were washed gently with 1ml sterile pre-warmed PBS. The 

cells were incubated with 100μl pre-warmed Trypsin-EDTA for 4 min at 37 °C, 

the digestion was stopped by the addition of 900μl pre-warmed MH-S 

medium. MHS cells were transferred into the FACS tubes (Thermo Fisher 
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Scientific, Massachusetts, USA) and re-pelleted by centrifugation (1400 rpm, 

5 minutes, 4℃). After washing and re-suspending in FACS buffer, cells were 

analyzed by a BD FACSCanto II flow cytometer (BD Bioscienc, New Jersey, 

U.S.) with BD FACSDiva software. 

Table 3: List of blocking antibodies or inhibitors applied in vitro. 

Blocking antibody/Inhibitor Clone Manufacturer 

In vivo mAb anti-mouse LFA-1α M17/4 Bio X Cell, 
Lebanon, USA 

Purified anti-mouse CD54 (ICAM-1) 
antibody  

YN1/1.7.4 ATCC, 
Manasses, USA 

In vivo mAb anti-mouse/human 
CD44 

IM7 Bio X Cell, 
Lebanon, USA 

Ultra-LEAF™ Purified anti-mouse 
CD88 (C5aR) mAb 

20/70 BioLegend,  
Fell, Germany 

Ultra-LEAF™ Purified anti-mouse 
CD64 (FcγRI) mAb 

W18349F BioLegend,  
Fell, Germany 

In Vivo mAb rat IgG2a isotype 
control 

2A3 Bio X Cell,  
Lebanon, USA 

Ultra-LEAF™ Purified Rat IgG2b, κ 
Isotype Ctrl antibody 

RTK4530 BioLegend,  
Fell, Germany 

NAC(N-Acetyl-L-cystein) CAS 616-91-1 Merck, 
Darmstadt, Germany 

2.2.2.5 Analysis of MH-S QDs internalization with FACS 

MH-S cells were seeded respectively in a 24-well plate (25*104 cells/well). 

The cells were pre-treated with anti-CD64, anti-CD88, and isotype (10μg/ml) 

blocking antibodies or vehicle-control separately up to 3h at 37 °C and 5 % 

CO2 (Table 3). Then cQDs and aPEG-QDs (2 pM) mixed with Surfactant were 

added to the supernatant for 1h. The FACS process of cQDs internalization 

M-HS was as described above (2.2.2.4). 
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2.2.3 Statistical analysis 

All data were presented as mean ± standard error of the mean (SEM) and 

plotted with GraphPad Prism 8 (GraphPad Software Inc., La Jolla, USA), with 

the sample sizes and the number of repeats indicated in the figure legends. 

Comparison of results between two groups for normally distributed data was 

analyzed using the two-sided student t-test and for nonparametric data the 

Mann-Whitney rank-sum test. Comparisons among multiple groups were 

performed using a one-way ANOVA with Tukey’s comparisons test. 

Significances are defined as 0.05 (P < 0.05, *), 0.01 (P < 0.01, **), 0.001 (P < 

0.001, ***) and 0.0001 (P < 0.001, ****), while p value ≥0.05 was considered 

not significant (ns). 
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3. Results 
3.1 Characterization of QD deposition and distribution after QD 

aerosol inhalation 

3.1.1 Distribution of different QDs diluted in distilled water. 

We used distilled water to dilute cQDs, aPEG-QDs, and PEG-QDs at a 1:1 ratio 

as working solutions (4µM) for the nebulizer. Electron microscopic images of 

QD solutions (distilled water) show (Figure 4), that these three QDs are 

monodisperse particles without agglomeration. 

Figure 4 Size and distribution of cQDs, aPEG-QDs, and PEG-QDs in distilled water. (a: cQDs, b: aPEG-QDs, 

and c: PEG-QDs, scale bar: 200 nm) 

3.1.2 Quantitative Analysis of lung deposited QD dose 

The ventilator-assisted nebulizer (Aerogen Small VMD, Kent Scientific 

Corporation, USA) generates liquid aerosol droplets (3.5-4 μm) containing QD 

suspensions. For every mouse, 20µl of a 4µM QDs suspension was added into 

the nebulizer for inhalation. Mice were sacrificed immediately after NP 

application and lung tissue was removed and homogenized to measure the 

QDs deposited dose in the lungs. Figure 5 depicts the standard curve obtained 
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from mice lung homogenate incubated with known cQDs dose (R2 > 0.99). 

From the standard curve, the cQDs deposited dose has been calculated as 

2.12±0.31 pmol/g amount of substance(n)-NPs / mass-lung, and 2.04±0.68 

pmol/g amount of substance(n)-NPs / mass-lung for aPEG-QDs. The average 

cQDs deposition efficacy was 0.53±0.08 %, which is equal to the delivery 

efficacy of aPEG-QDs (0.51±0.17%), indicating that the delivery efficiencies for 

these different surface-modified QDs are similar.   

Figure 5 QDs fluorescence intensity−delivery efficiency correlation curve in mouse lungs after inhalation. 

cQDs/aPEG-QDs delivery efficacy was calculated according to the linear fluorescence intensity− standard curve 

(R2 > 0.99) obtained from blank lung homogenates supplemented with known cQDs/aPEG-QDs doses (black spots). 

Red crosses indicate the QDs doses detected in mice lung homogenates of 3 independent inhalation applications, 

n=3.  

After 80 pmol was exposed through the trachea inhalation method (0.53% 

cQDs delivery efficiency), and QDs were. The deposited dose was calculated 

for the cQDs (regarded as spheres with a diameter of 20 nm) from 0.53% 

delivery efficiency of the initial 80 pmol as 16 cm2/g (geom. surface area of NPs 

/ mass-lung). Because the size and delivery efficiency of aPEG-QDs is similar 

to that of cQDs, the deposited dose is also around 16 cm2/g (geom. surface 

area of NPs / mass-lung). 
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3.1.3 QDs distribution in whole murine lungs 

After establishing the delivery efficacy of the Aerogen Pro-Minivent nebulizing 

device, we next investigated whether homogenous NP distribution in the lungs 

was achieved. For this, the In Vivo Imaging System (IVIS) was used to check 

the distribution of NPs after inhalation, by ex-vivo imaging of entire mouse lungs 

pre- and post-QDs inhalation. The imaging of cQD and aPEG-QD fluorescence 

indicated that both surface modified QDs are uniformly distributed in the whole 

lungs after inhalation (Figure 6 a-c). Accumulation of QDs inevitably appeared 

in the trachea and large bronchi during inhalation, as indicated by the high 

fluorescence signal in these parts. 

Figure 6 Analysis of QD distribution in lungs using IVIS. Typical ex-vivo lung images from mice treated with 16 

cm2/g (geom. surface area of NPs / mass-lung) cQDs and aPEG-QDs via ventilator-assisted inhalation for 2h and 

compared to untreated controls measured by IVIS (a: Ctrl, b: cQDs, c: aPEG-QDs). 

3.1.4 3D pulmonary mapping of QD distribution  

Tissue clearing drastically decreases tissue−light interactions (absorption, 

scattering). Thereby 3D imaging of the unlabeled lung structure and the NP 

distribution in the whole mouse lung by light sheet microscopy is possible (Yang 

et al., 2019). Merged images of maximum intensity projections (MIP) of QD 

fluorescence signals with the 3D lung structure confirm that cQDs as well as 
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aPEG-QDs exhibited a uniform distribution in the lungs in the overall view 

(Figure 7a-b). However, some local differences existed at the microscopic scale. 

After cQDs exposure, preferential central acini (blue arrow) exhibited strong 

cQD fluorescence while in the great majority of the peripheral acini (yellow 

arrow) fewer cQDs were deposited (Figure 7a,c). Conversely, after aPEG-QDs 

inhalation, the distribution of aPEG-QDs was similar in central or peripheral 

areas of the lungs (Figure 7b,d). This distribution pattern difference was also 

observed in confocal microscopy images of precision cut lung slice (PCLs) 

samples from cQDs (Figure 7e) and aPEG-QDs (Figure 7f) exposed mice. 
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Figure 7 (a)-(d) 3D mapping of different QD distribution modes in entire mouse lungs upon QD delivery by 

ventilator-assisted NP aerosol inhalation. The distribution of QDs (red) in the Z-stack images of entire cleared lungs 

obtained by light sheet microscopy (panel a and b: 3D MIP, a: cQDs and b: aPEG-QDs, scale bar: 1500 μm) and in 

single z-planes (panel c and d: 2D xy slice, c: cQDs and d: aPEG-QDs, scale bar: 200 μm) of the tissue structure 

(autofluorescence, green) after inhalation of different types of (16cm2/g) QDs. (e)-(f) Confocal microscopic 2D images 

of QDs (red, e: cQDs and f: aPEG-QDs) exposed PCLs sample (autofluorescence: green). Scale bar: 100 μm. 
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3.1.5 Inhaled NPs are rapidly detected by L-IVM 

To investigate the dynamics of NPs and to determine whether inhaled particles 

can be detected in the uppermost alveolar layer of the lung, which is accessible 

by IVM, two types of fluorescent particles, NPs (cQDs, aPEG-QDs, PEG-QDs; 

diameter: 15-20nm) and microparticles (melamine resin particles (MF); 0.94μm 

± 0.05μm) were delivered by ventilator assisted inhalation and simultaneously 

imaged. Both types of particles reached the surface of the lung some seconds 

after the onset of inhalation (“delay” mainly due to passage time through 

nebulizing device and tubing) and were immediately detected as distinct 

fluorescent spots by LIVM (cQDs: 5.25 ± 0.75s, aPEG-QDs: 8.33 ± 0.96s, PEG-

QDs: 6.67 ± 1.44s and MF: 6.33s ± 1.15s; P=0.37) (figure 8a-b).  

Figure 8 Fluorescent NPs were rapidly detected by L-IVM. (a) cQDs were rapidly detected by L-IVM as distinct 

fluorescent spots (white dots) in single alveoli upon ventilator-assisted inhalation and gradually deposited. Scale bars: 

50 μm. (b) cQDs, aPEG-QDs, PEG-QDs NPs (15-20 nm), and melamine resin (MF) microparticles (0.94μm ± 0.05μm), 

were detected by LIVM in a similar time after the onset of inhalation by LIVM (n = 3-4 mice/group, One-way ANOVA 

test).  



59 

3.1.6 L-IVM analysis of QD distribution patterns on the lung surface  

After 5 minutes of inhalation, L-IVM images show strong fluorescence spots for 

cQD, aPEG-QD as well as PEG-QDs in the alveolar space on the surface of 

the lungs (Figure 9a-c). Visual inspection indicated that more aPEG-QDs were 

deposited in the field of observation (peripheral regions of the lung) compared 

to cQDs or PEG-QDs (Figure 9a-c). Quantification of the mean fluorescence 

intensity of the whole observation area, revealed that the fluorescence intensity 

in the aPEG-QDs group was approximately twice that of the cQD and PEG-QD 

groups, which might indicate that aPEG-QDs NPs are deposited at terminal 

bronchi or peripheral alveoli more easily (Figure 9d). Notably, not all alveoli in 

the field of views exhibited deposited QDs. For example, on average 

31.47±2.22 % of alveoli received cQDs. 
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Figure 9 QDs reach the alveolar compartment at the lung surface. (a)-(c). L-IVM images of different QDs (a: cQD; 

b: aPEG-QD; c: PEG-QD) distribution pattern on the surface of the lungs 5 min after pulmonary NP inhalation. QDs are 

shown in white. Scale bars: 50 μm. (d) Average QD fluorescence intensity in the whole L-IVM images at consecutive 

time points after different QDs applications. (Means ± SEM, n= 3 mice/group) 

3.2 NP-inhalation increased neutrophil accumulation in the 

lung 

3.2.1 Dose effect on cQDs-induced neutrophil recruitment 

A previous study of our group revealed that i.v. injection of cQD NPs into the 

blood circulation, induced acute neutrophil recruitment 15min upon 

administration (Rehberg et al., 2010). We aimed to further investigate the 

potential pro-inflammatory response of NPs in the alveolar region. Using lung 

intravital imaging, the recruitment of neutrophils (immunolabeled with 

fluorescent anti-Ly6G mAbs) upon ventilator-assisted inhalation of cQDs in 

pulmonary blood vessels was observed and quantified. Because of the 

mechanical trauma from the surgical operation (surgical incision, negative 

pressure suction, etc.), a mild inflammatory response occurred in the lung 

tissue at baseline situations during the course of the experiment, which is 

characterized by a slight increase in neutrophil numbers (Figure 10). The 

neutrophils present at baseline are due to the lung-marginated pool of 

neutrophils (Doerschuk, 2000).  

To investigate whether cQD-evoked neutrophil recruitment is dose-dependent, 

we used two doses of cQDs for inhalation (deposited dose: 16cm2/g and 

32cm2/g, mass-specific geometric surface area). In the first group, 16cm2/g 
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cQD inhalation, already at 30 min, elicited an increased number of neutrophils 

in the observation areas, as compared to the control group, which became 

significant at 60 min (5.39±0.49 /104μm2 vs 3.74±0.44 /104μm2, P<0.05). 

Increasing the deposited dose (from 16cm2/g to 32cm2/g) of cQDs did not cause 

a significant difference in the numbers of recruited neutrophils, as determined 

by semi-automated quantitative detection of fluorescent neutrophils (After 90 

min exposure: 16cm2/g: 6.25±0.39 /104μm2 and 32cm2/g: 6.76±0.61 /104μm2, 

P=0.61) (Figure 10). 

Figure 10 Quantitative analysis of neutrophil numbers after QD inhalation. Neutrophil numbers were quantified 

in the alveolar region using lung intravital microscopy upon ventilator-assisted inhalation of cQDs and vehicle (NPs 

inhalation started at 0 min (arrow), Means ± SEM, n=6 mice/group, Two-way ANOVA test, red * cQDs (16 cm2/g) vs 

vehicle-control, green * cQDs (32 cm2/g) vs vehicle-control). 

3.2.2 Effect of carbon NPs (CNP) on neutrophil recruitment 

In order to investigate whether leukocyte recruitment dynamics obtained for 

cQDs are comparable to the inflammatory response induced by environmental 

air pollution, we investigated neutrophil dynamics after CNP inhalation, which 

is a typical exposure model to study the effects of urban air pollution (Chen et 

al., 2016). The original diameter of Carbon Black Printex 90 is 14 nm, and it is 

listed as a potential human-related carcinogen (group 2B) by the International 
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Agency for Research on Cancer (Baan et al., 2006). We referred to a meta-

analysis (Schmid & Stoeger, 2016) on the relationship between deposited NP 

surface area and lung inflammation, from which we calculated the CNP dose 

predicted to be required to cause similar lung inflammation levels as caused by 

cQDs. Therefore C57BL/6 mice were exposed to 75cm2/g and 172.5cm2/g 

(mass-specific geometric surface area) CNP by ventilator-assisted inhalation. 

As compared to the control group, 60 minutes after particle inhalation, a large 

number of neutrophils accumulated in the lung in the 172.5m2/g CNP group 

(5.12±0.20/104μm2 vs 3.74±0.44/104μm2, P<0.05, Figure 11), a cell number 

which is comparable to neutrophil recruitment, observed in cQDs-exposed 

animals (Figure 10). Similarly, if the deposited CNP dose was reduced to 

75m2/g, the neutrophil counts were still higher than in the control group at 90 

minutes (5.62±0.75/104μm2 vs 4.12±1.23/104μm2, P<0.05). In short, increasing 

the deposited dose of NPs (cQDs: from 16cm2/g to 32cm2/g and CNP: from 

75cm2/g to 172.5cm2/g) maintained a stable increased tendency in the number 

of recruited neutrophils (Figure 10-11). 

Figure 11. Quantitative analysis of neutrophil numbers after CNP inhalation. Alterations in the amounts of 

neutrophils over time under L-IVM were compared between two different doses of CNP NP inhalation (NP inhalation 

starting at 0 min (arrow), Means ± SEM, n= 4-6 mice/group, Two-way ANOVA test, red * or ns CNP (75 cm2/g) vs 

vehicle-control, green * cQDs (172.5 cm2/g) vs vehicle-control). 
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3.2.3 PEG-surface modification of QDs inhibited QD-induced rapid 

recruitment of neutrophils 

Depending on their surface properties, proteins and other biomolecules 

accumulate / bind on NP surfaces, thereby forming a bio-molecule corona 

(Hellstrand et al., 2009; Röcker et al., 2009), once in contact with biological 

fluids (serum, alveolar lining fluid, etc.), thus determining NP interactions as 

well as NP clearance (Aggarwal et al., 2009; Owens & Peppas, 2006). Using 

intravital microscopy on the mouse cremaster muscle, Rehberg and colleagues 

studied leukocyte dynamics caused by QDs with different surface coatings. 

They revealed that cQDs-induced significant neutrophil recruitment, already 

15min after cQDs application in blood vessels, while PEG-QDs or aPEG-QDs 

both with polyethylene glycol (PEG) coating did not. This has been attributed to 

the largely diminished biomolecule corona of the NPs, since PEG sterically 

prevents protein binding (Gref et al., 1994). 

We resorted QDs (deposited dose: 16cm2/g) of the same size but with different 

surface modifications (carboxyl-, animo-PEG- (aPEG-), and PEG-) to evaluate 

whether these modifications affect neutrophil recruitment after inhalation 

exposure. In the control group, the number of neutrophils slightly increased 

from 2.24±0.37/104μm2 at baseline, 15 minutes before inhalation to 

4.12±1.23/104μm2, 90 minutes after inhalation of vehicle, as determined by 

semi-automated quantitative detection of fluorescence neutrophils. Neutrophil 

numbers in the area of observation after aPEG- and PEG-QDs inhalation 
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matched those of control conditions (90min: 3.83±0.55/104μm2 for aPEG-QDs, 

4.47±0.28/104μm2 for PEG-QDs and 4.12±0.50/104μm2 for the control group). 

In contrast, a significant increase in neutrophil numbers was observed 90min 

(6.25±0.39/104μm2) upon application of cQDs (Figure 12a). The initial increase 

in neutrophil numbers is clearly visible at 30 min, in the graph, although the 

values are not yet significant, indicating a very rapid neutrophil response after 

cQD exposure. In order to further correct the differences in neutrophils between 

experimental animals, the numbers of neutrophils at 15 min before inhalation 

have been normalized to one and used as the baseline to calculate and depict 

the neutrophil cumulative curve (Figure 12b), and it also matched changes in 

the number of neutrophils (Figure 12a). We hence determined that not the 

deposited dose alone, but also the surface of NPs determines their pro-

inflammatory potential. This could possibly be mediated by their ability to bind 

to biomolecules present in the alveoli, their potential to interact with cells, or 

cellular receptors.  

