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Abstract 

Background Nanotechnology is an important and promising field that can 
lead to improved environment and human health and contribute to a better 
social and economic development. Materials in nanoscale have unique 
physiochemical properties which allow for completely new technical 
applications. Enlarged surface area and properties due to quantum physics 
are among the properties that distinguish the nanoscale. Nano safety has 
evolved as a discipline to evaluate the adverse health effects from engineered 
nanomaterials (ENMs). The prevalence of allergic diseases is increasing in 
the society. An additional issue is the influence of inherited factors on the 
health responses to ENMs. The aim of this thesis was to investigate the 
respiratory, inflammatory, and immunological effects following inhalation of 
ENMs; both sensitive and genetically susceptible individuals were used. 
Sensitive individuals refer to individuals with pre-existing respiratory 
diseases, such as allergic asthma, and genetically susceptible individuals 
refer to individuals prone to autoimmune and allergic diseases.  

Methods In vivo models of mice and rats were used. In study I the 
inflammatory and immune responses following exposure to titanium dioxide 
nanoparticles (TiO2 NPs) were investigated. The effect of when the TiO2 NP 
exposure occurs during the development of allergic airway inflammation was 
investigated in study II, with regards to respiratory, inflammatory, and 
immune responses. In study III, the influence of the genetics on the 
respiratory, inflammatory, and immune responses, following TiO2 NP 
exposure to naïve and sensitive rats was evaluated. In study IV, the 
inflammatory and immune responses of naïve mice and mice with an allergic 
airway inflammation were studied in lung fluid and lymph nodes draining 
the airways following inhalation to hematite NPs (α-Fe2O2). 

Results Exposure to TiO2 NPs induced a long-lasting lymphocytic response 
in the airways, indicating a persistent immune stimulation. The dose and 
timing of TiO2 NP exposure affected the airway response in mice with 
allergic airway disease. When the mice were exposed to particles and an 
allergen during the same period, a decline in general health was observed. By 
comparing different inbred rat strains it was demonstrated that genetically 
determined factors influence the immune and respiratory responses to TiO2 
NP exposure in both naïve and sensitive individuals. Exposure to hematite 
NPs resulted in different cellular responses: naïve mice had increased 
numbers of cells while mice with allergic airway inflammation had decreased 
cell numbers in BALF. Analogous cell responses were also observed in the 
lung draining lymph nodes. 

Conclusion Altogether, this thesis emphasises the complexity of assessing 
health risks associated with nanoparticle exposure and the importance of 
including sensitive populations when evaluating adverse health effects of 
ENMs.  
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Sammanfattning på svenska 

Att partiklar och luftföroreningar bidrar till försämrade hälsoeffekter är 

allmänt känt. Under de senaste åren har teknikutvecklingen avancerat vilket 

har gjort det möjligt att kontrollerat framställa material i en liten dimension, 

s.k. nanomaterial, där dimensionen 1 nanometer är en miljondels millimeter. 

Nanostorlekar medför att olika material besitter specifika fysiokemiska 

egenskaper jämfört med samma material i större storlekar. Detta gör 

materialen användbara för flertalet applikationer inom många 

samhällssektorer, t.ex. inom industri, jordbrukssektor, miljö och klimat, 

mat, energiförsörjning, konsumentprodukter, transportsektorn, samt hälsa 

och sjukvård. Många material framställs i stora kvantiteter och finns 

tillgängliga i produkter för allmänheten. Trots att nanomaterial idag är 

vanligt förekommande i vår vardag är det lite vi känner till om dess 

hälsoeffekter. Syftet med denna avhandling har varit att få en mer detaljerad 

förståelse av lungornas och immunsystemets påverkan efter inandning av 

nanopartiklar av titandioxid och järnoxid. En viktig del av arbetet har varit 

har varit att skapa förrståelse hur känsliga grupper i samhället påverkas av 

nanopartiklar. I detta arbete representeras speciellt känsliga individer av 

försöksdjur med inducerad allergisk luftvägsinflammation samt av djur med 

särskilt stor benägenhet att utveckla inflammatoriska sjukdomar. Dessa 

exponeringar är tänkta att efterlikna de som förekommer i arbetsmiljöer vid 

framställning av sådana nanomaterial. 

I denna avhandling har friska möss och råttor samt djur med en allergisk 

luftvägsinflammation andats in nanopartiklar av titandioxid eller järnoxid 

varefter de inflammatoriska och immunologiska svaren studerats.  

Studierna visade att kroppen har svårt att göra sig av med 

titandioxidpartiklar som hamnar i lungblåsorna. Partiklarna inducerade en 

tidig ökning av celler i lungan redan efter 1 dag, och fortfarande efter tre 

månader kunde en förhöjd ökning av inflammatoriska celler observeras i 

lungblåsorna. Histologisk analys visade att det även fanns partiklar kvar i 

lungvävnaden. De djur som har en genetisk benägenhet för autoimmun-

liknande sjukdomar utvecklade ett kraftigare immunologiskt svar efter 

partikelexponering jämfört med de djur som har medfödd benägenhet för 

allergiska sjukdommar. Djur med en allergisk luftvägsinflammation fick inga 

förvärrade andningsbesvär eller förvärrade inflammationer i lungan efter 

partikelexponering. Däremot var cellsammansättningen i lungan annorlunda 

jämfört med de allergiska djuren som inte fick partiklar. Dessutom 

påverkade tidpunkten för partikelexponeringen det inflammatoriska och 

immunologiska svaret i djuren beroende på om de ges vid 
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allergensensibilisering eller senare då redan sensibiliserade djur utsätts för 

allergenet på nytt. 

Studien av järnoxidexponeringar visade att allergiska och friska möss som 

fick partiklarna i lungorna fick helt olika inflammatoriska svar. De friska 

mössen utvecklade en inflammation i lungan och i de lymfkörtlar som 

drenerar lungorna. Däremot observerade vi färre inflammatoriska celler hos 

möss med en pågående allergisk luftvägsinflammation en dag efter 

exponering för partiklar. Minskningen kunde även noteras i både luftvägar 

och lymfkörtlar. Cellminskningen kan bero på att lungor har förhöjda nivåer 

av fria syreradikaler vid pågående inflammation samt att järnoxid kan 

generera ytterligare reactiva syreradikaler. Detta tillsammans kan leda till 

ökad oxidativ stress som i sig kan leda till celldöd.  

Studierna visade att en långvarig aktivering av immunsystemet kan uppstå 

vid lungexponering för nanopartiklar. En sådan immunaktivering skulle 

kunna leda till utveckling av immunmedierade sjukdommar. I råtta visades 

att nedärvda faktorer har betydelse för hur immunsystemet aktiveras efter 

inandning av titandioxidpartiklar. Allmäntillståndet hos allergiska möss 

försämrades efter titandioxidexponering men detta observerades inte i 

allergiska råttor. Däremot kunde en ökningav neutrofiler konstateras i möss 

och den råttstam som är benägen för autoimmuna sjukdommar. Den stora 

skillnaden mellan friska och allergiska djur vid lungexponering för 

nanopartiklar pekar på hur viktigt det är att inkludera känsliga individer vid 

hälsoriskbedömning av nanomaterial.    
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Abbrevations 

ENMs: Engineered nanomaterials 

NPs: Nanoparticles 

TiO2: Titanium dioxide 

P25: Mix of crystalline structures of TiO2 (80% anatase and 20% rutile) 

DA: Dark Aguoti 

BN: Brown Norwegian 

OVA: Ovalbumin 

BALF: Bronchoalveolar lavage fluid 

PBS: Phosphate-buffered saline 

MMAD: Mass median aerodynamic diameter 

MPPD: Multiple path particle dosimetry models 

AHR: Airway hyper-responsiveness 

RRS: Respiratory resistance  

CRS: Compliance  

G: Tissue resistance  

H: Tissue elastance  

MCh: Methacholine 
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Introduction 

Introduction to nanosize and nanotechnology 

Nanosize 

The nanometer is a unit of length, and designates one-billionth of a meter 

(10-9). The term “nano” is derived from the Greek word “nanos” which 

translates to dwarf. To give an idea of how small this unit is, it could be 

mentioned that a human hair has a width of about 80 000 nm; a size 

gradient is illustrated in figure 1.  