Figure 12 Quantitative analysis of the impact of QD surface modifications on neutrophil numbers after QD 

inhalation. a. Neutrophil numbers were quantified in the alveolar region using L-IVM under baseline and upon 

ventilator-assisted inhalation of either cQDs, aPEG-QDs, PEG-QDs, or vehicle (NPs inhalation starting at 0 min, red 

arrow,) at 16 cm2 /g (geom. Surface area of NPs / mass-lung). b. Results are presented as mean fold change of the 

neutrophil amounts 15 min prior to NP inhalation to baseline condition. (Means ± SEM, n=6 mice/group, Two-way 

ANOVA test, red * cQDs vs vehicle-control, purple * PEG-QDs vs vehicle-control). 
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3.2.4 Effect of NP inhalation on blood flow velocity 

Inflammation often induces changes in pulmonary microhemodynamics (such 

as blood flow velocity decrease and shear rates (Ueki et al., 2018)), which may 

be related to neutrophil recruitment. To determine whether NP inhalation affects 

blood flow in the alveolar microcirculation, we measured the blood perfusion 

velocity in the lungs of cQDs-exposed mice via tracing of i.v. injected 

fluorescent melamine resin particles (MF) microbeads (diameter: 

0.94μm±0.05μm) (Figure 13). The blood flow velocity was decreased in cQD-

inhaled mice 2h after particle exposure to 119.25±8.60 µm/s, as compared to 

190.06±13.27 µm/s in control mice. In contrast, in the aPEG-QDs and PEG-

QDs groups, blood flow speed did not change significantly (218.37±21.19µm/s 

for aPEG-QDs and 214.86±16.93 µm/s for PEG-QDs) and remained around the 

same level as in the control mice. Interestingly, these effects of the different 

QDs on blood perfusion (Figure 13a) match their effects on neutrophil amount 

changes in the lung (Figure 12a). Similarly, pulmonary blood flow velocity was 

also significantly decreased in mice exposed to 32cm2/g cQDs (Figure 12b). 

These results suggest that cQDs-exposure affects the pulmonary 

microvascular system after neutrophil recruitment. Finally, we tested if CNP 

inhalation also affects microvascular perfusion. Indeed, CNP-inhalation 

reduced blood flow velocity as compared with vehicle exposed mice at 120 min 

(Figure 12c). 
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To ensure the comparability of all experimental groups, the inner diameters of 

10 random blood vessels were measured in each mouse. The diameters of 

pulmonary blood vessels in the fields of view were similar (Figure 12d-f), 

excluding the influence of blood vessel size on blood perfusion velocity and 

furthermore ruling out an effect on blood vessel diameter (vessel constriction or 

dilatation) by NP inhalation. 

Figure 13 Altered blood perfusion speed in the pulmonary blood vessel of NP-exposed mice. Determination of 

blood perfusion speed by i.v. injection of fluorescent beads (Diameter = 1 µm) into the mice during image acquisition 

and subsequent tracking to measure their speed. Each dot represents the data obtained from one fluorescent bead in 

blood vessels and in each mouse the speed of 10 fluorescent beads was measured. (a) Analysis of blood perfusion 

velocity in alveolar microvessels upon inhalation of different doses of cQDs. (b) Blood perfusion speeds in different 

kinds of QDs-exposed lungs. (c) Blood perfusion speeds in CNP-exposed lungs. (d)-(f) Vessels in the observation area 

were similar in size. (a)-(f) Data are presented as Means ± SEM, n= 3 mice/group, a,b,d,e: One-way ANOVA test, c,f: 

paired Student’s t-test). 
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3.2.5 The deposition of cQDs and CNPs in the lung caused similar levels 

of inflammation 

As presented above, we found that fluorescent cQD NPs and combustion-

derived CNPs-induced similar recruitment processes in the lung after inhalation 

exposure: (1) significant recruitment occurred at 1 hour after inhalation, (2) 90 

minutes after NP exposure neutrophil levels were equivalent. Therefore, we put 

the above-deposited doses of NPs that can cause neutrophil recruitment into 

the graph of the relationship between the dose (geometric surface area) and 

the ratio of neutrophils in BAL after 16-24 h NP exposure, taken from a meta-

analysis conducted by Stoeger and Schmid (Schmid & Stoeger, 2016). CNPs 

were classified as low-solubility, low-toxicity (LSLT) particles, while cQDs were 

classified as metal oxide NPs because of their CdSe core and ZnS shell. 

Thereby we found that the two NPs theoretically cause a similar acute influx of 

neutrophils (Figure 14). To further clarify the dose correlation of the two NPs, 

we collected 2h and 24h of BAL from mouse lungs.  

Figure 14 The relationship between NP-induced proportion of neutrophils in BAL and NPs exposure dose 

(geometric surface area). Adapted from (Schmid, Stoeger; J Aerosol Sci., 2016). 
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BAL cell analysis was applied to define the different inflammatory responses of 

cQDs or CNP inhalation with cytospin analysis of May Grunwald-stained BAL 

cells. At 2h after cQDs inhalation, a small number of 0.4 × 104 neutrophils was 

detected, while neutrophils were almost undetectable in control animals (Figure 

15 a). As compared to the control group, the amounts of total cells, AMs and 

lymphocytes were at similar levels in the cQDs- as well as the CNP-exposed 

group (Figure 15 a,b). Similarly, in the CNP-exposed group, neutrophil levels 

are elevated, although not significant, upon 2h exposure (Figure 15b). 

Figure 15 BAL cell analysis 2h after NPs inhalation. (a) The amounts of total cells, AMs, neutrophils, and 

lymphocytes were determined within May Grunwald-stained BAL cells (Cytospin) of mice 2h after inhalation of cQDs 

(16 cm2/g geom. surface area of NPs / mass-lung), (b) 2h after inhalation of 172.5 cm2/g CNP and compared to 

untreated controls (Means ± SEM, n= 4-6 mice/group, paired Student’s t-test). 

In order to further study the NP-induced neutrophil recruitment, we collected 

the BAL of the mice upon 24h cQDs and CNP-inhalation. A large number of 

neutrophils ((2.68±1.35)*104 vs ((0.16±0.04)* 104) and lymphocytes 

((0.51±0.07)*104 vs (0.22±0.08)*104) infiltrated into the airways of cQDs-
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exposed mice, while these cells were almost undetectable in the BAL of the 

control mice (figure 16a). Similar, the number of recruited neutrophils 

((1.65±0.71)*104 vs ((0.16±0.04)*104, P<0.01) and lymphocytes 

((0.64±0.1)*104 vs (0.22±0.08)*104, P<0.05) was also significantly increased in 

CNP-exposed mice 24h after inhalation of CNP as compared to control mice 

(figure 16b). Taken together, BAL analysis revealed an acute inflammatory 

response induced by cQDs and CNPs, with a prominent accumulation of 

neutrophils and lymphocytes, at 24 h after exposure. 

Figure 16 BAL cell analysis 24 h after NP inhalation (a) The amounts of total cells, AMs, neutrophils, and 

lymphocytes were determined with May Grunwald-stained BAL cells (Cytospin) of mice 24h after inhalation of cQDs 

(16 cm2/g geom. surface area of NPs / mass-lung) and (b) of 172.5 cm2/g CNP and compared to untreated controls 

(Means ± SEM, n= 3-6 mice/group, paired Student’s t-test). 
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3.3 Infiltrated neutrophils in close proximity are vital for capture 

of inhaled, deposited NPs 

3.3.1 Recruitment of neutrophils occurs in close proximity to inhaled, 

deposited NPs 

Close inspection of long-term recordings of neutrophil dynamics upon cQD 

inhalation revealed that neutrophils preferentially arrested in microvessels in 

close proximity to the alveolar deposited cQDs, where they often exhibited a 

probing/crawling behavior (Figure 17a).  

Figure 17: Recruitment of neutrophils occurred in close proximity to inhaled, deposited NPs. (a) Time-lapse 

of probing neutrophils in a cQD-abundant area starting 8 min after inhalation. cQD-exposed (green) mice injected 

with anti-Ly6G to label neutrophils (red), Scale bars, 20 μm. (b) A large number of neutrophils accumulate in the NP-

enriched area (a square with 100 μm side length indicates the region of cell number analysis). Scale bars: 50 μm. 

(c) Data of cQDs abundant and cQDs deficient regions were presented as mean fold change from baseline (-15 min) 

(NPs inhalation starting at 0 min (red arrow), Means ± SEM, n=3 mice/group, Two-way ANOVA test). 

Therefore, neutrophil numbers close to deposited cQDs have been quantified 

in square areas (100μm side length) with cQDs hotspots in the center (Figure 

17b) and have been compared to neutrophil amounts in cQDs-deficient areas. 
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Neutrophil aggregation seemed to be centered around cQDs-rich areas. 

Comparing the changes in the cQDs-deficient areas, the rise of the neutrophil 

amount was faster than in the cQDs-rich square areas (Figure 17c, cQDs(+): 

2.43±0.16 folds vs cQDs(-): 1.83±0.21 folds (60 min)).  

3.3.2 Neutrophils rapidly accumulate and infiltrate into the alveoli upon 

inhalation of NPs 

In intravital imaging, the structure of the lungs was well presented by 

autofluorescence and the outline of alveoli was determined clearly (Figure 18a). 

These imaging properties facilitate the clear discrimination of airspace and 

microvessels, thus also discrimination between alveolar and microvessel 

localized neutrophils (Figure 18b-e). As early as 30 min upon cQD (16cm2/g) 

inhalation increased alveolar localized neutrophil numbers could be detected 

as compared to control mice, which turned significant at 60 min 

(1.08±0.21/104μm2 vs. 0.43±0.08/104μm2, P<0.05) (Figure 18f). The proportion 

of air space localized neutrophils vs. all neutrophils in cQD-treated animals 

increased from the baseline value of 5.65±0.83 % alveolar localized neutrophils 

to 18.52±3.66 % at 60 min and compared to 5.50±1.42 % at baseline value and 

9.49±1.28 % at 60 min in control animals (Figure 18g). Taken together, these 

data indicate that neutrophil influx into the air space occurred at 1h after cQDs 

administration.  
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Figure 18 Neutrophil infiltration upon cQDs inhalation. (a) Visualization of lung micro-structure using L-IVM with 

reflected light (light excitation wavelength: 655nm, scale bars: 50 μm). (b-e) L-IVM of Ctrl and cQDs-exposed 

neutrophil-labeled mice (anti-Ly6G mAbs, i.v., green), alveolar structure visualized by reflected light (red). Dotted lines 

represent alveolar boundaries. (panel b: Ctrl group -15min, panel c: Ctrl group 90min, panel d: cQDs group -15min, 

panel e: cQDs group 90min, scale bars: 50 μm). (f) Neutrophil numbers infiltrated into alveoli over the time-course of 

L-IVM after cQDs inhalation (g) Percentage of alveolar localized neutrophil after cQDs application (QDs inhalation 

starts at 0 min, mean ± SEM, n=3 mice/group, Two-way ANOVA test.)   

3.3.3 Neutrophils internalized cQDs in the alveoli 

In LIVM images obtained 1 hour after cQDs (16cm2/g) inhalation, some alveolar 

localized neutrophils were found to be associated with cQDs, indicating QDs 

uptake (Figure 19a). Analysis of bronchoalveolar lavage fluid obtained 24h after 

cQD (16cm2/g) application, NPs were not only found in macrophages, but also 

in neutrophils (Figure 19b-d). 15.35±2.97% of BAL neutrophils contained cQDs 

(Figure 19b). 
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Figure 19 In addition to AMs, neutrophils also ingest inhaled NPs in the alveoli. (a) L-IVM image at 60 min after 

cQDs-inhalation (green) neutrophils (red; anti-Ly6G mAbs, i.v., Scale bar: 50 μm). (b) Quantification of cQDs(+) 

neutrophils in BAL from cQDs 24h exposed mice. (c) and (d) May Grunwald-stained BAL cells (Cytospin, 24h after cQD 

exposure) indicated that neutrophils infiltrated into alveoli and assisted in NP clearance. cQDs (red) are found in (c) 

AMs (yellow arrow) and (d) neutrophils (red arrows), and cells are visualized by phase contrast microscopy (scale bar: 

10 μm). 

To record the interaction between neutrophils and cQDs in lung tissue sections 

of mice 90 min after cQDs (16cm2/g) inhalation, immunofluorescence staining 

of frozen 6µm slides stained with Ly6G as a neutrophil marker and DAPI (Figure 

20a-d) was performed. The images depict pulmonary localized neutrophils with 

internalized NPs. Thereby, these data indicate a contribution of neutrophils in 

the alveolar clearance of NPs. 
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Figure 20 (a) Fluorescence confocal microscopy of mice lungs 90min after cQDs (red) inhalation. Neutrophils were 

labeled with anti-Ly6G antibody (green). Nuclei were stained by DAPI (blue) (Scale bar: 50 μm). The neutrophils in the 

alveoli gather in the NP-abundant areas. (b)-(d) Magnification of particle-laden neutrophils from (a) (Scale bar: 10 μm). 

3.4 NPs-evoked neutrophil recruitment is mediated by cellular 

degranulation 

3.4.1 cQD-induced neutrophil recruitment is diminished by inhibiting 

cellular degranulation 

As previously reported, cQDs application in the blood circulation induced rapid 

neutrophil recruitment, this process was inhibited by the application of cromolyn 

which inhibits cellular degranulation (Rehberg et al., 2010). Cromolyn is 

generally considered a mast cell stabilizer, but it also decreased radical 

production by AMs in response to zymosan (Sadeghi-Hashjin et al., 2002). AM-

derived microvesicles (MVs), which are mediators of intercellular 
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communication, carry bio-active substances, like tumor necrosis factor (TNF) 

was reported to play a vital role in initiating acute lung injury (ALI) (Soni et al., 

2016). 

To test whether cellular degranulation is involved in initiating NP-induced 

neutrophil recruitment, the mice were pretreated via i.v. injection with 0.2 mg/kg 

(BW) cromolyn 30 min before inhalation. In cromolyn-pretreated mice, cQD (16 

cm2/g) as well as CNP (172.5cm2/g) induced neutrophil recruitment (cQDs: 

3.31±0.26/104μm2 and CNP: 3.54±0.17/104μm2) was found to be significantly 

reduced at 60min compared to cQD- and CNP-exposed mice (cQDs: 

5.39±0.49/104μm2 and CNP: 5.12±0.20/104μm2) without cromolyn treatment. 

The pretreatment of cromolyn reduced the number of neutrophils after 

inhalation of cQDs and CNPs to the levels of the control group 

(3.74±0.44/104μm2)  (Figure 21a,d). These important findings underline that 

cellular degranulation is involved in the initiation of the cQD- and CNP-elicited 

neutrophil response. Importantly, pretreatment with cromolyn significantly 

reduced neutrophils infiltration into alveoli after 24 hours of NP exposure, as 

determined by BAL analysis (Figure 21b,c,e,f). 
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Figure 21 Inhibition of cellular degranulation reduces cQD- and CNP-evoked neutrophil recruitment.  (a) and 

(d) Alterations in the amounts of neutrophils over time during L-IVM were compared between mice receiving cromolyn 

(iv. injection 0.2 mg/kg BW 30 min prior to NP inhalation), an inhibitor of cell degranulation prior to inhalation of (a) 

cQDs, (d) CNP or vehicle-control. (b) and (c) The numbers and percentage of total BAL cells, AMs, neutrophils, and 

lymphocytes were determined with May Grunwald-stained BAL cells of mice pretreated with cromolyn prior to inhalation 

of cQDs or CNP (e) and (f) for 24h and compared to corresponding controls (NPs inhalation starting at 0 min (red 

arrow), Means ± SEM, n=4-6 mice/group, a,d: Two-way ANOVA test, b,c,e,f: parametric data used paired Student’s t-

test and nonparametric data used Mann-Whitney rank-sum test, n=3-6 mice/group, a: red * cQDs vs vehicle-control, 

green * cQDs vs cromolyn + cQDs, d: red * CNP vs vehicle-control, green * CNP vs cromolyn + CNP). 

In order to further study the effect of cromolyn on cQDs-induced neutrophil 

recruitment, we compared the neutrophil crawling velocity along the 

microvessel walls. After cQDs exposure, the speed of neutrophil movement 

along the blood vessel walls decreased in close vicinity to deposited cQDs 

(from 15 min on). However, pretreatment with cromolyn considerably increased 

in cQD-exposed mice neutrophil crawling speed, to an even higher level than 

in the control group (Figure 22a-d), especially in the 15-30 minute period 

(cromolyn pretreated and cQDs: 0.359±0.043μm/s vs cQDs: 0.146±0.024μm/s, 

p<0.0001) (Figure 22b). This suggests that cellular degranulation slows down 
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neutrophils in close proximity to deposited NPs, which might intensify crawling 

and probing behavior and subsequent leukocyte recruitment to the airspace in 

these areas.  

Figure 22 Analysis of neutrophil crawling velocity. (a)-(d) The movement speed of long-staying (>5 min) neutrophils 

in and around cQDs-abundant areas (distance < 100 μm) in mice with or without cromolyn-treatment was analyzed 

after inhalation of cQDs or vehicle-control. (Means ± SEM, n=3 mice/group, One-way ANOVA test). 

As presented above (Figure 13a), blood flow velocity was decreased 2 hours 

upon cQDs exposure. Cromolyn pretreatment restored blood flow velocity in 

cQDs-exposed mice back to control levels (119.25±8.60 μm/s of cQDs vs 

190.06±13.27μm/s of control group vs 175.13±11.67 μm/s of cromolyn 

pretreatment group) (Figure 23a). Pulmonary vessel diameters were not 

affected by cromolyn treatment. (Figure 23b). 

Figure 23. Cromolyn restored the decrease of blood perfusion speed in the pulmonary blood vessels of cQD-

exposed mice. (a) Blood perfusion speed in pulmonary microvessels of mice with or without cromolyn-treatment prior 
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to inhalation of cQDs. (b) Blood vessel diameter in the fields of view in the different treatment groups (Means ± SEM, 

n=3 mice/group, One-way ANOVA test). 

TNF contained in microvesicles, derived from AMs, was shown to be important 

in the immune response during ALI (Soni et al., 2016). TNFα neutralization by 

oropharyngeal aspiration of anti-TNFα mAbs 3h prior to cQD or CNP inhalation 

resulted in significantly reduced neutrophil accumulation 60 min after cQDs 

inhalation (Figure 24a), as well as after CNP-inhalation (Figure 24b). These 

results indicate that TNFα is involved in the rapid neutrophil recruitment 

encounter and might be released during cellular degranulation upon NPs 

exposure. 

Figure 24 TNFα neutralization prevented cQD- and CNP evoked neutrophil recruitment.  (a) and (b) Alterations 

in the amounts of neutrophils over time under L-IVM were compared between mice pretreated with anti-TNFα mAb or 

isotype mAb followed by cQD (a) or CNP (b) inhalation. NPs inhalation started at 0 min, red arrow, Means ± SEM, n=3-

4 mice/group, Two-way ANOVA test. 

3.4.2 cQD-induced neutrophil recruitment is not mediated by the IL-1 

family 

IL-1α has been reported to play an important role in pulmonary neutrophilic 

inflammation induced by inhaled NPs (silica) (Rabolli et al., 2014). The function 

of IL-1α is mediated by the interleukin 1 receptor 1 (IL-1r1) (Boraschi & 

Tagliabue, 2013). To achieve a better understanding of the implication of IL-1 in 

the pulmonary inflammatory response to cQDs the function of IL-1 in the 
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development of cQDs-evoked pulmonary inflammation was assessed in IL1r1-

ko mice. The deposition of cQDs caused a large number of neutrophils to be 

recruited in the lungs of IL1r1-ko mice, close to numbers obtained in WT mice 

(IL1r1-ko mice and WT mice: 4.93±1.18/104μm2 vs 5.39±0.49/104μm2 (60min), 

5.20±0.89/104μm2 vs 6.25±0.39/104μm2 (90min), Figure 25). These results 

indicated that IL-1 did not play a vital role in cQDs-evoked early neutrophil 

recruitment. 

Figure 25 IL1r1 knockout has no effect on cQDs-evoked recruitment of neutrophils. Alterations in the amounts 

of neutrophils over time under L-IVM were compared between WT mice and IL1r1-ko mice after inhalation of cQDs or 

vehicle-control. (NPs inhalation starting at 0 min, Means ± SEM, n=3 mice/group, Two-way ANOVA test, red * cQDs vs 

vehicle-control).  

3.4.3 cQD positive AMs are correlated with a higher number of 

neutrophils in their close vicinity 

Since we established that neutrophil recruitment preferentially occurs close to 

NP “hotspots” (Figure 20c) and inhibition of cellular degranulation (Figure 21a, 

d) abolishes neutrophil recruitment, we analyzed next, whether AMs could be 

involved in initiating local (alveolar) immune response. In a new set of 

experiments, we administered PKH26 dye (AMs labeling efficiency: 90%) into 

the mice airway directly (at least 5 days prior to NPs inhalation) in order to 

achieve visualization of AMs (Neupane et al., 2020) and to compare whether 
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the uptake of cQDs by AMs is correlated to the aggregation of surrounding 

neutrophils. For this neutrophils in a radius of <30μm around PKH26-labeled 

AMs exhibiting cQD fluorescence (cQD+), or no QD signals (cQD-) and in AM 

free control areas (blank) have been determined at 5, 30, 60 and 90 min after 

cQD inhalation (Figure 26a). Within the first hour after cQDs inhalation, the 

number of neutrophils around cQDs(+) AMs and cQD(-) AMs and control areas 

were comparable. However, 60 and 90 min after cQDs inhalation, more 

neutrophils (0.278±0.027/π102μm2 at 60min and 0.296±0.034/π102μm2 at 

90min) gathered around cQDs(+) AMs, compared to cQD(-) and control areas 

(0.193±0.020/π102μm2 at 60min and 0.194±0.018/π102μm2 at 90min) (Figure 

26b). In addition, we compared the effects of different distances on the 

attraction of neutrophils by cQDs-positive AMs. As the distance increases (30 

–50 µm), the tendency of neutrophils to gather around AMs with phagocytosed 

cQDs disappeared (0.226±0.025/π102μm2 of 30–50µm) and matched the cell 

numbers in control areas (0.194±0.018/π102μm2) at 90min (Figure 26d). To rule 

out a direct NP effect without the need for cellular uptake, or a contribution of 

epithelial cells, neutrophil numbers around cQDs(+) AMs or cQDs directly 

deposited on epithelial cells were compared. From 60 min, significant neutrophil 

aggregation appeared around QDs internalized by AMs compared to cQDs not 

internalized by AMs (Figure 26c). Taken together, this data suggests that the 

cQD-induced recruitment of neutrophils is not initiated by “cell-free” cQDs and 

is indeed mediated by AMs, not alveolar epithelial cells. 
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Figure 26 Analysis of neutrophil accumulation close to AMs (a) Regions were divided according to whether AMs 

phagocytosed cQDs. Green circle: Control/Blank area, red circle: cQDs(+) AM area, blue circle: cQDs(-) AM area. (b) 

Neutrophils accumulate around AMs that phagocytose cQDs. The number of neutrophils around cQD(+) AMs, cQD(-) 

AMs and blank areas were determined. Neutrophils accumulate around AMs that phagocytose cQDs. (c) The number 

of neutrophils around AMs containing cQDs, and “cell-free” cQD areas were calculated. (d) Analysis of neutrophil 

numbers at different distances from AMs that phagocytosed cQDs (distance < 30 μm and 30 μm < distance < 50 μm, 

n=3 mice, One-way ANOVA test). 

3.4.4 Intravascular application of anti-CXCL1 has no effect on the cQDs-

induced recruitment of neutrophils. 

Neutrophil recruitment in the lung, a pathophysiological feature of lung diseases 

such as COPD and severe asthma, is mainly regulated by CXCL1 and CXCL8 

(Planagumà et al., 2015). Therefore, we aimed to investigate whether CXCL1 

is involved in the regulation of NP-induced neutrophil recruitment in vivo. An 

anti-mouse CXCL1 mAbs was administered into the circulatory system of WT 

mice, followed by cQDs inhalation exposure. Similar numbers of neutrophils in 

the lung of anti-CXCL1 treated mice were found as compared to untreated 
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animals from 60 min after cQD inhalation (6.66±0.48/104μm2 vs 

5.39±0.49/104μm2, P=0.39) (Figure 27a). Injection of anti-CXCL-1 did not inhibit 

neutrophil recruitment in vivo and had no rescuing effect on cQDs decreased 

blood circulation velocity (Figure 27b-c). 

Figure 27 Blocking of intravascular CXCL1 has no effect on cQDs-evoked recruitment of neutrophils. (a) 

Alterations in the amounts of neutrophils over time under L-IVM were compared between mice receiving CXCL-1 

blocking antibody prior to inhalation of cQDs or vehicle-control. (NPs inhalation starting at 0 min, means ± SEM, n=3 

mice/group, Two-way ANOVA test, red * cQDs vs vehicle-control, green * anti-CXCL1 + cQDs vs vehicle-control). (b) 

Blood perfusion speed in the pulmonary vessels of mice with or without CXCL1-blocking prior to inhalation of cQDs or 

vehicle-control (Means ± SEM, n=3 mice/group, One-way ANOVA test). (c) Blood vessel diameter in the fields of view 

in the different treatment groups. (Means ± SEM, n=3 mice/group, One-way ANOVA test). 

3.5  Inhaled NPs affect the patrolling speed of AMs 

3.5.1 PKH26 labeled AMs with high specificity  

AMs are the main phagocytic cells in the alveolar lumen cavity (Barletta et al., 

2012). They have a strong phagocytic capacity for pathogens (bacteria, 

viruses, and NPs, etc.) inhaled in the respiratory tract, and maintain 

homeostasis in the lungs (Guilliams et al., 2013; Kopf et al., 2015). As early as 

3 h after CNP exposure, 50% of AMs were shown to be loaded with particles 

(Chen et al., 2016). AMs patrol within and between alveoli for bacteria or 

endogenous cellular debris clearance (Neupane et al., 2020). Above (Chapter 
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4.3.5) we demonstrated that more neutrophils aggregated around AMs that 

had phagocytosed NPs. Next, we analyzed the effects of NPs on AM 

dynamics. First, we determined the immune cell composition in BAL of naive 

mice with May Grunwald-stained BAL cells (Cytospin). The alveolar cavity is 

filled with AMs (98 ± 0.64 %, Figure 28a). Flow cytometry confirmed that 

90.1% of AMs were labeled with PKH-26 (Figure 28b). Lung intravital 

microscope images indicated that not every alveolus contained an AM (Figure 

28c), and we detected each AM protecting roughly three alveoli (Figure 28d). 

This ratio was in line with the very recent data from Neupane et al (AS., 

2021), indicating that the staining is AM specific (as has been demonstrated in 

Neupane (Neupane et al., 2020)) also in our hands. 

Figure 28 PKH-26L labeling of AMs. (a) The numbers of AMs, neutrophils, and lymph cells in naïve mice were 

determined by BAL cell differentiation of May Grunwald-stained BAL cells (Cytospin). (b) Quantification of PKH26+ 

cells in the lungs of PKH-labeled mice (n=3). (c) L-IVM image of PKH26 pretreated mouse lung. PKH-AMs are shown 

in green, and lung microstructure (red) was depicted by reflected light. Scale bar: 20 μm. (d) Quantification of the 

ratio of AMs to alveoli in the fields of observation (Means ± SEM, 32 fields of observation, n= 3 mice). 

3.5.2 NP exposure alters AM velocity 

To our knowledge, only one previous research has investigated AM migration 

patterns during their patrolling through the lungs in vivo, when Neupane et al 

investigated the effect of pathogens on AM motility (Neupane et al., 2020). 

The ability of PKH-AMs to crawl in the alveolar space in influenza-infected 
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mice was significantly defective, thereby reducing AM ability to capture P. 

aeruginosa and S. aureus, thereby aggravating the bacteria-induced lung 

inflammation (Neupane et al., 2020). From our own above-presented data, we 

deduced that AMs may be effector cells for NP-induced neutrophil 

recruitment. Therefore, we suspected that the rapid neutrophil recruitment 

induced by NPs may be related to AM migration and no research has 

investigated AM movement in NP-exposed mice lungs. 

Therefore, tracking of PKH-labeled AMs has been performed. Intriguingly, as 

compared to control values (0.46±0.03μm/min), cQDs as well as CNPs 

(1.04±0.04μm/min) increased the migration velocity of PKH-labeled AMs 

(0.74±0.05μm/min) in the alveoli of the respective mice, whereas aPEG-QDs 

decreased AM crawling velocity (0.29±0.03μm/min) (Figure 29a-b).  

Importantly, 24h after cQDs and CNP exposure, AMs remained in a 

particularly active state in alveoli, i.e., AM velocity was still increased 

compared to controls (Figure 29c). 



85 

Figure 29 In vivo dynamics of AMs. (a) Average track velocity (µm/min) of AMs in different NP-exposed mice (0h) 

during a 1h L-IVM imaging session. Each symbol represents the migration velocity of a randomly selected individual 

AM, n=4-6 mice/group (Means ± SEM, n=4-6 mice/group, One-way ANOVA test). (b) Spider plot of randomly chosen 

PKH-AM migration paths in the alveoli of mice after different NP exposures during a 1h L-IVM imaging session. (c) 

Average track velocity (µm/min) of AMs in different NP-exposed mice 24h after inhalation during a 1h L-IVM imaging 

session. n=4-6 mice/group (Means ± SEM, n=4-6 mice/group, One-way ANOVA test). 

3.5.3 NP exposure did not cause AM death 

Intratracheal instillation of silica salts and silica particles induced AM cell 

death and release of IL-1a, which caused lung inflammation (Kuroda et al., 

2016). To further investigate whether the alteration of AM patrolling movement 

is due to altering cell viability upon NPs exposure, we exposed M-HS cells to 

cQDs and aPEG-QDs (8nM) for 1h respectively and measured the cell 

viability by WST-assay. The results showed that the exposure of the two kinds 

of QDs did not alter the viability of AMs in this period of time (Figure 30a). In 

addition, after 90 min of cQDs inhalation in vivo, AM cell numbers remained at 
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the pre-exposure levels (-15min) (Figure 30b). From this, we concluded that 

QDs exposure did not affect AM viability or even induced cell death.  

Figure 30 QDs exposure did not alter AM viability. (a) M-HS cells were exposed to cQDs and aPEG-QDs (8nM) 

for 1h and cell viability was measured by WST assay. (b) Quantification of AMs number in cQDs-exposed mice using 

L-IVM, 7 FOVs / time point. (Means ± SEM, n=4, paired Student’s t-test). 

3.5.4 PEGylation prevents QD NPs from being internalized by AMs 

Next, we tested whether NPs’ surface modifications were important for the 

capture/uptake of inhaled QDs by AMs in vivo. Our data shows that AMs 

increasingly internalized cQDs over the observation time of 90 min. The QDs 

are visible as early as 5 min after inhalation in/at AMs, the values increase 

from 3.67±0.86 % positive cells to 11.11±1.28 % after 90 min, whereas only 

little aPEG-QDs uptake was detected (Figure 31a-c). To further explore this, 

we administered cQDs and aPEG-QDs (8 µM) respectively into the medium of 

AMs-like cells (MHS cells) for 1 hour. Almost all MHS cells (94.90%±1.62%) 

internalized cQDs particles, while fewer MHS (10.23%±2.72%) phagocytosed 

aPEG-QDs particles, as determined by FACS analysis (Figure 31d). 

In addition to a missing “opsonization” of PEGylated QDs which aggravates 

cellular uptake, also the altered migratory behaviors of AMs after NP exposure 
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may contribute in vivo. In accordance with this, in the first hour of imaging, 

several AMs were observed to crawl toward and engulf nearby NPs in alveoli 

(Figure 31e). More interestingly, AMs also share overloaded NPs with other 

AMs (Figure 31f). 

Figure 31 After 60 minutes upon NPs exposure, more cQDs were taken up by AMs than aPEG-QDs. L-IVM 

image at 90 min after (a) cQDs and (b) aPEG-QDs-exposure (red). PKH26L has been applied 5 days prior to the 

experiment to label AMs (green) (Scale bar: 50 μm). (c) Quantification of AMs colocalized with QDs, indicating 

cellular uptake in cQDs-exposed and aPEG-QDs-exposed mice using L-IVM (NPs inhalation starting at 0 min, Means 

± SEM, 7 random observed fields per time point per mouse, n=3 mice/group, Two-way ANOVA test). (d) 

Quantification of MHS cells incubated with QDs for 1h in cell culture medium by FACS analysis (Means ± SEM, n=4, 

paired Student’s t-test). (e) Time-lapse of PKH-AM (green) crawling towards and engulfing cQDs (red, arrows). Scale 

bar: 50 μm (f) QDs (red) are exchanged between two AMs (green). Scale bar: 50 μm. 

Next, we utilized tissue clearing to achieve co-imaging of AMs from Macgreen 

mice (Csf1r-EGFP is expressed selectively in macrophage and monocyte cell 

lineages) after transcardial perfusion for flushing out all of Csf1r-EGFP 
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labeled blood cells. The positional relationship between the fluorescent NPs 

(cQDs and aPEG-QDs) and Csf1r-EGFP cells (macrophages) revealed 

information regarding the NPs internalization. In accordance with the LIVM 

results (figure 31c), higher numbers of NP+ AMs (Figure 32a, yellow arrows) 

were observed in cQDs-exposed lungs compared with aPEG-QDs-exposed 

mice (Figure 32b). Similar, in Precision Cut Lung Slices (PCLs) images, after 

2h of cQDs inhalation, NPs were mostly collected by AMs (Csf1r-EGFP) 

rather than deposited on the endothelial cell surface (figure 32c-g). 
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Figure 32 (a)-(b) 2D images from light sheet microscope images of cQDs and aPEG-QDs exposed mice. Csf1r-1(+) 

AMs are shown in blue, QDs are shown in red and AMs uptaking QDs are shown in purple. (panel a: cQDs, panel b: 

aPEG-QDs, Scale bar: 50 μm). (c)-(g) 3D (c) and 2D (d-g) The images of PCLs sample (covering 100 µm in z) from 

cQDs exposed lungs from the confocal microscope. Nucleus (DAPI-labeled) are shown in blue, cQDs are shown in red 

and cQDs uptaking PK-AMs (green) areshown in yellow, scale bar: 100 μm. (e) Transmission electron microscopy of 

the cQDs-exposed lung (1h) showed that NPs accumulated abundantly in AMs and surfactants. Aggregates of cQDs 

were found within the cytoplasm of AMs. 
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To further investigate the distribution of NPs at the subcellular level, electron 

microscopy was applied to obtain subcellular structural information of the 

lungs of mice that have been exposed to cQDs, aPEG-QDs or PEG-QDs for 2 

hours respectively. Some cQDs clusters were identified within the cytoplasm 

or in endosomes of AMs, whereas no such aggregated QDs could be clearly 

identified in AMs in the PEG-QD or aPEG-QD groups (Figure 32h). 

Ultrastructurally, pulmonary surfactants are composed of several subtypes: 

freshly secreted lamellar body-like forms, tubular myelin sheaths, alveolar 

linings, and small unilamellar vesicles (Ochs et al., 1999). As described in 

(Fehrenbach et al., 1998), cQDs were found to be attached to or 

agglomerated with alveolar surfactant (tubular myelin) within the alveolar 

space of cQDs-exposed mice, which was not observed for aPEG-QDs and 

PEG-QDs (Figure 33a). Besides, C5aR1 blockade reduced phagocytosis of 

cQDs and surfactant mixtures by AMs, but FcγRI blockade did not (Figure 

33b-e).  



91 

Figure 33 cQDs accumulated abundantly in AMs and surfactants. (a) Transmission electron microscopy of the 

cQDs-exposed lung (1h) showed that NPs accumulated abundantly in AMs and surfactant. cQDs and surfactant 

aggregates existed in the alveoli. (b)-(e) MHS cells phagocytosing cQDs co-incubated with surfactant were analyzed 

by flow cytometry of MHS cell treated with C5aR1- and FcγR I-blocking mAb or isotype mAb control 3h prior to cQDs 

(2nM) application for 1h, n=3-4. 

3.5.5 NP-induced enhanced macrophage patrolling and rapid neutrophil 

recruitment are mediated by LFA-1 

The above experiments indicate that cQDs or CNP deposition in the lungs can 

induce two acute responses: (1) a large number of neutrophils accumulate in 

the pulmonary microvessels and transmigrate rapidly into the alveoli (airspace); 

(2) AM “patrolling” (motility) in the alveoli is stimulated. 

LFA-1 is highly expressed on PMNs, which is crucial in promoting the PMNs 

recruitment cascade (Ley et al., 2007). Recently, it was revealed that LFA-1 is 

also one vital adhesion molecule utilized by AMs for patrolling within the alveoli 

(Neupane et al., 2020). To study the relationship between (1) and (2), we 

administered LFA-1 blocking antibodies by oropharyngeal aspiration 3h prior to 
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NP-inhalation into mice lungs to significantly reduce the motility of 

macrophages in the alveolar cavity, analogous to the recently published 

approach by the Kubes lab (Neupane et al., 2020). Indeed, the AM motility in 

LFA-1-mAb treated mice was significantly decreased compared with isotype-

antibody treated control mice upon cQD inhalation (0.15±0.01μm/min vs 

0.74±0.05μm/min, p<0.0001) (Figure 34a). Interestingly, following cQD 

inhalation exposure, more AMs could be lavaged from LFA-1-blocking mice 

than from isotype mAbs-treated mice (Figure 34b) ((74.73±10.74) *104 vs 

(30.27±2.5) *104, p<0.05). Therefore, LFA-1 blockade also impaired the ability 

of AMs to anchor to the alveolar wall in vivo. In addition, also the number of 

recruited neutrophils was notably reduced in anti-LFA-1-treated mice upon 

60min after cQDs inhalation (3.31±0.43/104μm2) as compared to isotype-

matched control mAb pretreated mice (4.80±0.88/104μm2) (Figure 34e-f).  

To investigate whether CNP-induced neutrophil recruitment is mediated by 

LFA-1 of AMs like observed for cQDs, we blocked LFA-1 via oropharyngeal 

aspiration of anti-LFA-1 antibody. In anti-LFA-1-pretreated mice, CNP-evoked 

neutrophil recruitment (3.22±0.23/104μm2 vs 5.13±0.96/104μm2, p<0.01) as 

well as AM crawling velocity (0.33±0.03μm/min vs 0.57±0.04μm/min, p<0.0001) 

and interaction strength between AMs and lung epithelial cells (AMs number in 

BAL: (60.58±6.84)*104 vs (18.08±3.19)*104, p<0.01) (Figure 34c, d), was 

significantly diminished at 60 min as compared to mice receiving isotype-
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matched control monoclonal antibodies (Figure 34g-h). 

Figure 34 NPs-evoked neutrophil recruitment is mediated by LFA-1. (a) Average track velocity (µm/min) of AMs in 

isotype or LFA-1-blocking mAb -treated mice followed by cQDs inhalation exposure during a 1h L-IVM imaging session 

(Means ± SEM, n=3-6 mice/group, paired Student’s t-test). (b) Quantification of AMs in BAL fluid of mice treated with 

anti-LFA-1 mAbs or isotype mAbs prior to inhalation of cQDs (2h), n = 3/group. (c) Average track velocity (µm/min) of 

AMs in isotype or LFA-1-blocking mAb-treated mice followed by CNPs inhalation exposure during a 1h L-IVM imaging 

session (Means ± SEM, n=3-6 mice/group, paired Student’s t-test). (d) Quantification of AMs in BAL fluid of mice treated 

with anti-LFA-1 mAbs or isotype mAbs prior to inhalation of CNPs (2h). n = 3/group. (e) and (g) Alterations in the 

amounts of neutrophils over time under L-IVM were compared between mice pretreated with anti-LFA-1 mAb or isotype 

mAb followed by cQD (e) or CNP (g) inhalation. (NPs inhalation starting at 0 min, red arrow, Means ± SEM, n=4-6 

mice/group, Two-way ANOVA test). (f) and (h) Results are presented as mean fold change from neutrophil amounts of 

15 minutes prior to cQDs (f) or CNP (H) inhalation as baseline condition (NPs inhalation starting at 0 min, red arrow, 

Means ± SEM, n=3-6 mice/group, Two-way ANOVA test). (e) and (f): Green * anti-LFA-1 + cQDs vs anti-IgG 2a + cQDs, 

blue * cQDs vs anti-IgG 2a + cQDs. (g) and (h) Green * anti-LFA-1 + CNP vs anti-IgG 2a + CNP, blue * CNP vs anti-

IgG 2a + CNP. 