 

Figure 1. Transmission electron microscopy (TEM) illustrations of a human 

alveolar epithelial cell exposed to TiO2 NPs. Circles of different dimensions 

are included. Transmission electron microscopy was performed by Lenore 

Johansson. 
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The presences of nanosized particles (NPs) are not a new phenomenon. The 

origin of NPs can be divided into: 

i) Naturally occurring NPs, from natural processes such as 

volcanic eruptions, forest fires, earth eruption, water aerosols 

etc. 

ii) Anthropogenic NPs, originated from origin like combustion, 

engine exhaust, industrial processes, indoor cooking, etc.  

iii) Engineered nanomaterials.  

In this thesis, focus will be on engineered nanomaterials (ENMs)  

Nanotechnology 

The recent technology, which allows the production of structures on the 

atomic scale, is entitled nanotechnology. Materials in nanoscale carry 

unique physiochemical properties which allow for completely new 

technology applications compared to the corresponding materials on a larger 

scale. The two main different nanoscale properties include surface and 

quantum effects. The surface effect causes large area-to-mass ratio, resulting 

in potentially enhanced chemical reactivity with the surroundings, while 

quantum effects may influence e.g. mechanical, optical, electric, and 

magnetic properties 1-3.  

Nanotechnology is a very important and promising field that can lead to 

improved effects on both the environment and the human health, as well as 

contribute to a better social and economic development 4, 5. The wide use of 

ENMs in many different applications demonstrates a broad impact in society 

and that the ENMs affect many people. Despite these great benefits there is a 

concern that ENMs could have a negative impact on health and 

environment, and there is a need for toxicological evaluations of these 

materials 5. Since ENMs are of the same magnitude as many intracellular 

machineries, like proteins, enzymes etc., it is of great importance to sort out 

if they interact with biological systems 6.  

The development of nanotechnology and material science is expanding 

enormously, but only 5% of the invested resources have been dedicated to 

research to understand the ENMs effects on environmental and human 

health and thus increase the awareness regarding nanosafety issues 7. It is 

important that the environmental effects and the health effects from these 

ENMs, if any, are well characterized and known in advance, a large 

production and consuming of ENMs are available to the common man.  
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Particle characterization  

Particle characterization and its biological impact 

An important part of nanosafety is the physicochemical characterization of 

the material to be studied. It is preferable to perform the physicochemical 

characterization of the material in all surrounding matrices: in the dry state, 

in the buffer- or medium-solution, if used, and finally also in the biological 

matrices it comes in contact with e.g. lung lining fluid. The physicochemical 

properties, of the nanomaterials, that are of relevance to determine are: size 

and surface area, shape, crystal structure, chemical composition, solubility, 

agglomeration state, surface charge, surface energy, and surface coatings 3, 8. 

The important properties to consider in nanosafety are illustrated in figure 2. 

 

 
 

Figure 2. Important physicochemical properties to evaluate in nanosafety. 

NP: nanoparticle. 

A mass of small sized particles have increased surface area compared to the 

same mass of larger sized particles. An increased surface area enhances the 

possibilities for interaction with the surrounding milieu 8 and because a large 
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percentage of the atoms lies on the surface of nanomaterials, there is 

increased reactive potential 9. A consequence of increased surface reactivity 

in the nanoscale for some material is the enhanced capability to generate 

reactive oxygen species (ROS) within biological systems 5, 8. Oxidative stress 

is a result of increased levels of ROS, this could be due to surface activity of 

nanomaterial or intracellular process from phagocytic cells 5. Normally, ROS 

is a result from vital processes, such as photosynthesis, respiration, and cell 

signalling, in which superoxide (O2
-, HO2

∙), hydrogen peroxide (H2O2), and 

hydroxyl radicals (OH∙) are formed. The body has through evolution 

developed systems to rapidly take care of these reactive species, by means of 

antioxidants, such as glutathione, vitamin C and E, uric acid, and beta-

carotene, and also by means of enzymatic systems, such as superoxide 

dismutase (SOD), catalase, and peroxidases 10, 11. An excessive production of 

ROS generates an imbalance between oxidants and antioxidants that may 

harm the biological system due to interaction with vital macromolecules, 

that might affect the functions of the macromolecules 5.  

 

Nanomaterials can be produced in different shapes and forms, such as 

particles, wires, sheets, rods, fiber etc. It is well known that the fiber 

structure of asbestos induce frustrated phagocytosis of macrophages, since 

they are not able to internalize the long fiber structure. This frustrated 

phagocytosis further results in the release of oxidants and mediator signals 

to the surrounding milieu  12. Occupational exposure to asbestos over a long 

time is known to induce diseases like pulmonary fibrosis 13. The structure 

similarities of asbestos and fiber nanomaterials cause concerns for their 

possible pathological capabilities in in the long term. Additionally, the crystal 

structure of the nanomaterials has different properties that e.g. affect the 

ability of the nanomaterial to be internalized into cells. It has been shown 

that the two TiO2 crystal structures, anatase and rutile, have different 

abilities to be internalized into the cells due to the intrinsic physiochemical 

forces between their agglomerates; anatase forms soft agglomerates that are 

loosely bonded and consequently can be internalized more easily, whereas 

rutile forms harder agglomerates that do not internalize to the same extent 
14. 

The composition of the nanomaterials plays a decisive role in whether the 

material is able to dissociate in biological fluids or not. Furthermore, 

depending on the composition, the ions could exert toxicity, and can 

consequently be related to classic metal toxicity. Iron oxides, for example, 

have been shown to dissociate in an acid milieu, which is shown in lysosomes 

of cells, this further results to an intracellular release of iron ions 10, 15. Iron is 

essential for life but an excess of iron can lead to an increased free radical 

production and cytotoxicity as a consequence 16.  In contrast, TiO2 is 
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generally known to be low soluble and therefore possibility to be remained 

over long time 17.  

The surface charge and the hydrophilic/hydrophobic features of the 

nanomaterial are of relevance since the membrane of the cells consists of an 

outer surface that is anionic (negatively charged) and hydrophilic. This 

means that cationic (positively charged) materials are more attracted to the 

cell surface and enhance an internalization into the cells 18. In addition, these 

features of the particles determine which biomolecules will interact with the 

surface of the material within the biological milieu. The composition of 

biomolecules depends on a dynamic process of association and dissociation 

and that may therefore change over time depending on the surrounding 

environment. Hydrophobic materials are more attracted to hydrophobic 

sites of proteins, like blood proteins, which forms aggregates or agglomerates 
18.  

The solvent or media is known to affect the particle dispersion and the 

agglomeration state. For instance, it has been shown that TiO2  agglomerates 

to a larger degree in PBS compared to water 19. Consequently the toxic effects 

of nanoparticles vary depending on the various media used 8.  

 

Titanium dioxide and iron oxides, use and exposure 

Use of Titanium dioxide  

TiO2 nanomaterial is manufactured worldwide in large quantities due to its 

versatile functions and the low production costs. TiO2 nanomaterial has 

advantageous optical properties and therefore used in paints, as food 

additives (E171), in toothpaste, in cosmetics, and in sunscreens etc. 20. New 

types of TiO2 are also used for industrial applications like, solar energy 

devices, self-cleaning devices, advanced oxidation etc. 21. There are three 

TiO2 mineral forms; anatase, rutile, and brookite; the different mineral 

forms carry different properties and are consequently useful for different 

applications. In this study we used a mix of two mineral forms, containing 

80% anatase and 20% rutile (P25), a mix that is useful in catalytic 

technology e.g. in energy and environmental applications 22. A detailed 

description of the TiO2 NPs is given in table 2. In the material and methods 

section.    
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Use of Iron oxide  

Iron oxides are common in the environment, both in rocks and soils 23, and 

as product of anthropogenic activity in e.g. emissions from transportation 

and industry 24. Engineered iron oxide nanomaterials are used in many 

technical applications, including magnetic, electrical, catalytic, and 

biomedical applications 25. Iron oxides are present in many different crystal 

forms, such as hematite (α-Fe2O3), maghemite (-Fe2O3), and magnetite 

(Fe3O4). Magnetite and its oxidized form, magnetite are known for their 

super paramagnetic properties, which are useful in some biomedical 

applications 15. Recently, iron oxide ENMs have been reported as effective for 

use in wastewater purification and solid waste decontamination, due to their 

efficient nano-sorbents for heavy metals and organic pollutants 23, 26. These 

iron oxides are produced in large quantities and have been included on a list 

of 14 commercially important NMs, chosen by the Organization for 

Economic Cooperation and Development (OECD) to be evaluated for 

possible health effects 27. This thesis evaluates the health effects caused by 

the exposure to α-Fe2O3. A detailed description of the α-Fe2O3 NPs particle is 

given in table 2. in the material and methods section.    

Exposure to titanium dioxide and iron oxide 

The exposure of ENMs to the general public, consumers, or workers, may 

occurs through different pathways: dermal, ingestion, ocular, and inhalation. 

From an occupational standpoint, inhalation is the most probable route of 

exposure 2. The inhalation of metallic dust or other kinds of dust is known to 

have negative health effects. The type of lung disease caused by particle 

inhalation depends on the nature of the material, like material properties, in 

addition to the duration and dose of the exposure 1. High doses combined 

with long-term exposure are a potential reality in occupational settings. The 

increased prevalence of cancer and fibrosis from occupational exposure to 

asbestos and mineral wool, calls for a concern regarding the increased 

production of new ENMs with e.g. fiber-like structures 28, 29. The cancer 

discussion is beyond the scope of this thesis, in which the focus is the 

immunological responses following ENMs exposure.  

In this thesis, there is no evaluation of working conditions, such as, 

protective equipment, etc. In the investigation for the Swedish government 

that was published in oktober 2013 (“Säker utveckling! –Nationell 

handlingsplan för säker användning och hantering av nanomaterial”), it 

emerged that there is a lack of information regarding the occurrence of 

nanomaterials in occupational settings 30. This lack of information is a 

consequence of there being no specific legislation governing the occupational 

exposure to nanomaterials. In the current situation nanomaterials are 
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categorized in the same classification as chemical composition. Experiences 

of risks from chemical exposures are often noted from occupational settings 

due to the high exposures over a long period of time 30.  

There is a long history of TiO2 production in the industry and a few 

epidemiologic studies have been performed. According to NIOSH all of the 

studies have limitations and shortcomings in how they were performed.. 

Altogether, there is no clear evidence for increased cancer rate or mortality 

related to exposure of large TiO2 particles to the workers. Up to date there 

are no epidemiological data on workers in manufacturing plants dealing with 

TiO2 NPs 31. Due to different properties of TiO2 material in the nano-size it is 

of great importance to find out whether there is any risk from these nano-

sized materials. Recently, the National Institute for Occupational Safety and 

Health (NIOSH) proposed new recommendations for exposure limit to TiO2 

ENMs in occupational settings. The exposure limits were reduced to 2.4 

mg/m3 for fine TiO2 and 0.3 mg/m3 for ultrafine TiO2 (including nano-

sized), compared to the earlier limit of 15 mg/m3 based on the airborne 

fraction of total TiO2 dust, as concentrations for up to 10 hours per day 

during a 40-hour per week 32. 

 

Historically, occupational exposure to iron oxide is associated with mining 

and steel industry. Epidemiological studies point to increased prevalence of 

deaths from lung cancer 33. In occupational settings the permissible exposure 

limit for iron oxide fume is established to 10 mg/m3 averaged over an eight-

hour work shift, according to the Occupational Safety and Health Standards 

(OSHA, USA) 34. To my knowledge there are no update recommendations of 

exposure limits that consider iron oxide materials in the nano-size as it does 

for nano-sized TiO2.     

The lung physiology, particle deposition and 

particle fate 

Lung physiology 

The lung has the function of gaseous exchange, to provide the body with 

oxygen from the inhaled air and to remove carbon dioxide by the exhalation. 

With this function, the human lung becomes the largest surface area (50-100 

m2) that is in contact with the surrounding environment 35 and a total air 

volume of about 8 500 litres are in contact with cells that constitutes the 

lung surface during a steady state condition of a day. Respiratory system is 

divided into three regions that own different functions. These three regions 
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constitute of a surface with different cell subtypes specialised for different 

functions (Figure 3.).  

i) Upper respiratory tract (head) consists of nasal cavity and 

pharynx. This region has the function to adjust the inhaled air 

regarding temperature and humidity 36.   

ii) Lower respiratory tract (trachea bronchiolar region) consists of 

trachea and primary bronchioles. The main function is to 

conduct air further down in the respiratory system where the gas 

exchange are most efficient 36, 37.  

iii) Alveolar regions consist of respiratory bronchioles and alveolar 

region. A thin epithelial cell layer (0.1 μm) is separating the air 

from the blood circulation allowing an excellent function for gas 

exchange. 35, 36.  
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Particle deposition 

The particle depositions in the lung may occur by different mechanisms: 

sedimentation (gravity), inertial impaction, interception (particle-surface 

contact), diffusion, and electrostatic deposition (Figure 3.) 38. Other factors 

that also affect particle deposition is physicochemical properties of the 

particles; the size and diameter of the particle determines where to deposit 
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in the respiratory system, the mechanisms for this are based on the 

aerodynamic and thermodynamic diameter of the particle 39. Breathing 

conditions like rate, mouth or nose breathing and airway geometry are other 

factors that also affect particle deposition 37   

Particle deposition in individuals with respiratory diseases 

Particles in the nano-size range are of certain interest since it is suggested 

that nanoparticles have a higher deposition in the alveolar spaces of 

individuals with chronic inflammatory diseases, such as asthma and chronic 

obstructive pulmonary disease, compared to naïve individuals 40, 41. It is 

suggested that these differences are due to impaired clearance ability in 

these diseases, flow perturbations at sites of obstructions, and increased 

residence time of particles in the alveolar region due to non-uniform 

ventilation distribution 42, 43. 

Particle fate 

The destiny for particles in the lung relies on its physicochemical properties 

as well as the morphology and condition of the respiratory system 44, 45. 

Firstly, Nanoparticles moves by diffusion and therefore efficiently deposit in 

the entire respiratory tract 39. The particles that impact, sediment or 

intercept in the trachea bronchiolar region will stuck in the mucus lining 

fluid 36, 44, 46, 47. In the mucus the particle characteristics determine the future 

of destiny; water or lipid soluble particles will easier metabolize within the 

lining fluid whereas insoluble particles will remain longer, as for TiO2 48, 49. A 

large fraction of the deposited particles in the conducting airways will be 

efficiently cleared by mucociliary clearance up to the mouth 37, 39, 47, 48. 

Particles deposited lower in the respiratory system, at increasing number of 

airway generation, will retain longer 39. Particles that penetrate through the 

lining fluid mainly come in contact with bronchial epithelium, macrophages 

or dendritic cells, which additionally determines their fate 39. The 

macrophages internalize the foreign particles and migrate towards the 

ciliated airways for mucociliary transport or movement to interstitial tissues. 

Particle translocation to lung draining lymph nodes is possible either 

through transport by dendritic cells or as free drainage in the lymphatic 

system. Additional pathway to clearance from the lung is translocation 

across the epithelium into the blood vascular system  50.  

 

An important event that determines the fate of the particles are the 

interactions with endogenous molecules 18. At the time of particle interaction 

with biological fluids it will immediately be covered by endogenous 

biomolecules coating the particle surface and forming a biocorona.  The 

destiny for this fashion again depends on the physiochemical properties of 

the particle and the content in the surrounding environment 51-55. 
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The immunology  

The respiratory system is in contact with the exterior environment and in 

addition to the vital oxygen, harmful agents are inhaled with every breath. A 

complex mixture of millions of different particles, both inorganic substances 

like metallic particles from different natural or anthropogenic sources and 

organic substances like virus, bacteria and fungi are floating in the air. All of 

them could potentially function as an antigen 56. To fight these inhaled 

intruders the body has through millions of years established a well-

developed and inventive defence system. The defence system can be divided 

in non-specific (innate) and specific (adaptive) 57.  