Next, we tested whether LFA-1 blocking impaired AM crawling was important 

for the capture of inhaled QDs by AMs. Pre-treatment with anti-LFA-1 mAb 
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induced a significant reduction in cQDs internalization in AMs at 60min as 

compared to isotype mAb-treated mice (4.54%±0.71% vs 7.95%±0.82%, 

p>0.05) (Figure 35a). Besides, we found that 3h pre-treatment with anti-LFA-1 

mAb did not inhibit MHS phagocytosis in vitro (Figure 35b), by using pHrodo 

E.coli particles to analyze MHS phagocytosis capability (Zhong et al., 2021). 

Taken together, this data suggests, that the decreased efficiency of AMs to take 

up NPs upon blocking of LFA-1 is due to the effect on AMs motility rather than 

on AMs phagocytosis. 

Figure 35 LFA-1 blockade reduced the NP clearance capacity of AMs but not the NP phagocytosis capacity. (a) 

Quantification of QDs uptake by AMs in mice pretreated via oropharyngeal application of anti-LFA-1 mAb or isotype 

mAb 3h before cQDs inhalation (NPs inhalation starting at 0 min, Means ± SEM, n=3 mice/group, Two-way ANOVA 

test). (b) Macrophage phagocytosis capacity was analyzed using pHrodo E. coli by flow cytometry of MHS cells treated 

with anti-LFA-1 mAb or isotype mAb control 3h prior to pHrodo E. coli (5μg/ml) application in vitro (Means ± SEM, n=4, 

paired Student’s t-test).  

In order to explore whether diminished neutrophil recruitment is caused by the 

penetration of antibodies across the epithelial barrier and the subsequent direct 

action on neutrophils (Vicente-Manzanares & Sánchez-Madrid, 2004), we 

administered the LFA-1-blocking antibody directly into the circulatory system at 

a concentration which blocked TNF-α-induced neutrophil recruitment in skeletal 

muscle tissue (Dunne et al., 2002) to test whether cQD-evoked neutrophilic 
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inflammation was directly regulated by neutrophil expressed LFA-1. 

Intravenous application of anti-LFA-1 blocking mAb in mice receiving cQDs by 

inhalation, did not alter the number of recruited neutrophils in the lungs, 

compared to WT mice receiving cQDs only (60 min: 4.71±0.76/104μm2 vs 

5.39±0.49/104μm2, p=0.57) (Figure 36a, b). This indicates that LFA-1 mAb 

applied to the lung, did not cross the epithelial barrier and therefore did not 

directly affect neutrophil’s response in the circulation upon NP inhalation. These 

results clearly support the view, that blocking LFA-1 in AMs results in the 

inhibition of cQD and CNP-induced neutrophil recruitment. 

Figure 36 Blocking of intravascular LFA-1 has no effect on cQDs-evoked recruitment of neutrophils. (a) 

Alterations in the amounts of neutrophils over the time of 90 min were analyzed in mice receiving LFA-1 blocking 

antibody via intravenous injection 30 min prior to inhalation of cQDs or vehicle-control. (NPs inhalation starting at 0 min, 

Means ± SEM, n=3 mice/group, Two-way ANOVA test). (b) Results are presented as mean fold change from neutrophil 

amounts of 15 minutes prior to NP inhalation as the baseline condition. (NPs inhalation starting at 0 min, red arrow, 

Means ± SEM, n=3-6 mice/group, Two-way ANOVA test). Red * cQDs vs vehicle-control, green * anti-LFA-1 iv + cQDs 

vs vehicle-control. 

3.5.6 Blocking of epithelial ICAM-1 disables AM patrolling and clearance 

of deposited NPs in the alveoli 

As the ligand for LFA-1, ICAM-1 is highly expressed in the murine alveolar 

epithelium. Besides, it is implicated in leukocyte migration into the lung (Chong 

et al., 2021). We administered 30μg anti-ICAM-1 antibody into the airway of WT 

mice, 3h later followed by inhalation of cQDs. Blocking of ICAM-1 caused a 
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notable decrease of PKH-AMs migration in the alveolar cavity 

(0.31±0.02μm/min vs 0.46±0.03μm/min, p<0.01) (Figure 37a). Compared with 

isotype-treated mice (4.89±1.20/104μm2), low numbers of neutrophils were 

found in the lungs 60 min after cQDs inhalation (2.74±0.36/104μm2) (Figure 

37e-f). To examine the impact of CNP, we administered Printex 90 directly into 

the lungs via inhalation of anesthetized mice 3h after treatment with ICAM-1 

blocking mAbs. Lack of ICAM-1 significantly affected the AM crawling in the 

alveoli (0.42±0.04μm/min vs 0.64±0.04μm/min, p<0.001), suggesting AMs 

crawling occurred dependent on expression of ICAM-1 on lung epithelial cells 

or AMs (Figure 37c). At 60 min after CNP inhalation, ICAM-1 blocking resulted 

in a significant decrease in lung localized neutrophils compared to anti-IgG 2b 

isotype-treated mice (2.33±0.21/104μm2 vs 4.41±0.37/104μm2, p<0.0001) 

(Figure37g-h). In ICAM-1 mAbs-treated mice, binding of AMs to epithelial cells 

weakened, since more AMs were lavaged from the lungs of 2h cQDs-exposed 

mice (66.48±10.4 *104 vs 19.47±8.91*104, p<0.05) (Figure 37b) and 2h CN-

exposed mice (44.14±7.69 *104 vs 33.19±8.74 *104) (Figure 37d) than isotype 

mAbs-treated mice. 
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Figure 37 NPs-evoked neutrophil recruitment is mediated by ICAM-1 in the lungs. (a) Average track velocity 

(µm/min) of AMs in isotype or ICAM-1-blocking mAb-treated mice followed by cQDs inhalation during a 1h L-IVM 

imaging session (Means ± SEM, n=3-6 mice/group, paired Student’s t-test). (b) Quantification of AMs in BAL fluid of 

mice treated with anti-ICAM-1 mAbs or isotype mAbs prior to inhalation of cQDs (2h). n = 3/group. (c) Average track 

velocity (µm/min) of AMs in isotype or ICAM-1-blocking mAb-treated mice followed by CNP inhalation during a 1h L-

IVM imaging session (Means ± SEM, n=3-6 mice/group, paired Student’s t-test). (d) Quantification of AMs in BAL fluid 

of mice treated with anti-ICAM-1 mAbs or isotype mAbs prior to inhalation of CNPs (2h) (Means ± SEM, n=3-6 

mice/group, paired Student’s t-test). € and (g) Alterations in the amounts of neutrophils over time of 90 min were 

analyzed in mice receiving anti-ICAM-1 mAb or isotype mAb prior to inhalation of cQ€(e) or CNP (g). (NPs inhalation 

starting at 0 min, red arrow, Means ± SEM, n=4-6 mice/group, Two-way ANOVA test). (f) and (h) Data are presented 

as mean fold change from neutrophil amounts of 15 minutes prior to cQDs (f) or CNP (h) inhalation from baseline 

condition (NPs inhalation starting at 0 min, red arrow, Means ± SEM, n=3-6 mice/group, Two-way ANOVA t€). (e) and 

(f): Green * anti-ICAM-1 + cQDs vs anti-IgG 2b + cQDs, blue * cQDs vs anti-IgG 2b + cQDs. (g) and (h) Green * anti-

ICAM-1 + CNP vs anti-IgG 2b + CNP, blue * CNP vs anti-IgG 2b + CNP. 

To investigate whether attenuated AM patrolling due to ICAM-1 blockade has 

effects on the clearance of deposited NPs by AMs, the anti-ICAM-1 and isotype-

mAbs treated mice were observed with L-IVM after QDs aerosol inhalation. 
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ICAM-1 mAb treatment impaired the ability of AMs to collect NPs in the alveolar 

cavity, as compared to the isotype-treated control group (60min: 3.97±0.68% 

vs 10.34±1.1%, p<0.0001) (Figure 38a). However, in in-vitro experiment, MHS 

cells incubated with ICAM-1 mAbs (3h) displayed no significant difference in 

pHrodo phagocytosis at 60min compared with isotype-treated MHS cells 

(Figure 38b). This indirectly supports that AMs use ICAM-1 to migrate on the 

alveolar epithelium to clear NPs deposited in the alveoli without directly 

affecting the phagocytic ability of AMs. 

Figure 38 ICAM-1 blockade reduced the NP clearance capacity of AMs but not their NP phagocytosis capacity. 

(a) Quantification of QD uptake by AMs in vivo pretreated by oropharyngeal application with anti-ICAM-1 mAb or isotype 

mAb 3h after followed by cQDs inhalation (NP inhalation starting at 0 min, Means ± SEM, n=3 mice/group, Two-way 

ANOVA test). (b) AM phagocytosis was analyzed using pHrodo E. coli by flow cytometry of MHS cell treated with anti-

ICAM-1 mAb or isotype mAb control 3h prior to pHrodo E. coli (5μg/ml) application for 1h in vitro (Means ± SEM, n=4, 

paired Student’s t-test). 

Similar to the LFA-1 blocking antibody, the anti-ICAM-1 antibody was applied to 

the blood circulation to verify if the effect on neutrophil recruitment could be due 

to antibody infiltration into the blood vessels. Since NP-induced neutrophil 

recruitment was even promoted after application(iv.) of anti-ICAM-1 mAbs 

(60min: 6.91/104μm2 ±0.52 vs 5.39±0.49/104μm2, p<0.05) (Figure 39a, b), the 
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data indicated that only blocking ICAM-1 of AMs results in impaired cQDs-

induced neutrophil recruitment. 

Figure 39 Blocking of intravascular ICAM-1 has no effect on cQDs-evoked recruitment of neutrophils. (a) 

Alterations in the amounts of neutrophils over time under L-IVM were measured in mice receiving ICAM-1 blocking 

antibody via intravenous injection 30 min prior to inhalation of cQDs. (NPs inhalation starting at 0 min, Means ± SEM, 

n=3 mice/group, Two-way ANOVA test). (b) Results are presented as mean fold change from neutrophil amounts of 15 

minutes prior to NP inhalation as the baseline condition. (NPs inhalation starting at 0 min, red arrow, Means ± SEM, 

n=3-6 mice/group, Two-way ANOVA test). Red * cQDs vs vehicle-control, green * anti-ICAM-1 iv + cQDs vs vehicle-

control. 

In this regard, H. Zhong et al. found that inhibition of ROS production by using 

NAC suppressed the LPS-induced ICAM-1 expression and phagocytic ability of 

bone marrow-derived macrophages in vitro (Zhong et al., 2021). To investigate 

the effect of ROS generation on AMs and its effect on NP-induced neutrophil 

recruitment, we applied 30μg NAC into the lung of WT mice (3h), then followed 

by inhalation of cQDs. In the lungs of NAC-pretreated mice, the number of 

neutrophils decreased to the level of control mice (60min: 4.35±0.82/104μm2 vs 

3.74±0.44/104μm2) (Figure 40a). In in vitro experiments, MHS cells incubated 

with NAC (3h) pHrodo phagocytosis at 60min compared with the control group 

were decreased (Figure 40b). 
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Figure 40 Inhibition of ROS generation reduced the cQD-induced rapid neutrophil recruitment but did not affect 

the phagocytic capacity of AMs. (a) Alterations in the amounts of neutrophils over time under L-IVM were compared 

between the mice receiving NAC-pretreatment prior to inhalation of cQDs or vehicle-control. (NPs inhalation starting at 

0 min, Means ± SEM, n=3 mice/group, Two-way ANOVA test). Red * cQDs vs vehicle-control, green * NAC + cQDs vs 

vehicle-control. (b) AMs phagocytosis was analyzed using pHrodo E. coli by flow cytometry of MHS cell treated with 

NAC or control 3h prior to pHrodo E. coli (5μg/ml) application for 1h in vitro (Means ± SEM, n=4, paired Student’s t-

test). 

To investigate the long-term effect (24 hours) of LFA-1/ICAM-1 blockade of 

AMs on NP-induced neutrophil recruitment we applied anti-LFA-1 / anti-ICAM-

1 mAbs followed by cQDs inhalation exposure 0.5 hours later. After 24h, BAL 

analysis revealed that LFA-1 blockade of AMs seems to have a tendency to 

induce neutrophil infiltration into the alveoli, and ICAM-1 blockade of AMs also 

seems to increase neutrophil infiltration into the airways (Figure 41).  
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Figure 41 24-hour blocking effect of LFA-1/ICAM-1 on NP-induced neutrophil recruitment.  The numbers of 

BAL neutrophils were determined with May Grunwald-stained BAL cells (Cytospin) of mice pretreated with anti-LFA-1 

mAbs prior to inhalation of cQDs for 24h. The numbers of BAL neutrophils were determined with May Grunwald-

stained BAL cells (Cytospin) of mice pretreated with anti-ICAM-1 mAbs prior to inhalation of cQDs for 24h (parametric 

data used paired Student’s t-test and nonparametric data used Mann-Whitney rank-sum test, n=3 mice/group). 

3.5.7 C5aR1 is involved in mediating NP-induced neutrophil recruitment 

C5aR1(CD88) is highly expressed on AMs and AMs are stimulated by rapidly 

produced C5a to chemotaxis and uptake of bacteria (Neupane et al., 2020) 

(Figure 42a). Many studies showed that C5a is closely related to basophil or 

mast cell degranulation during basophilia granulocyte anaphylaxis (CBA) or 

skin inflammation (Golden et al., 1986; Golden et al., 1987; Swerlick et al., 

1988, 1989). To assess if the C5a-C5aR1 axis was vital in neutrophil 

recruitment after NP inhalation, we applied C5aR1-blocking (CD88) mAbs by 

oropharyngeal aspiration, followed by cQD and CNP aerosol inhalation. Only 

baseline levels of AMs cQD uptake were detected in the intravital images of 

anti-C5ar1-treated mice as compared to isotype Ab-pretreated mice (60min: 

4.03±0.64% vs 10.34±1.1%, p<0.0001) (Figure 42f). Interestingly, anti-C5ar1 

mAb treatment had no effect on the patrolling status of AMs upon cQDs 

exposure (Figure 42d). Anti-C5ar1 treatment resulted in blocking neutrophil 

accumulation 60 min after cQD inhalation (60min: 2.28±0.21/104μm2 vs 

4.41±0.37/104μm2, p<0.01) (Figure 42b), as well as after CNP-inhalation 

(2.85±0.29/104μm2 vs 4.41±0.37/104μm2, p<0.01) (Figure 42c). In vitro, after 

AM-like MHS cells were incubated for 3h with anti-C5aR1 mAbs, pHrodo E-

coli particle phagocytosis was decreased at 60min (24.24±1.04% vs 



102 

29.45±0.59%, p<0.01) (Figure 42e). These results suggest that blocking 

C5aR prevents NP-induced neutrophil recruitment due to a reduced 

phagocytic ability of AM without altering AMs patrolling behavior.  

Figure 42 NPs-induced neutrophil recruitment is mediated by C5aR. (a) Healthy mice lung cell atlas. C5ar1 is 

highly expressed on the surface of alveolar macrophages and interstitial macrophages, from Schiller & Theis lab Atlas 

data (Sharma & Sharma, 2007). (b) and (c) Alterations in the amounts of neutrophils over time under L-IVM were 

compared between mice treated with anti-C5ar1 (anti-CD88) mAbs or isotype Abs before inhalation of cQDs (b) or CNP 

(c) and vehicle-control. (NPs inhalation starting at 0 min, Means ± SEM, n=3-4 mice/group, Two-way ANOVA test). 

(NPs inhalation starting at 0 min, Means ± SEM, n=3 mice/group, Two-way ANOVA test). (b): Green * anti-C5aR1 + 

cQDs vs anti-IgG 2b + cQDs, blue * cQDs vs anti-IgG 2b + cQDs. (c) Green * anti-C5aR1 + CNP vs anti-IgG 2b + CNP, 

blue * CNP vs anti-IgG 2b + CNP. (d) Average track velocity (µm/min) of AMs in isotype or C5aR1-blocking mAbs-

treated mice followed by cQDs inhalation exposure during a 1h L-IVM imaging session (Means ± SEM, n=3-4 

mice/group, paired Student’s t-test). (e) Macrophage phagocytosis was analyzed using pHrodo E. coli by flow cytometry 

of MHS cells treated with C5aR1- blocking mAbs or isotype control mAbs 3h prior to phHodo. E. coli (5μg/ml) application 

for 1h. (Means ± SEM, n=3 mice/group, one-way ANOVA test). (f) Quantification of QD uptake by AMs in mice 

pretreated by oropharyngeal application with anti C5aR1 mAbs or isotype mAbs 3h prior to cQDs inhalation (NPs 

inhalation starting at 0 min, Means ± SEM, n=3 mice/group, two-way ANOVA test). 
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3.5.8 Anti-CD44 mAbs failed to impair cQD-induced neutrophil 

recruitment 

Like integrins, selectins and calmodulin, CD44 is also a member of the cell 

adhesion molecule family (CAM)(Nascimento et al., 2016). The CD44 is a 

transmembrane adhesion molecule participating in hyaluronan binding and 

metabolism and performs an important function in inflammatory and immune 

responses, assisting in the uptake and elimination of granules and apoptotic 

cells by phagocytes (macrophages, monocytes, etc.) (Vachon et al., 2006). 

CD44-targeted therapy has been shown to benefit a variety of autoimmune and 

inflammatory disease treatments, like antibody-induced arthritis and 

autoimmune diabetes (Amash et al., 2016). Therefore, we investigated whether 

also anti-CD44 was involved in mediating NP-induced neutrophil recruitment. 

We applied CD44-blocking mAbs or isotype mAbs into the airway of WT mice 

3h prior to cQDs inhalation. 90min after cQDs application in the CD44-treated 

group, there was no difference in the proportion of particles internalizing AMs 

compared to isotype mAbs applied mice (90min: 11.49±1.26% vs 9.86±0.87%, 

p=0.63) (Figure 43c). Similarly, CD44-blockade did not affect the NPs-induced 

neutrophil recruitment (90min: 5.13±0.90 /104μm2 vs 6.28±0.96 /104μm2, 

P=0.37) and AMs crawling in alveoli (0.42±0.03μm/min vs 0.46±0.03μm/min, 

p=0.42) (Figure 43a-b). In all, a CD44-blockade failed to impair cQD-induced 

neutrophil recruitment, AM crawling and AM phagocytosis of NPs in vivo.  
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Figure 43 cQDs-induced neutrophil recruitment is not mediated by CD44. (a) Average track velocity (µm/min) of 

AMs in isotype or anti- CD44 mAbs-treated mice followed by cQDs inhalation exposure during a 1h L-IVM imaging 

session (Means ± SEM, n=3-4 mice/group, paired Student’s t-test). (b) Alterations in the amounts of neutrophils over 

time under L-IVM were compared between isotype- and anti- CD44 mAbs-treated mice prior to inhalation of cQDs or 

vehicle-control. (NPs inhalation starting at 0 min, Means ± SEM, n=3-4 mice/group, Two-way ANOVA test). (c) 

Quantification of QDs uptake by AMs in isotype- and anti-CD44 mAbs-pretreated mice after cQDs inhalation. (NPs 

inhalation starting at 0 min, Means ± SEM, n=3 mice/group, Two-way ANOVA test).  