The immunological functions are important and relevant endpoints to study 

since a misbalance of this system may induce pathological diseases in the 

long term 58. Interactions that induce immune suppression may cause 

reduced response to recognize pathogens and mutated cells, which in 

extreme cases may cause severe diseases such as cancer. In contrast, 

excessive immune stimulation may cause an over response leading to allergy 

or autoimmunity 9, 59. Furthermore, a significant pathology is possible with 

materials that is sustained in the body for long periods of time, with 

possibilities to induce excessive tissue damage and chronic inflammation 

within the body 57, 60.  

Innate immune system 

The innate immune system is the first line of defence and consists of soluble 

factors and cells. It functions in an unspecific manner but provides a rapid 

immune activation against foreign pathogens 57.  

The innate immune system consists of soluble factors factors that are a set of 

biomolecules with function to bind foreign agents (opsonization), which 

facilitate phagocytosis. These soluble factors include e.g. surfactant protein A 

and B, complement, apolipoprotein, acute phase proteins, long pentraxines 

factors etc. 56, 57.  

The cell types that are a part of the innate immune system can be divided 

into resident and recruited cells. The resident cells are the lung epithelial 

cells, alveolar macrophages and also to some extent dendritic cells. These 

resident cells have the ability to recruit cells under difficult circumstances. 

This recruitment of cells to a tissue is termed inflammation. The recruited 

cell types include neutrophils, eosinophils, basophils, mast cells, natural 

killer cells, and dendritic cells 56, 57.     
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Resident cells 

Lung epithelial cells are the first line of protection. They consist of different 

types that are ciliated or mucus secreting cells that constitutes the upper 

respiratory tract. By being tightly connected and by secretion of mucosa they 

function as a physical barrier and prevent intruders to penetrate. Many 

particles are stuck in the mucus and mowed towards pharynx by the ciliated 

epithelium 36, 56. Further down in the lower respiratory tract the epithelial 

cell subtypes consists of ciliated epithelial cells and Clara cells, with slow 

particle clearance 36, 37. The lung epithelial cells are equipped with receptors, 

pattern recognition receptors (PPRs) that recognize different foreign 

structures. Foreign structures like pathogen structures from microbial 

termed, pathogen-associated molecular patterns (PAMPs) or damaged 

endogenous structures, termed danger-associated molecular patterns 

(DAMPs) are interacting with the PPRs. These PRRs are further subdivided 

in different classifications; Toll-like receptors (TLRs), NOD-like receptors 

(NLRs), C-Type Lectin receptors (CLRs) and RIG-1 like receptors (RLRs) 61, 

62. This interaction between structure and receptor may initiate a cascade of 

transduction pathways that leads to production of mediators like cytokines 

and chemokines, initiating recruitment and activation of a mixture of cells 

into the lung 61. Other cell types from the innate immune system e.g. 

macrophages, dendritic cells and neutrophils also express these TLRs 63, 64.  

Alveolar macrophages are cells with the main function to phagocyte foreign 

substances as well as eliminating endogen senescent, damaged cells or 

molecules 57. They identify the substance by recognition by PPRs, as 

described above for lung epithelial cells 56. They have also capabilities to kill 

bacteria in their immediate surrounding by releasing oxidant radicals. They 

possess antigen presenting capabilities of engulfed fragments and they are 

an important cell that secrete inflammatory mediators to initiate the 

recruitment of cells 56, 57. The proportion of white blood cells in the airway 

constitutes to 95% of alveolar macrophages 56.  

 

Dendritic cells are specific for antigen presentation. They are present in 

epithelial basement membrane of the airways where they sample inhaled 

antigens. Upon antigen stimulation more dendritic cells are recruited to the 

airways by the influence of TNF-α and GM-CSF 46. During the processing of 

the antigen, and from influence of surrounding cytokines they mature, 

differentiate and migrate to lymphatic tissues, i.e lymph nodes. There, they 

present the antigen in their major histocompatibility complex (MHC), MHC 

I or MHC II complex for lymphocytes and an activation of the adaptive 

immune system is initiated 56, 65.  
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Inflammatory cells 

Neutrophils are recruited to areas following presence of IL-8 (CINC-1 in rat) 

and CXCL1 (GRO-α). Their function is to phagocyte and they engulf every 

particle that encounter, particles with organic or inorganic origin. When 

ingested it has the capability to intracellular killing and digestion. It is 

recruited quite fast to the site of alarm but has short lifetime (3-4 days) 56. 

 

Eosinophils are recruited to tissues following secretion of IL-5, eotaxin 

(CCL11), eotaxin-2 (CCL24), eotaxin-3 (CCL26), MCP-3 (CCL7), MCP-4 

(CCL-13) and RANTES (CCL5) 13.  Their main function is to take part of the 

defence against parasites in which they act by releasing toxic substances 

from their granules. They have phagocytic properties but their activity is 

mainly restricted to phagocytosis of immune complexes 56.  

 

Mast cells and basophils have similar functions and acts upon binding to IgE 

antibodies by releasing their granules. Their granules content, i.e. histamine, 

increases smooth muscle contraction and blood vessel permeability.   

 

Natural killer cells (NK cells) are a subset of lymphocytes that have receptors 

that are capable of distinguish between normal and abnormal cells. Their 

main function is to kill the abnormal cells by releasing their granules as well 

as mediate an immune-regulatory response by producing cytokines 56, 57. 

 

Type 2 innate lymphoid cell (ILC2) or nuocytes is relatively new identified 

cell type. It is thought to be an important teammate of the innate immune 

system that bridge to the adaptive immune system, and is activated upon 

allergen exposure 66. 

Adaptive immune system 

The adaptive immune system is highly specific against an antigen, it is able 

to induce memory and it has properties of diversity 57. The induction of the 

adaptive immune system is initiated by the dendritic cells that process the 

antigen and present it to T cells in a context of mediators that determine the 

direction of T cell development. Table 1.  
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Subtypes of activated T cells and their mediators 

T cell type Mediators 

Type 1 immune response 

TH1 IL-2, IL-12, IFN-, IL-18 

TH17 IL-17 

Type 2 immune response 

TH2 IL-3, IL-4, IL-5, IL-13 

TH9 IL-9 

Regulatory T cells 

Treg IL-10 

Cytotoxic T cells 

TC  IL-11, Interferons 

Table 1. Subtypes of activated T cells and their associated mediators. 

Adapted with information’s from 57, 67 

The type 1 immune response is associated with the innate immune system 

and specific to fight antibacterial and antiviral infections. It is also associated 

with delayed type hypersensitivity and autoimmunity when not regulated 

properly. The type 2 immune system is developed to fight parasitic infections 

and is also associated to allergic diseases when not regulated properly. 

Regulatory T cells have functions to suppress the type 1- and type 2- immune 

system. Cytotoxic T cells  have functions to sense and kill infected cells or 

other cells with deviant functions, like tumour cells 57.  
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Asthma pathogenesis 

Recently it has been determined that asthma is a heterogeneous disease with 

a complex interplay between cells 68-70. Atopic allergic asthma has 

traditionally been associated to TH2 lymphocytes, activation of eosinophils, 

mast cells, and basophils 69. The cardinal features for asthma are increased 

mucus production, airway hyperreactivity (AHR) and airway inflammation 
13, 66. Allergic asthma begins with sensitization to an allergen, that means an 

activation of epithelial cells leading to secretion of mediators that recruit and 

activate dendritic cells, as well as type 2 innate lymphoid cells, eosinophils 

and basophils 66. The dendritic cells, the most professionals for antigen 

presentation, process the antigen and present it to TH cells and TC cells in the 

lymph nodes. In the presence of high levels of IL-4 and low levels of IL-12, a 

TH2 type immune response is established 69. Atopic asthma involves IgE 

antibodies that are specific to the allergen. This antibody production and 

secretion comes from activated B cells. This process is initiated by an 

interaction between TH2 cells and B cells in presence of IL-4 and IL-13, 

which induce the B cells to synthesis of IgE antibodies. Eosinophils are a 

prominent cell type involved in allergic airway inflammation. Eosinophils 

maturate and recruits to the airways in the presence of IL-5 which are 

secreted by TH2 cells 68. During an exposure to the allergen, allergy-specific 

antibodies bind to both mast cells and eosinophils those results to release of 

several mediators that together create the cardinal features for asthma 

(Figure 4).    

 

Figure 4. Schematic presentation of the initiations to allergic asthma. 