3.5.9 FcγR I activation of AMs initiates rapidly neutrophil recruitment 

upon NPs exposure 

Like F4/80 or the protein tyrosine kinase MER (MERTK), FcγR I is specifically 

expressed on the surface of mouse macrophages (Guilliams et al., 2014). 

Based on earlier studies in primary murine macrophages, FcγR knock-out 
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mouse models, and human monocyte-derived macrophages, FcγR-mediated 

phagocytosis was more efficient at inducing inflammation than CR-mediated 

phagocytosis (Acharya et al., 2019; Aderem et al., 1985; Wright & Silverstein, 

1982). The immunotherapeutic drugs targeting FcγR I (CD64) show prominent 

medical potential in addressing chronic inflammation induced by M1-type 

dysregulated macrophages (Akinrinmade et al., 2017). FcγR is closely 

involved in the degranulation of many kinds of inflammatory cells, such as NK 

cells and mast cells (Elias et al., 2021; Fitzpatrick et al., 2020; Nimmerjahn & 

Ravetch, 2008; Paranjape et al., 2020; Syenina et al., 2015). To determine 

FcγR I function on NP-induced neutrophil recruitment, we blocked FcγR I with 

anti-CD64 mAbs administered into the lungs 3h before NPs inhalation. 60 

minutes after cQDs inhalation (2.39±0.34/104μm2 vs 4.89±1.20/104μm2, 

P<0.01) as well as after CNP exposure, fewer neutrophils accumulated in the 

lungs in the anti-CD64 treated groups than in the isotype control group 

(2.54±0.59/104μm2 vs 4.41±0.37/104μm2, P<0.01) (Figure 44a, b). After anti- 

FcγR I mAbs treatment, the NPs phagocytosis of AMs was greatly reduced 

compared to isotype mAbs treated mice (60 min: 4.68±0.88% vs 10.34±1.1%, 

p<0.0001) (Figure 44e), while it had no effect on the patrolling movement of 

AMs in vivo (0.43±0.03 μm/min vs 0.46±0.03 μm/min, p=0.63) (Figure 44c). 

Flow cytometry result of pHrodo E. coli phagocytosis by MHS cells indicated, 

that CD64 mAbs blocking attenuated MHS cell phagocytosis in comparison to 

the isotype treated group (24.68±0.6% vs 29.45±0.59%, p<0.001) (Figure 
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44d). Taken together, these results indicate that FcγR I mediates NP-induced 

neutrophil recruitment through macrophage phagocytic ability rather than AMs 

crawling. In addition, FcγR I might also affect AM degranulation in vivo. 

Figure 44 cQDs-induced neutrophil recruitment is mediated via FcγR I. (a) and (b) Alterations in the amounts of 

neutrophils over time under L-IVM were compared between the mice treated with anti-FcγRI-mAbs or isotype mAbs 

before cQDs(a) or CNP (b) inhalation or vehicle-control (NPs inhalation starting at 0 min, Means ± SEM, n=3-4 

mice/group, Two-way ANOVA test). (a): Green * anti-FcγRI + cQDs vs anti-IgG 2b + cQDs, Blue * cQDs vs anti-IgG 

2b + cQDs. (b) Green * anti-FcγRI + CNP vs anti-IgG 2b + CNP, Blue * CNP vs anti-IgG 2b + CNP. (C) Average track 

velocity (µm/min) of AMs in isotype or anti-FcγRI mAbs -treated mice followed by cQDs inhalation exposure during a 

1h L-IVM imaging session (Means ± SEM, n=3-4 mice/group, paired Student’s t-test). (d) Macrophage phagocytosis 

was analyzed using pHrodo E. coli by flow cytometry of MHS cell treated with anti-FcγRI mAbs or isotype mAbs 

control 3h before pHrodo E. coli (5μg/ml) application (1h). (Means ± SEM, n=3 mice/group, one-way ANOVA test). (e) 

Quantification of QD uptake by AMs in mice pretreated by oropharyngeal application of anti-FcγRI mAbs or isotype 

mAbs 3h before cQD inhalation (NP inhalation starting at 0 min, Means ± SEM, n=3 mice/group, two-way ANOVA 

test). 
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4. Discussion 
4.1 Real-time monitoring of NP-induced immune responses using L-IVM 

NPs have several characteristics of microbial preparations, such as size and 

orderly molecular surface patterns, presenting different surface signals, which 

facilitate or prevent clearance of phagocytes (such as macrophages, dendritic 

cells, etc.) and generate a complicated immune response (Liu et al., 2017). In 

real life, engineered NPs are widely used in industrial manufacturing, medical 

diagnosis and treatment (Gupta et al., 2014; Santos et al., 2019; Yohan & 

Chithrani, 2014). In addition, we are also exposed to a large number of naturally 

or accidentally formed NPs, such as motor fuel combustion, and weathering 

reaction products (Hochella et al., 2019; Kittelson, 2000). Numerous studies 

have shown that different inhaled NP exposures are indeed harmful to human 

health. Inhaled carbon nanomaterials or silica NPs can damage the tissues and 

cells in situ and induce pulmonary inflammation, granulomas, and fibrosis 

(Chou et al., 2008; Ganguly et al., 2017; Lam et al., 2004; Oberdörster et al., 

2002; Warheit et al., 2007). Besides, inhaled metallic and non-metallic NPs 

were translocated into secondary organs, including the central nervous system 

and digestive system, leading to secondary damage (Oberdörster et al., 2004; 

Oberdörster et al., 2002; Semmler et al., 2004; Sharma & Sharma, 2007). In 

CNP-instilled mice, our group found that the level of neutrophils infiltrating into 

the alveoli peaked at 12-24 hours and returned to normal levels after 7 days of 
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exposure. Correspondingly, the neutrophil chemokines CXCL1, CXCL2, and 

CXCL5 reached their maximum values after 12h of exposure (Chen et al., 2016). 

However, the spatial-temporal events taking place in the early phase of NP 

induced neutrophil recruitment from the pulmonary microvasculature to the 

alveolar compartment remain largely elusive.  

To visualize and measure in real-time the cellular pulmonary innate immune 

response simultaneously with NP dynamics, we applied in this thesis state-of-

the-art intravital microscopy (IVM) on the alveolar region of the murine lung, in 

combination with ventilator-assisted inhalation of nebulized NP aerosols. This 

novel approach enabled the study of (sub-)cellular dynamic events, which were 

inaccessible up to now. Lung intravital microscopy has specific challenges  

(Headley et al., 2016; Rodriguez-Tirado et al., 2016), such as the restricted 

access to the lung. To solve this issue, microsurgery was performed to create 

an observation window in the animal’s chest, allowing the lung tissue to be 

displayed directly under the microscope. To avoid imaging artifacts by the 

respiratory and cardiac motion which makes imaging of the non-stabilized lung 

extremely challenging, negative pressure suction was applied to stabilize or fix 

the observed lung tissue to the observation window.  

The limited penetration depth is due to the repetitive refraction index 

mismatches between air and “water” and restricts the penetration depth to the 

first alveolar layer for widefield systems, which has been used in this thesis, as 

well as for advanced confocal and multiphoton systems. Future developments 
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in adaptive optical fluorescence microscopy might improve imaging depth. 

Driven by developments in the Krummel lab, which resulted in a drastic 

improvement of the so far existing imaging windows, lung intravital imaging has 

now become the gold standard of cellular lung research in vivo (Headley et al., 

2016; Rodriguez-Tirado et al., 2016). As far as we know, no previous research 

has applied L-IVM to directly investigate inhaled NPs-induced neutrophil 

recruitment in the murine lung. 

4.2 Airborne NP exposure was simulated by ventilator-assisted NPs 

aerosol inhalation 

Pulmonary nanoparticle exposure/nano-drug delivery is a relatively complex 

process, which aims to deliver environmentally relevant NPs or therapeutically 

relevant nano-drugs to the lungs. There are many delivery methods available: 

such as oropharyngeal aspiration, transtracheal inhalation, and transtracheal 

instillation (Ehrmann et al., 2020). The establishment of ventilator-assisted 

aerosol inhalation is difficult due to equipment requirements and experimental 

requirements, but it has great potential. The main advantages are acceptable 

dose efficiency, clinically realistic dose rate, acceptable exposure time, the 

realistic physiology inhalation process simulation, and homogeneous drug 

deposition throughout the lung (Ehrmann et al., 2020). In our exposure system, 

the ventilator-assisted nebulizer generated 3.5-4 μm aerosol droplets. 

Meanwhile, the NPs were uniformly distributed throughout the lung within a 

short time (1-2 min) with a stable delivery efficiency (around 0.5%). 
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Nanoparticle deposition on the lung surface was detected within several 

seconds with L-IVM. In short, mice were exposed to inhaled NPs reproducibly 

and efficiently by this exposure system. 

4.3 Polyethylenglycolylation (PEGylation) modification inhibited NP-

induced rapid recruitment of neutrophils. 

Quantum-Dots (QDs, 15-20 nm diameter) have been selected as the 

fluorescent model NPs of this study because of their distinct optical properties 

such as high emission intensity, weak photobleaching, and narrow emission 

spectrum (Medintz et al., 2005; Nekolla et al., 2016; Rehberg et al., 2012). We 

selected commercially available QDs which are coated with a functional layer 

that consists of either PEG (PEG-QDs), PEG with an amine coating (aPEG-

QDs), or carboxyl functions solely (cQDs) as model NPs. These NPs are widely 

used in biomedical imaging in vivo (Medintz et al., 2005). In addition, they are 

also applied to study the effects of nanoparticle surface modification on cellular 

nanotoxicology or cellular uptake (Geys et al., 2008; Rehberg et al., 2010; Uhl 

et al., 2018; Zhang et al., 2011; Zhang & Monteiro-Riviere, 2009). For example, 

the Monteiro-Riviere lab used HEK cells and monocyte-differentiated dendritic 

cells to investigate the cellular uptake mechanism of surface modified QDs and 

found that cQDs were endocytosed by cells starting at 30min, whereas aPEG-

QDs were not. Cellular endocytosis of cQDs is mediated by clathrin and 

scavenger receptors and regulated by F-actin and phospholipase C (Zhang et 

al., 2011; Zhang & Monteiro-Riviere, 2009). Moreover, our group reported that 
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cQDs can induce neutrophil recruitment in the blood vessels of the cremaster 

muscle, while PEG-QDs or aPEG-QDs application did not (Rehberg et al., 

2010).  

Similar to these results obtained in skeletal muscle tissue after i.v. application, 

we found that as early as 60 min after inhalation, cQDs, but neither aPEG-QDs 

nor PEG-QDs application, elicited an increase in neutrophil numbers as 

compared to the control group, n (deposited dose: 16 cm2/g). Furthermore, the 

same deposited dose 24h after cQD inhalation  induced approximately 10% 

neutrophil ratio of BAL immune cells in accordance with predictions from a 

previous retrospective analysis (Schmid & Stoeger, 2016).  

PEG is composed of repeating ethylene glycol units. When they are connected 

to a polypeptide or another molecule, the condition is named “PEGylation” 

(Harris & Chess, 2003). PEGylation is widely applied in pharmaceuticals and 

has a vital function in the stabilization of NPs (Gref et al., 1994; Suk et al., 2016). 

The nanoparticle surface is easily recognized by opsonin (complement 

compounds, immunoglobulins, etc.) in the blood, and the opsonin then 

accumulates on the nanoparticle surface. The NPs are then cleared with 

opsonin by the body's natural clearance mechanism (Cai & Chen, 2019; 

Monopoli et al., 2012). PEGylation forms a steric barrier to reduce opsonization 

of  NPs (Lasic et al., 1991), and it can therefore reduce NP  phagocytosis by 

the mononuclear phagocyte system (MPS)  induced by aggregation of 

opsonin (Suk et al., 2016). The above-mentioned characteristics make 
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PEGylated NPs widely used in the therapy of different illnesses by the higher 

drug loading efficiency of anti-cancer drugs and RNA interference therapy 

improvement (Almeida et al., 2019; Chen et al., 2019; Mitchell et al., 2021; Pei 

et al., 2020). Besides, the COVID-19 messenger ribonucleic acid (mRNA) 

vaccine manufactured by Pfizer/BioN-Tech delivers mRNA, which is packaged 

with a PEGylated lipid nanoparticle (LNP) to improve the effectiveness of the 

vaccine (de Vrieze, 2021; Lee et al., 2021). Dong-Han Lee et al. revealed that 

Au-NPs remarkably decreased skin cell viability at 500-2000 μM concentration, 

while the toxicity of PEGylated-Au-NMs was correspondingly reduced at the 

same concentration (Lee et al., 2021). Additionally, previous research of the 

covalent attachment of PEG to proteins demonstrated that PEGylation reduced 

the immunogenicity of proteins (Suk et al., 2016).  

An early study demonstrated that exposing healthy mice to high doses of CNP 

induces acute lung inflammation (André et al., 2006). Then our group found that 

after CNP instillation exposure for 3 hours, around 50% AMs had CNP load, 

and a small amount of PMN had infiltrated into the alveoli from blood, reaching 

a peak at 24 hours. Meanwhile, the levels of CXCL1, CXCL2, and TNF in the 

BAL fluid had increased compared to the control group (Chen et al., 2016). 

Comparing the toxicity of inhalation and intra-arterial infusion exposures of CNP, 

inhalation exposure caused significant acute pulmonary and systemic 

inflammation, whereas infusion did not  (Ganguly et al., 2017). Similarly, 

McConnachie et al. demonstrated that 8-hour instillation exposure of tri-n-
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octylphosphine oxide, polymaleic anhydride-alt-1-tetradecene (TOPO-PMAT) 

CdSe/ZnS QDs induced increased CXCL1 and TNFα release and the 

neutrophil influx into alveoli (McConnachie et al., 2013). In vitro, Vivian Lee 

exposed mouse lung epithelial cells and AMs to TOPO-PMAT CdSe/ZnS QDs, 

which induced the release of chemokines CXCL1, CXCL-2, IL-6, IL-12, and 

other inflammation-related cytokines (Lee et al., 2015). Importantly, comparable 

increases in neutrophil numbers and AM patrolling movement were also 

detected upon inhalation of carbon black NPs (CNP) as well as cQDs exposure 

in our study. From these results, QDs and CNPs seem to have similar immune 

response processes (including immune cells activation and inflammatory 

factors release) after exposure. 

4.4 Neutrophils exhibited recruitment behavior in microvessels close to 

deposited cQD sites and the recruitment was not mediated by 

intravascular ICAM-1, LFA-1, and CXCL1. 

The recruitment of neutrophils from the blood to the extravascular sites of sterile 

or infectious tissue damage is a hallmark of the early innate immune response 

(Lämmermann et al., 2013). After passing through the tissue and reaching the 

injury site of the skin, the neutrophils often exhibit swarming behavior, many of 

which interact in a homotypic manner (extremely coordinated chemotaxis) to 

form large clusters (Lämmermann et al., 2013). Moreover, these homotypic 

neutrophil interactions have been shown to help to limit the spread of infection 

(Poplimont et al., 2020). The persistent neutrophil swarming behavior in mice 
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takes about 30-60 minutes from the beginning to the stable stage, depending 

on the number of neutrophils involved (Lämmermann et al., 2013).  

LPS (i.v.) application stimulated rapid crawling of neutrophils in the pulmonary 

microvessels, and this behavior was CD11b, TLR4 and Myd88 dependent. At 

the same time, this fast crawling was beneficial to clear bacteria from the 

bloodstream (Yipp et al., 2017). However, influenza virus infection reduced 

blood flow and decreased neutrophil movement within the lung microvessels 

(Ueki et al., 2018). Following cecal ligation and puncture (CLP)-induced sepsis, 

the pulmonary microvascular flow velocity in rats was reduced by 27% to 34% 

compared to healthy rats (Waisman et al., 2006). 

With our inhalation approach, neutrophil accumulation was induced around 

30min after NP inhalation and had a significant difference from the control group 

in 60min. Besides, comparing cQDs-enriched and cQDs-deficient regions, it 

was revealed that neutrophils preferentially resided in microvessels close to 

deposited cQD sites from 60 min after exposure, where they exhibited probing 

and crawling behavior. Previous study in our lab found that as early as 15 

minutes after cQDs were injected (i.v.), leukocytes had recruitment-related 

behaviors, such as tightly adhering to the vascular lumen, crawling on the 

endothelium in skeletal (cremaster) muscle vessels. This neutrophil recruitment 

was dependent on intravascular ICAM-1 (Rehberg et al., 2010). Similarly, after 

60 minutes we observed that more neutrophils were recruited into the airway 

compared to the control group, and these neutrophils aggregated near the 
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deposited NPs. Similarly, cigarette smoke exposure increased ICAM-1 

expression in the lungs and the number of alveolar-localized neutrophils 

(Aggarwal et al., 2013; Balamayooran et al., 2012). However, in comparison to 

the situation in skeletal muscle intravascular, blockade of ICAM-1 did not inhibit 

neutrophil recruitment induced by nanoparticle inhalation. In addition, we also 

blocked LFA-1, the integrin corresponding to ICAM-1, and the neutrophil 

chemoattractant CXCL1 in blood circulation, which also failed to prevent the 

occurrence of neutrophil recruitment. This seems to indicate that the process of 

nanoparticle-induced neutrophil recruitment with different exposure routes are 

mediated by different pathways. 

4.5 Following NP exposure, neutrophils were rapidly recruited into the 

alveoli and assisted in the clearance of NPs 

Neutrophils are the main anti-pathogen immune cells in organisms. The core of 

their function is their ability to be recruited to the site of infection, to rapidly 

recognize and phagocytose microorganisms, and to attack and eliminate 

pathogens with a combination of cytotoxic mechanisms (Klebanoff et al., 2013; 

Mayadas et al., 2014; Nauseef & Borregaard, 2014). Catherine A. Fromen 

indicated that the phagocytic capability of neutrophils was related to the 

elimination of intravenous particles, and the neutrophils that have phagocyted 

the NPs were transferred to the liver (Fromen et al., 2017). The elimination of 

NPs in the blood is mainly completed by the mononuclear phagocytic system 

(Chrishtop et al., 2021; Poupot et al., 2018), but neutrophils also obviously 
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undertake a certain amount of removal of NPs. We found that a large number 

of NPs (cQDs) were internalized in localized neutrophils in alveoli by L-IVM and 

could be recovered in BAL. Therefore, alveolar localized neutrophils (15.35% 

±6.63%) seem to contribute to the clearance of alveolar deposited NPs in the 

lungs. To our knowledge, no studies have reported that neutrophils can 

scavenge inhaled NPs, while most studies mainly revealed that neutrophils 

clear pathogens in lung microbe-infection models (Hashimoto et al., 2007; 

Neupane et al., 2020; Newton et al., 2016; Tsai et al., 2000). Neutrophils 

recognize microorganisms by binding to pattern recognition receptors (PRR) 

present on their surface (Kobayashi et al., 2018). In addition, soluble proteins, 

such as antibodies or complements, can opsonize microorganisms, allowing 

neutrophils to effectively recognize and uptake or degranulate (Bardoel et al., 

2014; Németh et al., 2020). When NPs particles are deposited in the alveoli, 

they seem to only have interaction with two types of epithelial cells: ATI and AT 

II cells (Chen et al., 2016) or AMs (Takenaka et al., 2012), which constitute or 

colonize the alveoli. It is ignored that the recruited cells, like neutrophils, 

lymphocytes, et al., infiltrate into the alveoli and interact with the NPs. This 

interaction may assist in nanoparticle clearance or further trigger the 

inflammatory cascade. But the molecular and functional details of nanoparticle 

internalization by neutrophils in the airway remain unclear and should be further 

characterized. 
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4.6 NP-induced accumulation of neutrophils in the pulmonary circulation 

reduces pulmonary blood flow velocity 

Dan Waisman and his colleague observed in patients with influenza virus 

infection, that inflammation reduced the blood flow of subpleural microvessels 

and led to hypoxemia (Waisman et al., 2006). Hiroshi Ueki et al. revealed that 

from the second day after infection, the blood flow velocity of MA-Venus-H5N1 

infected mice was reduced, compared with control mice, which stayed at the 

same low level as the infection progressed (Ueki et al., 2018). Blood flow 

velocity is mainly affected by the diameter of the vessel (Feletou et al., 2008; 

Granger et al., 2010). In our study, cQDs and CNP inhalation induced neutrophil 

recruitment in the lung, leading to leukocyte stasis in the alveolar capillaries, 

which might result in or contribute to the decrease in blood perfusion velocity in 

the similar size vessel. In cromolyn or blocking antibodies pretreated mice, 

NPs-evoked neutrophil recruitment was prevented, and the blood flow velocity 

was also preserved at normal levels as in healthy mice, indicating that blood 

flow velocity decreasing in the microcirculation may be one of the hallmarks of 

nanoparticle-induced inflammation. Besides, intratracheal instillation of diesel 

exhaust particulates (DEP, 50 μg) in hamsters (24h) induced acute pulmonary 

inflammation, increased histamine release and promoted peripheral venous 

thrombosis. Pretreatment with cromolyn reduced BAL neutrophil and histamine 

release levels and inhibited platelet activation. We will further investigate the 

mechanism of inhaled nanomaterials and platelet activation/pulmonary micro 
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thrombosis (Nemmar et al., 2004). 

4.7 cQDs-exposure, as well as CNP-exposure, stimulated AM patrolling in 

alveoli, whereas aPEG-QDs-exposure did not 

AMs, as resident phagocytes in the alveoli, are essential for the elimination of 

pathogens via non-specific phagocytosis. Macrophages have a variety of 

surface receptors for the recognition and internalization of pathogenic agents 

(viruses, NPs, etc.) (Ishikawa et al., 2017; Taylor et al., 2005). Class A 

scavenger receptors such as SR-A1 and MARCO bind to silica and titanium 

NPs and stimulate macrophages to cause an inflammatory response 

(Arredouani et al., 2004; Thakur et al., 2009; Thakur et al., 2008). Besides, the 

class B scavenger receptor CD36 (Tsugita et al., 2017), expressed on the 

surface of AMs, also binds to silica particles and induces silica-induced chronic 

lung inflammation (Lagassé et al., 2016). Macrophages can also recognize 

particles through other cell surface receptors, such as mannose receptors 

(MRs), toll-like receptors (TLRs), Fc receptors, and complement receptors (CRs) 

(Aderem & Underhill, 1999; Lorenzo S, 2013).  

Anti-F4/80 antibodies can specifically label Kupffer cells in vivo (Deppermann 

et al., 2020; Surewaard et al., 2016; Wong et al., 2013; Zeng et al., 2016). 

However, there are no previous research using fluorescent indicator antibodies 

to directly label the surface of AMs (such as CD11c, Siglec-F) in vivo. Besides, 

there are also no AM-specific reporter mice established. Recently, Neupane 

and colleagues achieved specific labeling of AMs by oropharyngeal aspiration 
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application of the dye PKH-26PCL (Merck KGaA, Darmstadt, Germany). With 

this approach more than 90% of PKH (+) cells were AMs (Neupane et al., 2020). 

We used the same method to visualize AMs and found that a single AM could 

maintain the environmental homeostasis of every 3 alveoli, which is also 

consistent with some previous studies (Neupane et al., 2020; Westphalen et al., 

2014). Meanwhile, we also confirmed that more than 90% of PKH-labeled cells 

are cells with high Siglec-F expression by FACS analysis. AM motility has been 

demonstrated by this approach (Neupane et al., 2020), which contradicted the 

long-standing belief that AMs are sessile immune cells without any movement 

in the alveoli (Westphalen et al., 2014). In order to explain the mismatch 

between the number of AMs and the number of alveoli, it is necessary to rush 

pathogens or cell debris toward AMs with alveolar fluid flow assistance 

(Sakuma et al., 1993; Westphalen et al., 2014). Neupane et al. observed that 

AMs had a patrolling movement through channels (pores of Kohn) with a 

median velocity of around 0.8 μm/min. Besides, these AMs sensed, chemotaxis 

towards and efficiently phagocytosed inhaled bacterial pathogens, like 

Pseudomonas aeruginosa and Staphylococcus aureus (Neupane et al., 2020). 

In this regard, we observed the crawling movement of AMs to collect and carry 

deposited NPs on alveolar walls. We even observed the exchange of cQDs 

from one PKH-labeled AM to another. More intriguingly, cQDs-exposure, as well 

as CNP-exposure increased the migration velocity of AMs in the alveoli of the 

respective mice, as compared to the control group, whereas aPEG-QDs 
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exposure decreased AM crawling velocity. Viral infection (influenza) can reduce 

the crawling ability of AMs in the alveoli, and blockade of IFNγ restored the 

patrol crawling ability of AMs. At the same time, influenza infection led to the 

upregulation of alphaE:beta7 (CD103) expression of AMs, an integrin in 

mucosal tissues, immobilizing AMs on the alveolar surface (Neupane et al., 

2020). Sinbad Sweeney et al. observed that AM migratory capacity was 

markedly reduced at 1 and 5 days after MWCNT (20μm) application in vitro, 

which was related to markedly increased expression of MARCO scavenger 

receptor and AMs activity (Sweeney et al., 2015). This seems to imply that the 

exposed nanoparticle shape affects patrolling movements. In addition, our in-

vivo model with ventilator-assisted nanoparticle inhalation is closer to the real 

exposure situation compared to the in-vitro model. Finally, these NP-

internalizing AMs stimulated neutrophils to gather within their surrounding 

capillaries comparing blank AMs. In contrast, alveolar epithelial cells that 

directly contacted or internalized NPs did not cause neutrophils to aggregate 

around them. In conclusion, AMs, but not alveolar epithelial cells, are the driver 

effector cells of nanoparticle-induced neutrophil recruitment. 

4.8 Compared with aPEG-QDs, cQDs are more easily internalized and 

cleared by AMs 

Klibanov et al. demonstrated that PEGylation can prolong the half-life in the 

blood circulation of systemically administered liposomes from <30 minutes to 5 

hours (Klibanov et al., 1990). Because of the lack of PEGylation protection, 
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cQDs bound rapidly to proteins in the blood and were cleared by phagocytes 

due to opsonization (Rehberg et al., 2010). Interestingly, we co-incubated the 

immortalized alveolar macrophage (MHS) cell line with cQDs and aPEG-QDs 

for one hour, and we found that cQDs are more easily internalized by MHS cells 

than aPEG-QDs. We found that PEG packaging had a significant effect on the 

uptake of QDs by AMs, and this PEG packaging also determined whether it 

caused short-term recruitment of neutrophils after QDs exposure. This seems 

to imply that uptake by AMs is a prerequisite of cQDs-induced neutrophil 

recruitment. Most of the nanomaterial-mediated lung immune cell response in 

the alveoli, including the effects on cell uptake, cell viability, and inflammation 

induction, were performed by AMs (de Vrieze, 2021; Dong et al., 2015; Frank 

et al., 2015). Based on L-IVM imaging, we verified that cQDs-positive AMs were 

correlated with a higher number of neutrophils in their close vicinity, whereas 

cQD-negative AMs as well as “cell-free” cQDs had no local effect on neutrophil 

recruitment. This implied that the spatial/locally restricted recruitment of 

neutrophils in response to NPs was indeed mediated by AMs. The data further 

indicated that immune response can thereby be tuned at the individual alveolar 

level, thus ensuring rapid clearance of local insults and maintenance of tissue 

homeostasis, at low levels of NP challenge. 

AMs and neutrophils, as the first immune cells to respond, have a close 

relationship in nanomaterial-induced “chronic” immune response. MWCNT (5 

to 40 μg) administered through pharyngeal aspiration promoted rapid and 
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significant fibrosis formation close to particle deposition in the lungs. In parallel 

with the fibrosis, the obvious infiltration of neutrophils and macrophages and 

TGF-β1 and PDGF-A secretion significantly increased in the lungs (Dong et al., 

2015). Jagjit S Yadav Lab indicated that AMs functioned as the major effector 

cells in CNT-triggered pulmonary inflammation through the MyD88 pathway. 

The depletion of AMs by treatment via orotracheal administration of liposomal 

clodronate decreased CNT-induced neutrophilic inflammation (Frank et al., 

2015). AMs depletion (clodronate liposomes i.v.) prevented the inflammatory 

response which was induced by Residual Oil Fly Ash (ROFA) (1 mg/kg body 

weight), as PM surrogate, such as inflammatory cytokines (TNFα and IL-6) 

release, leukocyte recruitment (rolling and adhesion on vessel walls) in 

mesenteric venules (Marchini et al., 2016). Similarly, repeated exposure to dust 

extract (DE) resulted in a significant increase in CD11b+ / CD11c+ 

macrophages in the lung. Meanwhile, the phagocytic ability of macrophages 

was enhanced, and inflammatory factors release (IL-6, CXCL1, and CXCL2) 

increased. Macrophage depletion inhibited neutrophil infiltration and TNFα and 

IL-6 release during the first DE exposure (Poole et al., 2012). Similarly, our 

study also revealed that AMs are effector cells for nanoparticle-induced 

neutrophil recruitment. Restricting the patrolling ability of AMs abolished 

neutrophil recruitment at the early stage (1h) of NPs exposure but prolonging 

this restriction time (24h) instead promoted neutrophil recruitment induced by 

NPs exposure. 
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4.9 NP-induced enhanced macrophage patrolling and rapid neutrophil 

recruitment are mediated by ICAM-1/LFA-1 

Regarding the elimination of inhaled NPs by AMs as a dynamic process, AM 

migration velocity should be an indeed critical factor in NPs elimination 

efficiency of AMs. The PEG shells contained in aPEG-QDs could reduce 

opsonin aggregation-induced phagocytosis of NPs by phagocytes (Suk et al., 

2016), since more AMs were observed to take up cQDs in a short time, 

compared to aPEG-QDs exposure in our study. Besides, aPEG-QDs may 

directly bind to LFA-1/ICAM-1 to impair AMs patrol crawling, which requires 

further mechanistic studies. Similar to cQDs, CNP exposure also caused 

marked enhancement of alveolar macrophage migration. Compared with 

isotype-treated mice, the displacement ability of AMs in LFA-1/ICAM-1-blocking 

antibody-treated mice was impaired. It has recently been shown that the 

displacement ability of AMs in the lung is mediated by LFA-1 integrin on AMs, 

since blocking of the LFA-1 site has resulted in the loss of patrolling movement 

of AMs in the alveoli of healthy mice (Neupane et al., 2020). We investigated 

the LFA-1/ICAM-1 function of AMs in NPs-exposed lungs with L-IVM. Anti-LFA-

1 and anti-ICAM-1 pre-treatment both alleviated the increase in AMs patrol 

speed caused by cQDs inhalation. Subsequently, the proportion of cQDs(+) 

AMs did not increase over time. Besides, we found that LFA-1 or ICAM-1 

blockade did not affect the phagocytic ability of AMs in in-vitro experiments. In 

all, the effect of anti-LFA-1 and anti-ICAM-1 on the clearance of cQDs by AMs 
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was due to a reduction in the migration of AMs in the alveoli, rather than an 

alteration in the phagocytic capacity of AMs. In addition, the short-term (1h) 

recruitment of neutrophils caused by cQDs was completely eliminated in the 

lung of Anti-LFA-1 and anti-ICAM-1 pre-treatment mice. The long-term effects 

of LFA-1 and ICAM-1 blockade on NP-induced neutrophil recruitment for 24 

hours appeared to be minimal, even pro-inflammatory. The blocking mAbs 

might be recognized as “foreign” by scavenger receptors and trigger neutrophil 

recruitment on a longer time scale. Because AMs patrolling in the alveoli was 

only recently proposed, there was no research on the function of LFA-1/ICAM-

1 in AMs migration upon NP exposure in vivo. It is well documented that LFA-1 

and ICAM-1 played a vital role in the activation and migration of other immune 

cells (such as T cells, leukocytes, platelets, etc.). LFA-1/ICAM-1 mediated 

adhesion was critical for the extravasation of naive and activated T cells into 

lymph nodes and tissues (Krummel et al., 2016; Park et al., 2010; Shimaoka et 

al., 2002; Shulman et al., 2009). In addition, the activation of LFA-1 and the 

expression of ICAM-1 were also necessary for effective T cell activation 

(Petruzzelli et al., 1998; Verma et al., 2016; Wabnitz et al., 2010). 

4.10 The production of ROS stimulated the rapid recruitment of 

neutrophils induced by NPs. 

On the one hand, the patrol speed of AMs seems to be a key factor of AM 

nanoparticle clearance efficiency. On the other hand, the phagocytic ability of 

AMs could constitute another important factor for AMs to clear deposited 
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nanomaterials. In addition to the fact that the blockade of ICAM-1/LFA-1 could 

affect the patrolling migration ability of AMs, it has been shown that ICAM-1 is 

directly involved in macrophage phagocytosis. ICAM-1 on macrophage 

regulating phagocytosis depended on the production of ROS mediated by TLR4 

(Zhong et al., 2021). The production of ROS was involved in the degranulation 

of various immune cells, such as neutrophils (Alsaleh et al., 2019; George et 

al., 2021; Grimes et al., 2020; Tackenberg et al., 2020), mast cells (Soria-Castro 

et al., 2021; Żelechowska et al., 2021), and NK cells (Najar et al., 2018a, 2018b). 

In our study, inhibition of ROS with NAC decreased the neutrophils recruitment 

after cQDs exposure compared to the cQDs-inhalation group. 

4.11 Alveolar surfactant protein coronas formed on the surface of 

cQDs increased phagocytosis by AMs 

Surfactants are present on the alveolar surface and are mainly composed of 

lipids (90%; phospholipids and some neutral lipids such as cholesterol) and 

surfactant proteins (10%; SP-A, SP-B, SP-C, and SP-D) (Milad & Morissette, 

2021). The main phospholipid component is phosphatidylcholine (PC) (Milad & 

Morissette, 2021). It is primarily a complex secreted by alveolar type II epithelial 

(ATII) cells. Its recycling and clearance are completed by the cooperation of 

ATII and AMs, and the clearance activity of AMs is also regulated by the 

granulocyte-monocyte colony-stimulating factor (GM-CSF) (Quintero & Wright, 

2002). As already explained, PEGylation of NPs largely prevents protein 

binding to increase its half-life in circulation (Peracchia et al., 1999; Schipper et 
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al., 2009). In our earlier study, cQDs (i.v. injection) were easily taken up by 

perivascular macrophages. Due to PEGylation, QDs avoided protein binding 

and made them invisible to phagocytes (Rehberg et al., 2010). Without the 

protection of PEGylation, proteins preferred to aggregate around cQDs to form 

protein coronas, which increased the possibility of its uptake by phagocytes 

(Nekolla et al., 2016; Rehberg et al., 2010). From our results, the lack of 

PEGylation in cQDs was more likely to aggregate within alveolar surfactants.it 

may be that cQDs were more likely to bind surfactant components, and the 

PEG structure prevented this binding. AMs phagocytosed alveolar surfactants 

containing a large number of cQDs, and induced corresponding immune 

responses, such as neutrophil recruitment. Besides, this phagocytic process 

was mediated by C5ar1 of AMs. Further elucidation of how the NPs with 

“surfactant protein” corona was formed and how the NPs are phagocytosed by 

AMs needs to be clarified. 

4.12 NP uptake triggers cellular degranulation and initiates neutrophil 

recruitment. 

Various immune cells (NK cells, eosinophils, mast cells, etc.) have vesicles that 

can bind to the intracellular membrane and these vesicles store substances that 

are immediately available for host immune defense (Mok et al., 2021). These 

substances are products of the trans-Golgi network, mainly including cytokines 

(IFN-γ, TNF-α, GM-CSF, interleukin family, etc.) (Bernard et al., 2017; Legrand 

et al., 2010); oxidative agents (MPO, EPO) (Borelli et al., 2003) or cytolytic, cell 
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membrane pore-forming proteins (perforin, granulysin, defensins, LL-37, etc.) 

(Borregaard et al., 2007). Pathogens directly stimulate immune cells to 

degranulate to release antipathogenic compounds onto the pathogen directly. 

Alternatively, immune cells can bind to another host cell invaded by the 

pathogens (Mok et al., 2021). Previously, our group has demonstrated that 

preventing cellular degranulation with cromolyn completely eliminated the 

cQDs-evoked leukocyte recruitment in cremaster muscle vessels (Rehberg et 

al., 2010). Anne Dudeck revealed that the release of TNF from vascular-

colonizing mast cells caused spatially restricted extravasation of neutrophils to 

the site of inflammation in inflamed skin (Dudeck et al., 2021). BesB. V. Lê et 

al. compared the levels of inflammation-related cytokines in BAL from LPS-

treated mice with or without cromolyn pretreatment, and they found TNF-α and 

IL-1β levels and lung MPO activity significantly reduced in the cromolyn-

pretreated mice group (Huber-Lang et al., 2002), which is in line with our own 

findings. Pneumology mast cells are predominantly located in the central 

airways rather than the small airways of mice (Fuchs et al., 2012). It has been 

shown that AMs and epithelial cells rapidly released MVs into the alveoli after 

LPS treatment, and these MVs carried large amounts of TNF which induced 

ICAM-1 and keratinocyte-derived cytokine (KC) expression on lung epithelial 

cells (4h) (Soni et al., 2016). In addition to acting as a mast cell stabilizer, 

cromolyn also affected AM-mediated immune responses. Sodium cromoglycate 

inhibited the generation of reactive oxygen species (ROS) by the activation of 
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guinea pig AMs and prevented ROS-induced lung damage in vitro (Sadeghi-

Hashjin et al., 2002). Mechanistic studies revealed that sodium cromoglycate 

(0.5-4 mM) reversibly blocks superoxide anion production from primary AMs 

stimulation by formyl peptide and leukotriene B4, thereby modulating 

pulmonary inflammatory responses which may contribute to asthma (Holian et 

al., 1991). The protective effect of disodium cromoglycate (DSCG) on rabbit 

primary AMs in phagocytosis of fibrotic silica have been demonstrated. Lower 

acid phosphatase production and AMs death rate after silica application were 

measured in the DSCG treatment group compared to the control group 

(Vlcková et al., 1976). Meanwhile, in the silica-exposed lungs of rats, disodium 

cromoglycate application could prevent cell destruction and lung tissue fibrosis 

(Vlcková et al., 1976). We have verified that the pretreatment of mice exposed 

to NPs with sodium cromoglycate conferred similar protection. In our study, 

blocking cellular degranulation, which most likely affected immune cell 

degranulation, not only   prevented the NPs (cQDs or CNP) induced 

neutrophil recruitment in a short time (60 min) as inhibition of ROS production 

did, but it also blocked neutrophil recruitment upon long-term NPs exposure 

(24h). This might provide a new direction for reducing the harm of nanoparticle 

exposure in the future. 