Performed with inspiration from 68. 
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Health effects from particles with 

anthropogenic origin 

The fact that particles in the environment that originates from natural and 

anthropogenic sources cause negative health effects is well known. There are 

evidence for increased morbidity and mortality regarding respiratory, 

cardiology and cancer that are related to ambient particle exposure 71-73. 

Human exposure to wood smoke combustion have shown increased 

activation of antioxidants in airways from healthy individuals 74. Also airway 

inflammation has been observed in healthy subjects exposed to diesel 

exhaust 75, 76. This proofs that different ambient particle exposures affect the 

homeostasis of both enzymes regulating oxidative stress and the innate 

immune system.  

Particle exposure and respiratory diseases 

Sensitive individuals 

Subgroups in the population that are particularly vulnerable may be referred 

to as “sensitive”. An example of sensitive subgroups with pre-existing disease 

is asthma, which present it self in many forms 5, 77, 78. Subgroups of 

asthmatics are known to develop worsening symptoms during particulate 

matter exposure 1, 5, 79. Many of these sensible people may be exposed to 

particulate matter in occupational surroundings with possible aggravated 

asthmatic effect as a consequence or that particle exposure contribute to the 

development of lung diseases, like allergic asthma 80. Several studies point 

towards that air pollution might have adjuvant effect and potentiate allergen 

sensitization and asthma 71, 79. Although some chamber studies with 

asthmatic subjects point to diminished or unaffected inflammatory response 

compared to healthy subjects, following exposure to diesel exhaust 81, 82.  

An increasing part of the population tends to develop asthma 69, 83, 84. The 

reason for this increased prevalence is unknown, but theories about interplay 

between the environment and the genetics are suggested 85. This increased 

prevalence of asthma in the community increases the importance of 

including sensitive individuals when evaluating risk for nanomaterials.  
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Susceptible individuals 

Genetic variation plays a role in inflammation and antioxidant 

protection which influences the probability to develop diseases in some 

individuals 80. Individuals that are vulnerable to develop certain diseases due 

to genetic variation are in this thesis, termed “susceptible”. Inbred rat 

strains, representing individuals with different susceptibilities were 

compared, although generally not in the same experiments. Therefore, the 

different immunologic and respiratory effects observed do not formally allow 

the conclusion that genetic variation underlies the strain differences 

observed, although the results are strongly suggestive in many cases.  

Whether exposures to ENMs cause’s similar health effects as for other 

particle sources with anthropogenic origin, is a question that demands more 

studies and research. This thesis has a purpose to shed more light on this 

issue. 
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Aims of the thesis 

The overall aim of the thesis was: 

 

To study the respiratory and immunological effects following inhalation to 

TiO2 NPs or α-Fe2O3 NPs, by using experimental murine models.  

 

The specific aims were: 

Aim 1. To evaluate the immune and inflammatory response both in the 

airways and in the blood circulation in the DA rat following exposure to TiO2 

NPs. Here, induction of a long lasting immune activation, engagement of 

innate and adaptive immune system, theories regarding immune recognition 

and physicochemical properties crucial for trigger of the inflammatory 

response (study I and III). 

Aim 2. To investigate the immune activating effects of low soluble NPs TiO2 

during different stages of the development of allergic airway inflammation. 

Here effects on allergic immune responses and impaired general health 

effects (study II). 

Aim 3. To investigate the genetic influence of immune and respiratory 

responses following exposures to TiO2 NPs (study III). 

 

Aim 4. To study the immunological effects following an intratracheal 

exposure to α-Fe2O3 NPs in non-sensitized and sensitized mice. Here, the 

cellular response in BALF and lung draining lymph node, generation of 

oxidative stress, and possible explanations to the observed cellular reduction 

(study IV). 

 



 

20 



 

21 

Materials and methods  

In this thesis, different methodologies have been used to investigate the local 

immune and respiratory response in the lung and the compartmentalized 

immune system with the blood vascular pool and lung draining lymph nodes 

included. Different administration techniques, species as well as naïve and 

sensitive/susceptible individuals were included. A brief summary of the 

methodological descriptions and considerations are given here, while more 

detailed information is to be found in papers I-IV.  

Animal Species 

Rat, Study I and III 

In the first study male DA/Bkl rats (10-11 weeks old) were obtained from 

(B&K, Sollentuna, Sweden). By the time the third study was performed this 

DA rat strain was not available anymore therefore both DA/OlaHsd (8-10 

weeks old) and BN/SsNOlaHsd (6-8 weeks old) were obtained from Harlan 

Laboratories (Netherlands) 

Mice, Study II and IV 

For the studies using mice female BALB/c mice (7-8 weeks old) were 

obtained from Harlan Laboratories (Netherlands).   

Animal status: Naïve (non-sensitized) and Sensitive 

(sensitized) 

This thesis addresses the discrepancy in immunological and respiratory 

effects following particle exposure in naïve and sensitive animals. In this 

context sensitive is defined as an animal with experimentally induced 

allergic airway inflammation. The allergic airway inflammation is induced by 

Ovalbumin (OVA), an egg white protein, during a 35-day-long airway 

protocol. In short, the animals are sensitized with intraperitoneal (i.p.) 

injection of 10 μg (mice) or 100 μg (rat) OVA emulsified in Al(OH)3 and 

saline (1:3) on day 0 and 14. Animals are then challenged with aerosolized 1 

% OVA (OVA diluted in H2O) nose-only for 30 min on days 29, 32 and 34.  
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Study description 

This section will just give a short overview of the studies. More detailed study 

designs are to be found in paper I-IV, respectively. An overview of studies I-

IV is visualized in table 2. 

Study I 

This study was performed for hazard identification with one high dose 

exposure in DA rats and a time-kinetic follow up. Immunological, 

respiratory and systemically relevant endpoints were determined on 1, 2, 

8, 16, 30 and 90 days following TiO2 NPs intratracheal instillation.  

Study II 

This study was performed in naïve and sensitive mice with single or 

repeated TiO2 NPs inhalation exposure. Immunological, respiratory and 

systemically endpoints were determined on day 35.  

Study III 

This study was performed in naïve and sensitive rats with repeated TiO2 

NPs inhalation exposures. Two rat strains, the DA rat and the BN rat, 

with different inherent genetic composition were used. Naïve rats 

received 10 repeated TiO2 NPs inhalation exposures (day 1-10). 

Sensitized rats received 10 repeated TiO2 NPs inhalation exposures 

before and during the OVA challenges. Inflammatory, immunological 

and respiratory relevant endpoints were determined in BALF on day 11 

or day 81 from both naïve and sensitized rats.   

Study IV 

This study was performed for hazard identification with one high dose 

exposure of α-Fe2O3. The exposure was performed in non-sensitized and 

sensitized mice followed by a time-kinetic follow up. Inflammatory and 

immunologically endpoints were determined in both BALF and lung 

draining lymph nodes on days 1, 2 and 7.  
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 Single 
Particle exposure 

Multiple 

Particle 

exposure 

Rat 
Study I 
Naïve 
TiO2 

Study III 
Naïve/Sensitive 
TiO2 

Mice 
Study IV 
Naïve/Sensitive 
α-Fe2O3 

Study II 
Naïve/Sensitive 
TiO2 

Study II 
Naïve/Sensitive 
TiO2 

 

Table 2. Overview of species, number of exposures, particle of use and, 

naïve or sensitized.  

Particles and characterization  

A comprehensive/extensive particle characterization is very important, both 

in its dry state, in the medium used for delivery, and preferably also in the 

body matrices it comes in contact with e.g. lung lining fluid. In this project 

only the two first mentioned has been investigated. The particle 

characterization has been performed both by FOI and by other research 

groups that we collaborate with: Ångström laboratory, Uppsala, Sweden; 

Swedish University of Agricultural Science, Uppsala, Sweden, and Umeå 

University, Umeå Sweden where good facilities and equipment for particle 

characterization are established.  

Detailed descriptions of the particle of use are described in table 3.  
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 Administration of particles 

Human exposure to ENMs in occupational settings is most likely to occur 

through inhalation, but also through ingestion and dermal adsorption 86. At 

present, there are no standardized in vivo study designs for pulmonary 

toxicity of ENMs and in the current state animal models is the best system to 

predict possible adverse effects of ENMs on humans 87. Intratracheal 

instillation is an administration technique with advantages of a determinable 

dose, preferable with little access to materials. Although the drawback with 

this technique is the local administration with less distributed deposition as 

well as the obligation to use particle suspension which causes changes of the 

particle physicochemical characterization in the solvent used. Another 

disadvantage with i.t is the tendency to overdose exposure, a high dose 

within a short time (dose-rate) and bypassing the upper airway tract as well 

as high doses on local spots in the airways. This raises questions regarding 

relevance of different exposure routes in animal models for a human 

exposure situation 64.  

Intratracheal instillation together with pharyngeal- and laryngeal aspiration 

is suggested to be used for hazard identification only 87. A more preferable 

administration technique is the aerosol which mimics a human exposure 

with a more distributed exposure to the whole lung. The disadvantage with 

aerosol exposure is to determine the deposited dose.  

Particle characterization in colloid suspension and intratracheal 

instillation: Study I and IV 

In study I and IV the particles were in a PBS solution that was delivered by 

intratracheal instillation. In study I the particle agglomerate size distribution 

was determined by static light-scattering (SLS) analysis (LA950, Horiba) 

after sonication. The TiO2 size distribution was determined to be bimodal 

with one fraction of agglomerated particles ranging from 0.1-0.4 µm and the 

other between 0.5-10 µm and with a particle mean diameter of 0.2 µm and 2 

µm respectively (measured at a concentration of 1 mg/ml). In study IV the 

agglomerate size distribution was determined by photon-cross-correlation 

spectroscopy (PCCS) using a Nanophox PCCS instrument (Sympatec) after 

sonication. The α-Fe2O3 particle size distribution was determined to be 

unimodal with agglomerated particles ranging from 0.95 µm to 2 µm with 

the peak at 1.4 µm at a concentration of 0.01 mg/ml. The animals were 

anesthetized with 4% isoflurane and intratracheally instilled with 5 mg/kg 

bw for both TiO2 NPs and α-Fe2O3 NPs exposure. 
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Aerosol inhalation and characterization: Study II and III 

Animals were exposed to the wet particle aerosol for 2 h by using a nose-only 

exposure performed in a Battelle tower. The aerosol was generated with 

Collision six-jet nebulizer by compressed-air at airflow 7.4 liters/min.  

In study II and III the particles were in a PBS solution and delivered through 

an aerosol. The size of the aerosol droplets was determined by light 

scattering (Mastersizer X, Malvern instruments) at one exit port of the batell 

tower, where the animals are breathing. The aerosol size distribution was 

unimodal (negative skew) ranging from 0.5 µm (the cut off for the 

instrument) to 10 µm with a mass median aerodynamic diameter (MMAD) of 

2.12 µm was found. The agglomerated particle hydrodynamic size 

distribution within the droplet was measured by collecting the aerosol (flow 1 

l/min) in an impinger system and subsequently measured with Nanophox 

PCCS instrument. The hydrodynamic size distribution was bimodal with two 

separate intervals ranging from 100-200 nm (15% of the number fraction) 

and 1-2.5 µm (85% of the number fraction) respectively. The hydrodynamic 

mean diameters for each fraction were determined to 125 nm and 1.5 µm. 

Dose 

The intratracheal dose deliverd to the animals were: 5 mg/kg bw in study I 

and IV. In the studies performed by aerosol exposure one dose was 

determined to be 1.5-1.8 mg/kg bw in mice (18-22 g) and ~0.64-0.8 mg/kg 

bw rat (200-250 g) respectively.  

Deposition of particles from aerosol inhalation 

The particle deposition was determined experimentally in study II and III 

and also by modelling with multiple path particle dosimetry model (MPPD) 

in study III. 

Deposited amounts of TiO2 in the lungs were experimentally determined by 

ICP-SFMS for detection of titanium, performed by ALS Scandinavia AB 

(Luleå, Sweden). In study II the amount of TiO2 in the lung was determined 

both after one single exposure and following eight repeated exposures. In 

study III the measurement was done only after one single exposure.  

In study III the MPPD was used to estimate the dose fractions in different 

regions of the respiratory system of the rat during inhalation of nebulized 

TiO2 NPs colloid. The deposition fractions of the head, trachea-bronchial and 

pulmonary regions were calculated with default settings for rats in a leaning 
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forward body orientation with constant exposure and deposition only as 

selected settings. Fractions were obtained from the multiple models option 

with a size range from 0.01µm–10.0µm, to cover the measured aerosol size. 

The deposited fractions of the total aerosol in different regions were 

calculated by using the results from the MPPD software combined with 

experimentally data from the Malvern instrument.  

Endotoxin test 

To ensure that the particles TiO2 (P25) and α-Fe2O3 were free from Gram-

negative bacterial endotoxin contamination a Limulus amebocyte lysate 

(LAL) Chromogenic Endotoxin Quantification Kit (Thermo Scientific) test 

was performed of the particles. The test was implemented according to 

manufacturer’s directions.  

Sampling methods, Endpoints and Analytical methods 

An overview of which endpoints and analytical methods that has been used 

in each study is to be seen in figure 5.  

 

 

 



 

28 

Sampling methods 

Blood samples 

 
In rats, the blood samples were taken from the descending aorta on deeply 

anesthetized (lethal dose of sodium penthobarbiturate i.p) rats. In mice, 

blood was sampled through an orbital sinus venepuncture technique on 

anesthetized (isofluran) mice. Blood from both species was centrifuged and 

serum samples were stored in aliquots at -80°C until analysis of cytokines 

and chemokines, IgE and IgG antibodies andfibrinogen. 

Bronchoalveolar lavage (BAL) 

A broncho alveolar lavage was performed in order to reveal the cellular and 

inflammatory mediator content in the BAL compartment. BAL was 

performed on sacrificed animals through cannulation of trachea with Hank´s 

balanced salt solution (HBSS). The total sampling volume from rats is 25 ml; 

obtained by washing the first 2 ml apart and sampled in a tube separately 

(supernatant used for further analysis) followed by 23 ml sampling obtained 

by 4 x 5 ml + 3 ml all, sampled in a separate tube. In mice the total sampling 

volume is 4 ml; of which the first 1 ml was sampled in a tube separately and 

the following volumes 3 x 1 ml were sampled together in another tube. The 

BAL fluid was centrifuged (10 min, 4 °C at 1500 rpm). Following 

centrifugation the cell pellets from both tubes were pooled for total cell count 

using trypan blue exclusion in Bürker chamber. Cell suspensions were both 

used for differential cell counts and differentiation of lymphocytes with 

antibody staining. The supernatant from the first concentrated tube was 

distributed and stored in aliquots at -80°C until analysis of cytokines and 

chemokines, ECP and DNA ant total protein.  

Lung tissue 

 
For histological evaluations the lungs were prepared by rinsing the lung 

vascular system, the right ventricle was injected with PBS. The lung was 

inflated with phosphate-buffered 4% paraformaldehyde through airway 

infusion at constant pressure (20 cm H2O). The lungs and heart were fixed in 

buffered 4% paraformaldehyde, whereupon they were paraffin-embedded, 

sectioned and stained with either hematoxylin-eosin or Masson trichrome 

stain.  

In study III-IV the single lobe from BAL washed animals were fixed in 

buffered 4% paraformaldehyde, whereupon they were paraffin-embeded, 

sectioned and stained with hematoxylin-eosin (study III-IV) for general 

histo-pathological evaluation and Sirius red (study IV) for eosinophil count. 
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This method performed in study II-IV does not give a true picture of the lung 

histopathology since BAL wash may destroy the alveolar tissue, although it is 

possible to observe tissue remodelling in animals with airway inflammation 

as well as translocation of particles to interstitial tissues.   

 

The ECP content was measured in study IV, in which the right lung lobes 

were used for quantification of ECP. Briefly, the lungs were removed and 

frozen in liquid nitrogen wherafter it was stored at -80°C until analysis of 

ECP.  

Lung draining lymph node 

 
In study III and IV histological evaluations were performed on lung draining 

lymph nodes (mediastinal lymph nodes). The lymph nodes were placed and 

fixed in a tube containing buffered 4% paraformaldehyde, whereupon they 

were paraffin-embedded, sectioned and stained with hematoxylin-eosin.  