Furthermore, our data demonstrated that AMs were effector cells for 

nanoparticle-induced neutrophil recruitment which was mediated through rapid 

TNFα release. Whether AMs drive the “long-term” inflammatory response after 
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nanoparticle exposure is controversial. Chen et al. revealed that AMs isolated 

from the lungs of mice after 3 to 12 hours upon CNP instillation exposure did 

not show any pro-inflammatory features at the genetic level (Chen et al., 2016). 

Conversely, van Eeden SF and his colleagues found that AM, but not alveolar 

epithelial cells, was the driver of lung pro-inflammatory response after inhalation 

of PM via IL-1β, IL-6, and TNF-α release, and that AMs could further induce 

systemic inflammation (Mukae et al., 2001; Terashima et al., 1997). Combining 

our results seems to imply that, following NPs exposure, AMs rapidly 

degranulated and released TNFα stored in micro vesicles to mediate neutrophil 

recruitment into alveoli to possibly to assist AMs to clear NPs. 

4.13 Activation of alveolar macrophage CRs and FcγR I by NPs triggers 

neutrophil recruitment 

A variety of opsonizing receptors (such as Fcγ receptors and complement 

receptors) on the surface of phagocytes are closely related to effectively 

identifying target particles and initiating phagocytosis. Classic FcγRs are 

cellular membrane-associated proteins expressed on many kinds of immune 

cells, like macrophages, DCs, natural killer (NK) cells, neutrophils, and B cells 

(Fitzpatrick et al., 2020). They mediate cellular immune-related activities such 

as the degranulation of NK cells, mast cells, and basophils (Elias et al., 2021; 

Fitzpatrick et al., 2020; Nimmerjahn & Ravetch, 2008; Paranjape et al., 2020; 

Syenina et al., 2015), phagocytosis of phagocytes (Hawley et al., 2017), antigen 

presentation of dendritic cells (van Montfoort et al., 2012; Yada et al., 2003), 
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activation of B cells (Grunst et al., 2020). Shlomo Elias and colleagues 

demonstrated that NK cell degranulation was mediated by the binding of the Fc 

fragment of an anti-RhD antibody to CD16, the major Fcγ receptor (FcγR) 

expressed on NK cells, depending on the glycosylation by anti-RhD antibodies 

(Elias et al., 2021). Like F4/80 or the protein tyrosine kinase MER (MERTK), 

FcγR I was specifically expressed on the surface of mouse macrophages 

(Guilliams et al., 2014). The Randolph laboratory (Guilliams et al., 2014). The 

Randolph laboratory (Gautier et al., 2012), using their examination of 

macrophage core transcripts at the protein level in lung tissue (Immunological 

Genome Consortium), gated forMerTK+ FCγR I+ cells revealing that the vast 

majority of these cells were SiglecF+ lung macrophages (AMs). Blocking of Fc

γR I (anti-CD64 mAbs) significantly reduced bacteria (spirochetal) uptake and 

the secretion of pro-inflammatory cytokines by IFNγ-stimulated macrophages 

(Hawley et al., 2017). In our experiments, when the mice were pre-treated by 

anti-CD64 (anti-FcγR I) mAbs in the airway via oropharyngeal aspiration, cQDs-

induced neutrophil recruitment was abolished. All in all, FcγR I-mediated 

neutrophil recruitment upon NPs exposure has a complex mechanism. FcγR I 

blocking with anti-CD64 mAbs reduced the NPs phagocytic capacity of AMs as 

well as the cellular degranulation process upon NPs exposure, thus inhibiting 

the nanoparticle-induced neutrophil recruitment process. 

C5a and C3a, as members of the complement family, are strongly associated 

with the recruitment of immune cells, such as neutrophils, eosinophils, 
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monocytes, and T lymphocytes, during inflammation (Guo & Ward, 2005; 

Mollah & Tam, 2022; Shivshankar et al., 2020). C5aR is ubiquitously expressed 

in many kinds of cells, especially on the surface of immune cells like 

macrophages, neutrophils, and T cells (Monk et al., 2007). On the surface of 

AMs in healthy mice, C5aR, but not C3aR, is highly expressed. Besides, both 

C5aR and C3aR are expressed at low levels in the alveolar epithelium (Schiller 

& Theis lab Atlas data, http://146.107.176.18:3838/MLAA_backup/). IL-6 

stimulated the upregulation of C5aR in numerous organs (lung, liver, kidney, 

and heart) in septic rats (Riedemann et al., 2003). Mechanistic research 

revealed that C5 produced by epithelial cells was cleaved into C5a by AM-

derived serine proteases. When C5a was bound to the corresponding receptor 

C5aR, it initiated an inflammatory signal cascade (Chiba et al., 2015). C5a and 

its degradation product, C5a des-Arg, caused skin inflammatory responses, 

such as neutrophil-rich leukocyte infiltration, edema, and mast cell 

degranulation, immediately after intradermal injection (Swerlick et al., 1988, 

1989). In hamsters, intravenously administered disodium cromoglycate (DSCG) 

(3.0-30 mg/kg) inhibits vascular permeability and basophil degranulation, 

thereby alleviating C5a-induced cutaneous basophilia granulocyte anaphylaxis 

(CBA) (Golden et al., 1986; Golden et al., 1987). We revealed that blockade of 

C5aR by anti-CD88 mAbs eliminated NPs-induced neutrophil recruitment 

without the alteration of the patrolling status of AMs, a result consistent with the 

possible inhibition of nanoparticle-induced immune cell degranulation by 
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intravascular injection of cromolyn. Our data indicated that deposited NPs in 

the lung induced cellular degranulation and stimulated neutrophil recruitment. 

The usage of CD88/CD64 blocking antibody could inhibit not only the 

degranulation process like cromolyn application but also decrease the uptake 

capacity of NPs by AMs, thereby preventing rapid neutrophil recruitment. 

Investigations if there is direct evidence of the release of granules from AMs 

are underway. 

Numerous studies have confirmed the importance of CD44 in the recruitment 

of leukocytes in various organs of the body (Mikecz et al., 1995; Nascimento et 

al., 2016; Sarraj et al., 2006; Vachon et al., 2006). The interaction of CD44 and 

HA plays an important role in the leukocyte recruitment cascade. During 

neutrophil rolling, the engagement between CD44 on neutrophils and E-selectin 

on the endothelium is required for slow rolling (Katayama et al., 2005). In 

models of peritonitis, T cells utilize CD44-HA interactions into the inflamed 

peritoneal cavity (DeGrendele et al., 1997). In in vivo microscopy experiments, 

it was found that the adhesion of neutrophils (Khan et al., 2004) and T cells 

(Bonder et al., 2006) on the endothelium is closely related to the interaction 

between CD44 and HA. In addition to this, CD44 has also an essential impact 

on the phagocytosis of macrophages (Vachon et al., 2006), and this process 

may induce the activation of the HA receptor (Rios de la Rosa et al., 2017) and 

complement receptor-3 (CR3) (Amash et al., 2016; Vachon et al., 2007).  

Overall, our data indicated a close relation between AM activity (phagocytosis, 
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migration, and degranulation) and the rapid and site-specific recruitment of 

neutrophils during the early phase of particle inhalation, suggesting a specific 

role of AMs in triggering the immune response by different NPs. 
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5. Conclusion 
1. NP-induced neutrophil recruitment is initiated by AMs and related to NP 

internalization/uptake by AMs. 

2. The particle uptake efficacy depends on three factors: (1) NP surface 

modification; (2) the speed of macrophage patrolling movement in the 

alveoli; (3) AMs phagocytic/internalizing capability.  

(1) PEGylation modification of NPs which are deposited in the alveoli renders 

the NPs invisible to AMs via avoiding protein corona formation and impairs 

subsequent NP-induced neutrophil recruitment. 

(2) AM patrolling mainly involves ICAM-1 and LFA-1 interaction in the alveoli 

and can be blocked by respective antibodies applied to the airway side but 

not to the vascular side. Blocking ICAM-1 and LFA-1 also effectively 

impaired particle-triggered neutrophil recruitment.  

(3) The macrophage receptors C5aR1 and FcγRI mediate AM phagocytic ability 

to internalize particles. Blocking C5aR1 or FcγRI also completely blocked 

neutrophile recruitment. 

3. Particle-triggered neutrophil recruitment to the airspace requires 

degranulation and can be inhibited by cromolyn treatment.  

4. Recruitment of neutrophils further requires TNFα as anti-TNFα blocking 

treatment in the airway can reduce the neutrophilic inflammatory response.  

5. Scavenging ROS via NAC also decreased cQDs-induced neutrophil 
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recruitment to some extent but was less effective than ICAM-1/LFA-1 

blocking. 
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7. Appendix 

7.1 Laboratory equipment and consumables 

7.1.1 Laboratory equipment. 
Table 4: The list of laboratory equipment. 

Equipment Type Manufacturer 
Cell culture bench Thermo Scientific™ Herasafe™ 

KS 
Fisher Scientific GmbH 
Schwerte, Germany 

Centrifuge 3K15 Sigma Laborzentrifugen 
Osterode am Harz, Germany 

Centrifuge MICRO centrifuge Model SD 
220VAC 

Carl Roth GmbH + Co. KG 
Karlsruhe, Germany 

CO2 Incubator CB 150 #01-28940 Binder GmbH 
Tuttlingen, Germany 

Combitips Advanced®, 5ml Eppendorf AG 
Hamburg, Germany 

Freezer Liebherr Mediline Liebherr GmbH 
Ochsenhausen, Germany 

Fridge Liebherr Comfort Liebherr GmbH 
Ochsenhausen, Germany 

Fridge Liebherr Profiline Liebherr GmbH 
Ochsenhausen, Germany 

Fridge Siemens KU18R04 SEG Hausgeräte GmbH 
München, Germany 

Multi-channel pipet Research plus® 300 µl Eppendorf AG 
Hamburg, Germany 

Pipettes 10 µl, 20 µl, 100 µl, 200 µl, 
1000 µl 

STARLAB International GmbH 
Hamburg, Germany 

Pipetting aid pipetus®-akku Hirschmann Laborgeräte 
Eberstadt, Germany 

Plate reader TECAN Infinite® M200 PRO TECAN Group Ltd. 
Männedorf, Switzerland 

FACS cytometer BD FACSCanto II flow cytometer BD Biosciences, 
State of New Jersey, United 
States 

Ultrasonic 
homogenisers 

SonoPlus HD70 Bachofer， 
Berlin，Germany 

 
Table 5: Microscope equipment and consumables 

Equipment Type Manufacturer 
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Water dipping 
objective lens 

20×, NA 1.0 Carl Zeiss,  
Oberkochen, Germany 

long distance air 
objective lens 

20×, NA 0.4 Olympus,  
Hamburg, German 

water immersion 
objective 

63×, NA 1.0,  Carl Zeiss,  
Oberkochen, Germany 

Beam splitter T 580 lpxxr Chroma Technology,  
Bellows Falls, VT, United States 

Microscope TCS SP5 SMD Leica,  
Wetzlar, Germany 

EMCCD cameras Rolera EM-C2 cameras Qimaging,  
Surrey, Canada 

Imaging software VisiScope A1 imaging system Visitron Systems,  
Puchheim, Germany 

Camera AxioCam MRm Carl Zeiss, 
Oberkochen, Germany 

Fluorescence 
Excitation Source 

CoolLED pE-4000 CoolLED Ltd, 
Andover, Great Britain 

Gas Incubation 
System for CO2 and 
O2 

Ibidi Gas Mixer ibidi GmbH, 
Gräfelfing, Germany 

Heating System Universal Fit for 1 Chamber ibidi GmbH, 
Gräfelfing, Germany 

 
Microscope 

Observer.Z1 Inverted Phase 
Contrast Fluorescence 
Microscope 

Carl Zeiss, 
Oberkochen, Germany 

Microscope Axiovert 135 Carl Zeiss, 
Oberkochen, Germany 

Microscope Laser Scanning Confocal 
Microscope (LSM710) 

Carl Zeiss, 
Oberkochen, Germany 

LSFM Ultramicroscope II LaVision BioTec GmbH, 
Bielefeld, Germany 

camera sCMOS  Andor Neo, 
Abingdon, Oxfordshire 

objective lens MVPLAPO 2×/0.5 NA Olympus, 
Tokyo, Japan 

zoom body MVX-10 Olympus, 
Tokyo, Japan 

LED light source pE-100 CooLED,  
Andover, United Kingdom 

in vivo imaging 
system 

Lumina II Caliper/Perkin Elmer, 
Hopkinton, Massachusetts, 
United States 

Electron microscope FEI-Tecnai 12 FEI Company, 
Eindhoven, The Netherlands 
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camera CCD camera Megaview, Olympus-SIS, 
Muenster, Germany 

Glass coverslips  25 x 25 mm VWR, Radnor, USA 
Micro Slide  VWR Superfrost Micro Slide VWR, Radnor, USA 

 
Table 6: List of consumables 

Subject Type Manufacturer 
µ-Slide 8-well ibiTreat ibidi GmbH, 

Gräfelfing, Germany 
6-, 12-, 24-, 96-well 
Cell culture Plate, 
sterile 

CELLSTAR® Cell culture plate Greiner Bio-One GmbH, 
Frickenhausen, Germany 

96-well ELISA plate  Nunc MaxiSorp™ flat-bottom Invitrogen by Thermo Fisher 
Scientific  
Carlsbad, USA 

Cell Counting 
Chamber 

BLAUBRAND® Neubauer 
Improved, bright-line 

Brand GmbH + Co. KG, 
Werthein, Germany 

Cell culture dish TC Dish 100 mm, standard SARSTEDT AG & Co. 
Nümbrecht, Germany 

Cell culture dish TC Dish 100 mm, standard SARSTEDT AG & Co. 
Nürmbrecht, Germany 

Cell culture flask cellstar® T25, T75 Greiner Bio-One GmbH 
Frickenhausen, Germany 

Cellulos swabs Askina® Brauncel B.Braun Melsungen AG, 
Melsungen, Germany 

Reaction Tubes 0.5 ml, 1.5 ml, 2.0 ml Eppendorf,  
Hamburg, Germany 

Falcon Tube 15 ml, 50 ml Corning Incorporated 
New York, USA 

Insulin Syringes MicroFine™+ BD Biosciences, 
State of New Jersey, United 
States 

Lab gloves Nitril® NextGen® Meditrade GmbH 
Kiefersfelden, Germany 

Parafilm PARAFILM® M Bemis Company, Inc. 
Neenah, USA 

Pasteur pipette Disposable Glass Pasteur 
Pipettes 230mm 

Poulten & Graf GmbH 
Wertheim, Germany 

Pipette tips 10 µl, 200 µl, 1000 µl Starlab International GmbH 
Hamburg, Germany 

Serological pipettes 5 ml, 10 ml, 25 ml, 50 ml Greiner Bio-One GmbH 
Frickenhausen, Germany 

Syringe 1ml, 2 ml, 5ml, 10ml and 50ml B.Braun Melsungen AG 
Melsungen, Germany 
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Table 7: List of chemicals 

Chemicals Type Manufacturer 
Cromolyn sodium 
salt 

assay ≥95% SigmaAldrich,  
Taufkirchen, Germany 

Ketamine 10 % Serumwerk Bernburg 
TNF-α recombinant mouse TNF-α R&D Systems, Inc. 

Steinheim, Deutschland 
Triton-X 100 TritonTM -X SIGMA-ALDRICH GmbH 
Trypsin-EDTA (1X) 0.25% Life Technologies Limited, 

Paisley, UK 
Tween®20 Viscous liquid SIGMA-ALDRICH GmbH 

Steinheim, Deutschland 
Ultra-pure water 500 ml Life Technologies Limited, 

Paisley, UK 
Tetrahydrofuran 
(THF) 

assay ≥99.9% SigmaAldrich,  
Taufkirchen, Germany 

Dichloromethane 
(DCM) 

assay ≥99.8% SigmaAldrich,  
Taufkirchen, Germany 

dibenzyl ether (DBE) assay ≥98.0% SigmaAldrich,  
Taufkirchen, Germany 

Saponin Quillaja sp. Sapogenin content, 20-35% SigmaAldrich,  
Taufkirchen, Germany 

Methanol assay ≥99.9% SigmaAldrich,  
Taufkirchen, Germany 

Thimerosal assay ≥97% SigmaAldrich,  
Taufkirchen, Germany 

O.C.T. Compound Tissue-Plus™ Fisher Scientific GmbH 
Schwerte, Germany 

Gelatin 500g, Powder VWR, Radnor, USA 
 
Table 8: List of NPs 

Subject Manufacturer 

QdotTM 655 ITKTM carboxyl quantum dots Invitrogen by Thermo Fisher Scientific, 
Carlsbad, USA 

QdotTM 655 ITKTM amino (PEG) quantum 
dots 

Invitrogen by Thermo Fisher Scientific, 
Carlsbad, USA 

QtrackerTM 655 vascular labels (PEG-QDs) Invitrogen by Thermo Fisher Scientific, 
Carlsbad, USA 

Melamine resin particles, 940μm, Ex/Em 
636 nm/686 

microParticles GmbH, 
Berlin, Germany 

Printex 90 caibon NPs Spark discharge from graphite electrodes[1] 
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Table 9: List of cell lines 

Cell line name Manufacturer/ origin 
Ana-1 cells HMGU, Munich, Germany 
LA4 cells (CCL-196TM) ATCC, Manassas, Virginia, USA 
MH-S cells (CRL-2019TM) ATCC, Manassas, Virginia, USA 
MLE-12 cells (CCL-2110TM) ATCC, Manassas, Virginia, USA 

 
Table 10: List of mice strains 

mice strain name Manufacturer/ origin 
C57BL/6J mt/mG mice Experimental animal facility, 

Helmholtz Zentrum München 
B6.Cg-Tg(Csf1r-EGFP)1Hume/J- C57BL/6 
mice 

Jackson Laboratory, 
Bar Harbor, ME, USA 

Lyz2-cre mt/mG C57BL/6J mice  Jackson Laboratory, 
Bar Harbor, ME, USA 

C57BL/6 (WT) mice Charles River, 
Sulzfeld, Germany 

 
Table 11: List of cell culture consumables 
Subject Manufacturer 
Ham’s F12 BIOWEST SAS 

Nuaillé, France 
RPMI Medium 1640 (1X) Thermo Fisher Scientific,  

Bonn, Germany 
Dulbecco´s modified eagle medium Thermo Fisher Scientific,  

Bonn, Germany 
UltraPureTM distilled Water Thermo Fisher Scientific,  

Bonn, Germany 
Trypsin-EDTA (0.5 %) Thermo Fisher Scientific,  

Bonn, Germany 
2-Mercaptoethanol (50 mM) Life Technologies Limited 

Paisley, UK 
MEM Non-Essential Amino Acids Solution 
(NEAA) 