 

Lymphocyte cell differentiations were performed in study II-IV. The lymph 

nodes were surgically removed and pooled. They were gently meshed 

through a 100 μm cell strainer with ice cold HBSS. The cells were centrifuged 

(10 min, 4 °C at 1500 rpm) and re-suspended in PBS, thereafter they were 

stored on ice until antibody staining, and performed in the same manner as 

described for lymphocyte staining in BALF. 

Analytical methods 

Light microscopy 

To quantify immune cells in BALF and lymph nodes, differential cell counts 

of macrophages, neutrophils, eosinophils and lymphocytes were determined 

(paper I-IV)with duplicate cytospin (Shandon © cytospin 3 cyto-centrifuge, 

Runcorn, UK) preparations of 30 000 cells stained with May-Grünwald-

Giemsa reagent (Sigma-Aldrich, X). Pulmonary cells were counted in blinded 

fashion based on morphologic criteria counting 300 cells on each slide. Cell 

differentiation was determined by cell morphology with light microscopy.  

 

Lung histology was performed to evaluate presence of particles presence and 

pathological changes in lung tissue (paper I and II-IV). In paper IV the 

number of eosinophils was counted in mice (n=3) with airway inflammation 

one day after α-Fe2O3 or PBS exposure in order to determine if eosinophils 

had translocated to lung tissues. Nine representative squares around the 

bronchus were selected for eosinophil counting. Three blood vessels from 

each group were selected and the number of eosinophils was calculated per 
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area of condensed cells around blood vessels (number of eosinophils/mm2 

tissue area). The mean number of eosinophils was compared between α-

Fe2O3 or PBS instilled groups.  

Lymphocyte differentiation from BAL and Lymph nodes (Flow cytometry) 

In rats antibody staining was performed on in 96-well plates with 2.5 x 105 

cells/sample. (note: BAL specimens containing a lower number of cells were 

pooled). The monoclonal antibodies used were CD3-FITC, CD3-PE, αβ-TCR-

PerCP, γδ-TCR-FITC, CD45RA-PE, NKR-P1A-PE, CD8a-PerCP, CD4-PE-

Cy5, CD25-PE, IgG1-FITC, OX-62, and OX-6-PerCP, and isotype controls. 

Non-specific binding was blocked by incubation with anti-rat CD32 (FcγII-

receptor) prior to specific staining, except when dendritic cells were 

investigated. T-Cells were defined as CD3+, B-cells were defined as CD3- 

CD45RA+, and NK cells as CD3- NKR-P1A+. Dendritic cells were identified as 

CD3- CD45RA- OX-62+ OX-6+ as previously described by 88. Flow cytometry 

was performed using a BD FACSortTM according to standard procedure and 

analysed with BD FACSDiva Software. 

In mice antibody staining was performed on in 96-well plates with 2.0 x 105 

cells/sample. (note: BAL specimens containing a lower number of cells were 

pooled). Cells were pre-incubated with FcR blocking Ab (ant-CD16/CD32; 

clone 2.4G2) to reduce nonspecific binding. The mAbs used to identify 

subtypes of T cells were: CD3-FITC (clone 17A2), CD4-PE (clone H129.19) 

and CD8a-PE-Cy5 (clone 53-6.7). For NK-cell identification NK1.1-PE (clone 

PK136) was used. NK- and NKT cells are identified as CD3- and NK1.1+ or 

CD3+ and NK1.1+ respectively. For B cell identification CD45R/B220- PE-Cy5 

(clone RA3-6B2) was used. B cells are defined as CD3- and CD45R/B220+. 

Isotype matched antibodies were used as a negative control.  
 

Cytokine and chemokine determination in BALF and serum by Bio-Plex 

All cytokine analyses were performed with multiplex kits from Bio-Rad.  The 

analysis were performed according to the manufacturer's instructions and 

analysed on a Bio-Plex system (Luminex Bio-Plex 200 System (Bio-Rad, 

Hercules, CA).  

In study I, nine rat cytokines were measured in serum and cell-free BALF: 

interleukin (IL)-1α, IL-1, IL-2, IL-4, IL-6, IL-10, granulocyte-macrophage 

colony-stimulating factor (GM-CSF/CSF2), interferon-gamma (IFN-) and 

tumour necrosis factor-alpha (TNF-α). The cytokine levels were measured 

using Rat 9-Plex A Panel; Bio-Rad.  
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In study III, 23 rat inflammatory mediators were measured in BALF and 

serum: interleukin (IL)-1α, IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-

12(p70), IL-13, IL-17, IL-18, EPO, CSF1 (M-CSF), CSF2 (GM-CSF), CSF3 (G-

CSF), GRO, IFN-, CCL3 (MIP-1α), CCL20 (MIP-3α), CCL5 (RANTES), TNF-

α and VEGF (Bio-Plex Pro Rat Cytokine 23-plex panel). 

 
In study II, 23 mouse inflammatory mediators were measured in BALF and 

serum: interleukin (IL)-1α, IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-

12A, IL-12B, IL-13, IL-17, CSF3 (G-CSF), CSF2 (GM-CSF), IFN-γ, CXCL1, 

CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1), CCL11 (eotaxin-1), CCL5 

(RANTES) and TNF-α (Bio-PlexTM Pro Mouse Cytokine 23-plex panel). 

Enzyme-Linked Immunosorbent Assay (ELISA) Analysis 
 

All ELISA were analysed by using an ELISA reader (Thermo Scientific 

Mutilskan FC, Thermo Fischer Scientific Oy, Vantaa, Finland). Analysis of 

ELISA data was performed using the software program for the ELISA reader 

(SkanIt for Multiskan FC 3.1. Inc.). 

Cytokines and chemokines: Additional cytokines and chemokines were 

analysed in BALF and serum using commercially available ELISA kits (R&D 

diagnostics) according to manufacturer’s instructions. In rats (study I) the 

cytokine-induced neutrophil chemo-attractant (CINC-1) a homolog to 

human IL-8 and vascular endothelial growth factor (VEGF) were analysed in 

both BALF and serum. In mice (study IV) the cytokines IL-1, IL-6 and TNF- 

α were analysed in BALF.   

Antibody determination in serum: In study III, rat antibodies of total IgE 

(clone B41-1), OVA specific- IgE (clone B41-3) and OVA specific IgG (goat 

anti rat IgG H/L) were determined in serum. Serum was diluted 1:4 for both 

IgE antibodies and 1:60 000 for the IgG antibody. For detailed description 

see study III. In study II and IV, mice antibodies of OVA specific IgE (clone 

R35-72) and IgG1 (goat anti mice IgG1 H/L) were determined. The serum 

samples were diluted 1:2 for OVA specific IgE and 1:1000 for OVA specific 

IgG. A detailed description is to be fined in paper II and IV.  

Eosinophilic Cathionic Protein (ECP) determination in lung tissue and 

BALF: In study IV, the level of ECP was determined in both BALF and lung 

tissue homogenate from allergic mice (OVA) on day 1, by using an ELISA kit 

(myBioSource). At the time of analyse the lungs were briefly rinsed in PBS. 

The lungs were placed between two plastic laminate sides and located in the 

freezer until frozen. The frozen lung was crushed with a piston in order to get 
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smaller pieces. The lung tissue pieces were weight and an equal volume of 

ice-cold HBSS (100 mg tissue / 1 ml HBSS) was added to a medicon 35 µm 

(non-sterile) and homogenized for four minutes. The tissue suspension was 

removed with a syringe and restored frozen. In order to lyse the cells the 

samples were thawed on ice and frozen for two times. The samples were 

centrifuged 5000 x g for 5 minutes at 4°C. The supernatant from both BALF 

and tissue suspensions were used for further analysis with the ELISA. The 

analysis was performed according to the manufactures instructions except 

for the solution of the standard where we chose the same solution media as 

the samples; HBSS instead of the suggested solution from the manufacture.  

DNA and protein determination in BALF with nanodrop 

Measurement with NanoDrop® (ND-1000 spectrophotometer, Saveen 

Werner, Sweden) was used to determine whether there were increased levels 

of freely dispersed DNA or proteins from dead cells in BALF. The DNA 

content was measured at λ 230 nm and the protein content at λ 280 nm.  