Thermo Fisher Scientific,  
Bonn, Germany 

HEPES Buffer Solution  Thermo Fisher Scientific,  
Bonn, Germany 

L-Glutamine Life Technologies Limited 
Paisley, UK 

Bovine Serum Albumin SIGMA-ALDRICH GmbH 
Steinheim, Deutschland 



167 

 
Table 12: List of antibodies 

Primary or  

secondary antibody 

Clone Manufacturer 

Anti-CD11c-FITC 
REA754 Miltenyi biotec GMBH, 

Bergisch Gladbach, Germany 

Anti-Siglec-F-FITC 
REA798 Miltenyi biotec GMBH, 

Bergisch Gladbach, Germany 

Anti-CD326 (EpCAM)- VioBlue  
REA977 Miltenyi biotec GMBH, 

Bergisch Gladbach, Germany 

Anti-CD326 (EpCAM)-PE 
REA977 Miltenyi biotec GMBH, 

Bergisch Gladbach, Germany 
Alexa Fluor® 488 anti-mouse Ly-
6G Antibody 

1A8 BioLegend,  
Fell, Germany 

Alexa Fluor® 488 anti-mouse 
CD115 (CSF-1R) Antibody 

AFS98 BioLegend,  
Fell, Germany 

In Vivo mAbs anti-mouse/human 
CD44 

IM7 Bio X Cell, 
Lebanon, USA 

Ultra-LEAF™ Purified anti-mouse 
CD88 (C5aR) mAbs 

20/70 BioLegend,  
Fell, Germany 

Ultra-LEAF™ Purified anti-mouse 
CD64 (FcγRI) mAbs 

W18349F BioLegend,  
Fell, Germany 

 M17/4 Bio X Cell, 
Lebanon, USA 

Purified anti-mouse CD54 (ICAM-
1) Antibody  

YN1/1.7.4 ATCC, 
Manasses, USA 

In Vivo mAbs rat IgG2a isotype 
control 

2A3 Bio X Cell, 
Lebanon, USA 

Ultra-LEAF™ Purified Rat IgG2b, 
κ Isotype Ctrl Antibody 

RTK4530 BioLegend,  
Fell, Germany 

Alexa Fluor® 647 anti-mouse Ly-
6G/Ly-6C (Gr-1) Antibody 

RB6-8C5 BioLegend,  
Fell, Germany 

Antibodies for In Vivo Mouse 
Platelet Labeling (X649) 

anti - GPIbbeta 
derivative 

Emfret Analytics GmbH & 
Co. KG, 
Würzburg, Germany 

Mouse Podoplanin Antibody AF3244 Bio-Techne GmbH, 
Wiesbaden, Germany 

 
 
Table 13: List of Fluorescent dyes 

Fluorescent dye Manufacturer 
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pHrodo™ Green Dextran, 10,000 MW Thermo Fisher Scientific,  
Bonn, Germany 

pHrodo™ Green E. coli BioParticles™ 
Conjugate 

Thermo Fisher Scientific,  
Bonn, Germany 

PKH26 Red Fluorescent Cell Linker Kit for 
Phagocytic Cell Labeling 

SigmaAldrich,  
Taufkirchen, Germany 
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7.2 Abbreviations 

% percent 
°C grad Celsius 
µ micro 
µg microgram 
µl microliter 
µm micrometer 
2D two-dimensional 
3D three-dimensional 
AM alveolar macrophage 
aPEG-QDs aminated PEG Quantum Dots 
ATCC American Type Culture Collection 
ATP adenosine triphosphate 
BAL bronchoalveolar lavage 
BSA  Bovine serum albumin 
CdSe cadmium selenide 
CdTe cadmium telluride 
cm centimeter 
C5aR1 Complement C5a Receptor 1 
CD Cluster of differentiation 
CO2 Carbon dioxide 
CR Complement receptor 
Csfr1 Colony stimulating factor 1 receptor 
Ctrl Control 
cQD carboxyl Quantum Dot 
CXCL1 Chemokine (C-X-C motif) ligand 1 
DBE Dibenzyl ether 
DCM Dichloromethane 
DNA deoxyribonucleic Acid 
ECs Endothelial cells 
EDTA Ethylenediaminetetraacetic acid 
e.g. exempli gratia 
ELISA enzyme-linked immunosorbent assay 
EpCAM Epithelial Cell Adhesion Molecule 
et al. et alii 
FACS fluorescence-activated cell sorting 
FBS fetal bovine serum 
Fc Fragment crystallizable region 
Fig. figure 
g gram 
h hour 
H2O water 
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hrs hours 
i.e. id est 
ICAM-1 intercellular adhesion molecule 1 
IFN interferon 
L liter 
LFA-1 Lymphocyte function-associated antigen 1 
L-IVM Lung intravital microscope 
Lyz2 lysozyme 2 
IL interleukin 
IL1r1 Interleukin 1 receptor, type I 
i.v. intravenous 
IVIS in vivo imaging system 
kDa Kilo Dalton 
LPS Lipopolysaccharide 
m milli 
MeOH Methanol 
mg milligram 
min minutes 
MIP maximum intensity projection 
ml Milliliter 
mM Millimolar per liter 
mRNA messenger RNA 
NEAA Non-Essential Amino Acids 
NF-kB Nuclear factor 'kappa-light-chain-enhancer' of activated B- 

cells 
NP NP 
nm Nanometer 
NAC N-Acetyl-L-Cystein 
NO 
NP 

nitric oxide 
NP 

O2 oxygen 
O.C.T compound Optimal cutting temperature compound 
P/S penicillin/streptomycin 
PBS Phosphate buffered saline 
PCLs precision cut Lung slices 
PEG-QDs PEGylated Quantum Dots 
pH potential of hydrogen 
QDs Quantum Dots 
RNA ribonucleic acid 
ROS reactive oxygen species 
rpm revolutions per minute 
PFA Paraformaldehyde 
RT room temperature 
TEM Transmission electron microscopy 
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THF Tetrahydrofuran 
WST-1 Water soluble tetrazolium salt 1 
USA United States of America 
ZnS zinc sulfide 
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7.3 Publications and presentations 

7.3.1 Publications 

Real time in vivo investigation of NP dynamics and immune response 

during ventilator-assisted NP inhalation 

Qiongliang Liu, Lin Yang, Chenxi Li, Otmar Schmid, Tobias Stoeger and 

Markus Rehberg 

In preparation 

 

Multimodality imaging and deep learning unveil acinar migration of 

tissue-resident, NP-laden macrophages in the lung   

Lin Yang, Qiongliang Liu, Pramod Kumar, Arunima Sengupta, Ali Farnoud, 

Ruolin Shen, Darya Trofimova, David Kutschke, Marie Piraud, Fabian Isensee, 

Gerald Burgstaller, Markus Rehberg, Tobias Stoeger, Otmar Schmid 

In preparation 

 

Course of lung inflammation and injury caused by NP inhalation depends 

on material specific cellular perturbation patterns 

Carola Voss*, Meshal Ansari*, Maximilian Strunz, Ilias Angelidis, Verena Häfner, 

Christoph Mayr, Carol Ballester-Lopez, Qiongliang Liu, Lianyong Han, Tom 

Conlon, Markus Rehberg, Herbert B. Schiller, Tobias Stöger 

In preparation 
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7.3.2 Oral presentations 

Real time in vivo investigation of particle dynamics and innate immune 

responses during ventilator-assisted NP inhalation 

Qiongliang Liu, Otmar Schmid, Tobias Stoeger and Markus Rehberg 

Nanotox 2021 – 10th International Conference on Nanotoxicology, 20th – 22nd 

April 2021, Virtual. 

 

Real time in vivo investigation of particle dynamics and innate immune 

responses during ventilator-assisted NP inhalation 

Qiongliang Liu, Otmar Schmid, Tobias Stoeger and Markus Rehberg 

7th Nano Today Conference, 16th -18th November 2021, Virtual.  

 

7.3.3 Poster presentations 

Elucidating particle and leukocyte dynamics during the course of particle 

triggered pulmonary inflammation by in vivo imaging  

Qiongliang Liu, Lin Yang, Otmar Schmid, Tobias Stoeger and Markus Rehberg 

11th interact conference, 27th - 28th February 2020, Munich, Germany 

 

Real time in vivo investigation of particle and innate immune cell 
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ventilator-assisted NP inhalation 

Qiongliang Liu, Otmar Schmid, Tobias Stoeger and Markus Rehberg 

20th Fraunhofer Seminar “Models of Lung Disease” and satellite workshop 

“Alternatives to Animal Testing”, 22nd -24th June 2022, Hannover, Germany 

 

Real time in vivo investigation of particle dynamics and innate immune 

responses during ventilator-assisted NP inhalation 
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175 

8. Acknowledgments 
I address my most sincere gratitude to all the people who contributed in some 

way to the work described in this thesis. First and foremost, I would like to 

express my deepest appreciation to my first supervisor, Prof. Dr. Markus 

Rehberg (LHI/CPC), for continuously guidance and support for my project. 

During the past four years of working together, what I have learned from him 

are not only subtle experimental designs, experimental knowledges, especially 

as it relates to imaging, but also the rigorous attitude to scientific research and 

the unending enthusiasm. In November 2018, Prof. Rehberg introduced the L-

IVM technology platform from the UK together, and since then, Markus and I 

have faced various difficulties and challenges from this new platform. A stable 

and mature L-IVM platform is now formed, which is inseparable from the patient 

guidance and continuous support of Prof. Rehberg. Hope we will have a great 

harvest this year. Words cannot express how thankful I am for you, Markus! 

This academic thesis is just a summary of the first phase of our enjoyable 

academic journey, and I indeed look forward to having more interactions with 

you in the future. 

Additionally, I want to express the depth of my gratitude to Dr. Tobias Stoeger 

(LHI/CPC), who supplied me the opportunity to conduct doctoral research in his 

group. During my PhD student career, he contributed to a rewarding graduate 

school experience by sharing a wealth of nanotoxicology and immunology 



176 

knowledge and advice, offering me an academic environment based on full trust 

and freedom and supporting my attendance at various conferences, seminars 

and courses. With his selfless and countless support, I have enjoyed the 

research works in his group for nearly four years. 

Furthermore, I would like to thank my committee member Prof. Dr. med. Markus 

Sperandio (Walter-Brendel-Centre, LMU), close collaborators Prof. Dr. Otmar 

Schmid (LHI/CPC, Helmholtz Zentrum München), Dr. Leo Carlin (The Beatson 

Institute for Cancer Research, UK) and Dr. Dagmar Zeuschner (Max Planck 

Institute for Molecular Biomedicine) for their constant support, insightful 

discussion, and constructive advice. 

Every result described in this thesis was accomplished with the help and 

support of fellow colleagues and collaborators. Special thanks to Dr. Lin Yang 

for selfless sharing of ideas and imaging experiences, perceptive discussion 

and prompt feedback. Many thanks to my colleagues Chenxi Li for her daily 

support, help and high-quality discussions.  

I also appreciate a lot to my collaborators Dr. Judith Secklehner (The Beatson 

Institute for Cancer Research, UK) for the help of L-IVM platform, Dr. rer. nat. 

Benjamin Tast and M.Sc. Pardis Khosravani (Core Facility Flow cytometry, 

BMC Munich) for the support of flow cytometry and data analysis. Dr. Annette 

Feuchtinger for providing me the guidance and support of light-sheet 

fluorescent microscopy and Schröppel, Andreas for the help with inhalation 

devices and imaging work platforms. 



177 

I would like to deeply thank to all former and current members of our group (AG 

Stoeger lab (LHI/CPC) and AG Schmid labs (LHI/CPC): Miriam Kastlmeier, Eva 

Günther, Dr. Carolina Ballester López, Mehwish Ishaque, Yasmin Shaalan，

Elisabeth Folwarczny, Dr. Pramod Kumar, Anna Fuchs, especially for David 

Kutschke, Dr. Carola Voss, Dr. Qiaoxia Zhou, Lianyong Han, Verena Häfner, 

Hongyu Ren for their discussion and support. 

My deep gratitude goes to an excellent CPC Research School team, specifically 

PD Dr. Claudia Staab-Weijnitz, Dr. Doreen Franke, Karin Agnes Herbert and 

Melanie Penning for their help, organization and enthusiasm during the entire 

graduate school program, which has greatly benefited me during my four-year 

PhD candidate career. In addition, I am very grateful to the secretory Kaori 

sumikawa and Silke Lauer for the support and help on general tasks and in 

personal life. 

I would like to address my special acknowledgment to all my classmates, 

colleagues and friends of Helmholtz Zentrum München, especially Dr. 

Dongshen Jiang, Dr. Hengshuo Liu, Xin Zhang, Qianjiang Hu, Haifeng Ye, 

Ruoxuan Dai, Shaohua Zhu，Dr. Carmela Morrone, Dr. Xianming Wang, with 

whom we had a lot of pleasantly scientific discussion and invaluable living 

memories. 

I would like to thank China Scholarship Council (CSC) for providing me with a 

scholarship to ensure my daily expenses while studying in Germany, allowing 

me to focus on my research. 



178 

Most importantly, I feel extremely fortunate to have the tremendous support and 

endless love from Dr. Rui Zhuo (Shanghai Normal University), the girl I wish I 

could spend the rest of my life with. Will you marry me? 

I will end with saying thanks to two people who first showed me how to speak. 

Thanks mom and dad, Min Zhang and Jianguo Liu, for everything I can imagine. 


	titelblatt_phd_engl_jan2020_MMRS_submission.pdf
	Affidavit_PhD_Qiongliang_Liu.pdf
	Confimation of congruency between printed and electronic version of.pdf
	12008294 Qiongliang Liu. PhD Medical Research Thesis 13.04.2023 without CV.pdf
	Abstract
	1. Introduction
	1.1 Nanotoxicology
	1.2 Fluorescent nanomaterials for biomedical applications as research tools
	1.3 Lung Intravital microscopy
	1.4 Ventilator-assisted aerosol inhalation
	1.5 Lung immune system
	1.5.1 Alveolar macrophages (AMs)
	1.5.2 Lung epithelial cells
	1.5.3 Neutrophils
	1.5.3.1 Microbial infection
	1.5.3.2 Nano-particle exposure


	Aim of the study

	2. Materials and Methods
	2.1 Materials
	2.2 Methods
	2.2.1  In vivo experiment
	2.2.1.1 Mice
	2.2.1.2 Nanoparticle
	2.2.1.3 In vivo labeling of AMs
	2.2.1.4 Oropharyngeal aspiration
	2.2.1.5 In vivo antibody labeling
	2.2.1.6 Lung Intravital microscopy (L-IVM)
	2.2.1.7 Quantum Dots aerosol inhalation
	2.2.1.8 CNP aerosol inhalation
	2.2.1.9 In vivo blocking/inhibiting experiments
	2.2.1.10 Measurement of blood perfusion velocity
	2.2.1.11 BAL preparation and cell differentiation
	2.2.1.12 Lung tissue frozen section
	2.2.1.13 Nuclear Staining
	2.2.1.14 Murine precision-cut lung slices (PCLS)
	2.2.1.15 3D Lung Imaging
	2.2.1.16 Fluorescence-based analysis of NP dose in lung homogenates
	2.2.1.17 Fluorescence Activated Cell Sorting (FACS)
	2.2.1.18 In Vivo Imaging System (IVIS)
	2.2.1.19 Electron Microscopy
	2.2.1.20 Quantification of leukocyte kinetics

	2.2.2  In vitro experiments
	2.2.2.1 MH-S cells culture
	2.2.2.2 ALICE-CLOUD exposure system
	2.2.2.3 Water-soluble tetrazolium salt (WST) cell viability assay
	2.2.2.4 Analysis of cell phagocytosis with FACS
	2.2.2.5 Analysis of MH-S QDs internalization with FACS

	2.2.3 Statistical analysis


	3. Results
	3.1 Characterization of QD deposition and distribution after QD aerosol inhalation
	3.1.1 Distribution of different QDs diluted in distilled water.
	3.1.2 Quantitative Analysis of lung deposited QD dose
	3.1.3 QDs distribution in whole murine lungs
	3.1.4 3D pulmonary mapping of QD distribution
	3.1.5 Inhaled NPs are rapidly detected by L-IVM
	3.1.6 L-IVM analysis of QD distribution patterns on the lung surface

	3.2 NP-inhalation increased neutrophil accumulation in the lung
	3.2.1 Dose effect on cQDs-induced neutrophil recruitment
	3.2.2 Effect of carbon NPs (CNP) on neutrophil recruitment
	3.2.3 PEG-surface modification of QDs inhibited QD-induced rapid recruitment of neutrophils
	3.2.4 Effect of NP inhalation on blood flow velocity
	3.2.5 The deposition of cQDs and CNPs in the lung caused similar levels of inflammation

	3.3 Infiltrated neutrophils in close proximity are vital for capture of inhaled, deposited NPs
	3.3.1 Recruitment of neutrophils occurs in close proximity to inhaled, deposited NPs
	3.3.2 Neutrophils rapidly accumulate and infiltrate into the alveoli upon inhalation of NPs
	3.3.3 Neutrophils internalized cQDs in the alveoli

	3.4 NPs-evoked neutrophil recruitment is mediated by cellular degranulation
	3.4.1 cQD-induced neutrophil recruitment is diminished by inhibiting cellular degranulation
	3.4.2 cQD-induced neutrophil recruitment is not mediated by the IL-1 family
	3.4.3 cQD positive AMs are correlated with a higher number of neutrophils in their close vicinity
	3.4.4 Intravascular application of anti-CXCL1 has no effect on the cQDs-induced recruitment of neutrophils.

	3.5  Inhaled NPs affect the patrolling speed of AMs
	3.5.1 PKH26 labeled AMs with high specificity
	3.5.2 NP exposure alters AM velocity
	3.5.3 NP exposure did not cause AM death
	3.5.4 PEGylation prevents QD NPs from being internalized by AMs
	3.5.5 NP-induced enhanced macrophage patrolling and rapid neutrophil recruitment are mediated by LFA-1
	3.5.6 Blocking of epithelial ICAM-1 disables AM patrolling and clearance of deposited NPs in the alveoli
	3.5.7 C5aR1 is involved in mediating NP-induced neutrophil recruitment
	3.5.8 Anti-CD44 mAbs failed to impair cQD-induced neutrophil recruitment
	3.5.9 FcγR I activation of AMs initiates rapidly neutrophil recruitment upon NPs exposure


	4. Discussion
	4.1 Real-time monitoring of NP-induced immune responses using L-IVM
	4.2 Airborne NP exposure was simulated by ventilator-assisted NPs aerosol inhalation
	4.3 Polyethylenglycolylation (PEGylation) modification inhibited NP-induced rapid recruitment of neutrophils.
	4.4 Neutrophils exhibited recruitment behavior in microvessels close to deposited cQD sites and the recruitment was not mediated by intravascular ICAM-1, LFA-1, and CXCL1.
	4.5 Following NP exposure, neutrophils were rapidly recruited into the alveoli and assisted in the clearance of NPs
	4.6 NP-induced accumulation of neutrophils in the pulmonary circulation reduces pulmonary blood flow velocity
	4.7 cQDs-exposure, as well as CNP-exposure, stimulated AM patrolling in alveoli, whereas aPEG-QDs-exposure did not
	4.8 Compared with aPEG-QDs, cQDs are more easily internalized and cleared by AMs
	4.9 NP-induced enhanced macrophage patrolling and rapid neutrophil recruitment are mediated by ICAM-1/LFA-1
	4.10 The production of ROS stimulated the rapid recruitment of neutrophils induced by NPs.
	4.11 Alveolar surfactant protein coronas formed on the surface of cQDs increased phagocytosis by AMs
	4.12 NP uptake triggers cellular degranulation and initiates neutrophil recruitment.
	4.13 Activation of alveolar macrophage CRs and FcγR I by NPs triggers neutrophil recruitment

	5. Conclusion
	6. Reference
	7. Appendix
	7.1 Laboratory equipment and consumables
	7.1.1 Laboratory equipment.

	7.2 Abbreviations
	7.3 Publications and presentations
	7.3.1 Publications
	7.3.2 Oral presentations
	7.3.3 Poster presentations


	8. Acknowledgments