BALF from all groups of healthy and sensitized mice, exposed to either PBA 

or α-Fe2O3 were analysed.  

Lung physiology 

AHR is one the cardinal feature of asthma and an important endpoint to 

styudy. An animal ventilator (flexivent, SCIREQ) was used to determine the 

lung physiology in rats and mice. 

Mice (study II) and Rat (study III) 
Preparation of animal. On the day of analysis lung resistance and compliance 

was measured following exposure to methacholine (Mch). The animals were 

anesthetized with pentobarbital sodium and tracheostomized with a 18-

gauge (mice) or 15-gauge (rat) cannula and mechanically ventilated at a 

frequency of 3 Hz =180 breath/min (mice) or 1.5 Hz =90 breath/min (rat) 

and a tidal volume (VT) of 12 ml/kg bw (mice) or 10 (rat) ml/kg bw. To 

exclude the animals intrinsic respiratory the animals were paralyzed with 

pancuronium (0.1 mg/kg, i.p). A positive end-expiratory pressure of 3 

cmH2O was applied. A warming pad prevented cooling of the animal. In 

order to establish stable baseline respiratory mechanics and to ensure a 

similar volume history before the experiments four sigh maneuvers at 3 x VT 

were performed at the beginning of the experiment. The animals were then 

allowed a 2-min resting period before the experiment began.  

 

Measurement of animal lung physiology. Dynamic respiratory physiology 

were measured by applying a sinusoidal standardized breath and the 
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resulting data were analysed using the single compartment model and 

multiple linear regression, to give respiratory resistance (RRS) and 

compliance (CRS). More thorough evaluations of respiratory physiology of the 

peripheral lung were made using forced oscillation technique (FOT). During 

the forced oscillatory maneuver, the ventilator piston delivers 13 

superimposed sinusoidal frequencies, ranging from 1.0 to 20.5 Hz, during 2 s 

(Quick-Prime 2, impedance (Zrs). The primary parameters obtained are 

tissue resistance (G) and tissue elastance (H).  

 

Methacholine challenge. All parameters were measured continuously and the 

maximum response to a given concentration of MCh was determined. MCh 

was diluted in saline and a volume of 20 l was given over 10 sec with an 

aerosol, with a volume diameter between four and six μm (Aeroneb™, 

SCIREQ). In mice incremental doses of MCh (25-70 mg/ml) were given at 5-

min intervals and each solution was aerosolized without any interference 

with the ventilation pattern. Between each dose of saline and MCh, RRS was 

allowed to return to the baseline level before the next MCh dose was 

administered. In rats all parameters were measured continuously and the 

maximum response to a given concentration of 5 mg/ml MCh was 

determined. The MCh dose was aerosolized without any interference with 

the ventilation pattern. 

Statistical analysis 

 

All statistical calculations were performed using GraphPad Prism 4, 5 or 6 

(GraphPad Software, Inc., San Diego, CA). The results are presented as 

standard error of mean (SEM) or standard deviation (SD) in study I and III 

and SEM in study II and IV. Students’s unpaired t-test was used when two 

groups were compared. When more than two groups were compared with a 

control group or selected group (study III) one-way ANOVA combined with 

Dunnet´s post hoc test was used. In study I, the statistical comparisons of 

cytokines was measured with Kruskal–Wallis test with Dunn’s post-test 

(twotailed). In study II, the statistical comparisons of lung physiology was 

assesses by parametric methods using a two-way analysis of variance 

(ANOVA), followed by a Bonferroni post hoc test. Statistical results with p<0.05 

are considered significant. 

In the following results and discussion of this thesis some new statistical 

comparisons were carried out. Students’s unpaired t-test was used when two 

groups were compared. When more than two groups were compared with a 

control group or selected group (study III) one-way ANOVA combined with 

Dunnet´s post hoc test was used. Statistical results with p<0.05 are considered 

significant. 
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Results and Discussion 

The sections summarize the conclusions from study I-IV by the author of this 

thesis and are not necessarily the conclusions of the co-authors of the 

published papers. 

The increased production and release of nanomaterials in public 

environments raise concerns about possible negative health effects. 

Immunological responses are important and relevant endpoints to study 

since an imbalance of the immune system may induce pathological diseases 

in the long term 58. Interactions that cause immune suppression may result 

in reduced response to recognized pathogens and to mutated cells, which in 

extreme cases may cause severe diseases such as cancer. In contrast, 

excessive immune stimulation may cause overreactivity to foreign- or self-

antigens potentially contributing to allergic- or autoimmune diseases 9, 59. 

The particles studied in this thesis are common and produced in high 

quantities. The Organization for Economic Cooperation and Development 

(OECD) has included both titanium dioxide and iron oxide as important NPs 

to be evaluated for possible health effects 27. TiO2 particles are generally 

considered to be poorly soluble with low-toxicity, and they have been used as 

negative control in many studies 17, 20, 48, 89. However, new properties appear 

in the nanoscale, in which TiO2 in the crystalline forms of anatase and rutile 

have photocatalytic properties with the potential to generate cell toxic 

reactive oxygen species 14. Iron oxide NPs exhibit different intrinsic 

properties than TiO2 nanoparticles and are more soluble in biological fluids, 

but share the ability to generate ROS, although with different molecular 

mechanisms. Iron oxide is a common metal oxide that occurs naturally, as a 

combustion residue from anthropogenic activity, and more recently also as 

an engineered produced nanomaterial.  

In this thesis, in vivo models have been used to study the respiratory and 

immune responses following inhalation to TiO2 and α-Fe2O3, with primary 

size in the nanoscale. An important issue has been to include animals with 

induced allergic airway inflammation (sensitive individuals) and strains 

genetically predisposed to develop certain diseases (susceptible individuals). 

This approach is supposed to reflect the heterogeneity in a public population, 

addressing the possible deviations of sensitive or susceptible individuals in 

the respons to nanoparticle exposure. The advantage of using animal studies, 

when compared to in vitro studies, is the greater understanding of the 

nature of cell communication between several cell types during e.g. an 

inflammation. The main disadvantages of animal studies are the 

physiological differences between humans and rodents e.g. the branching of 
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the respiratory three, the cell composition in the airways, the lung clearance 

efficiency, etc. Therefore, the results from animal models can not completely 

be transferred to the corresponding human diseases, although it is possible 

to gain mechanistic understanding by using animal models. It is, thus, 

important to bear in mind that comparison between humans and rodents are 

difficult to make.  

The following text will summarize results from studies I-IV and also discuss 

some findings that not have been described in the publications and 

manuscripts. 

Adressing aim 1  

The first aim of the thesis was to evaluate the immune and inflammatory 

response, both in airways and in blood circulation following exposure to TiO2 

NPs in the DA rat, a rat strain susceptible to autoimmune diseases (study I 

and III).  

Long lasting immune activation 

The most important finding was that TiO2 NPs induce a long-lasting immune 

activation in the DA rat. Both the innate immunity and the specific immunity 

are activated, as indicated by a higher content of neutrophils and 

lymphocytes in the BALF. This prolonged cell response is confirmed in study 

III, in which the levels of both neutrophils and lymphocytes are elevated in 

the BALF of DA rats, 70 days after the last of 10 TiO2 NPs inhalation 

exposures over 10 days. Sager and colleagues also report an increased level 

of neutrophils  in the BALF, 42 days following a high intratracheal dose of 

TiO2 NPs (P25) in the Fischer rat 90. In contrast, Warheit and colleagues 

showed that a similar dose of TiO2 NPs (P25) given intratracheally did not 

increase the neutrophil levels at 3 month after the exposure, this might be 

due to the rat strain of use: Crl:CD® 89.  

The immunological responses in the lung are partly determined by factors 

such as particle deposition and pulmonary retention 50, 64. Based on the 

results from study I and III we discuss some possible elimination processes 

of TiO2 NPs. Particle clearance from the alveolar space can occur through 

different physical clearance mechanisms: mucociliatory escalator, 

phagocytosis of macrophages, and translocation to interstitial tissue, lymph 

nodes, and blood. Clearance by chemical reaction is also a possibility for 

some nanoparticles, depending on the chemical composition of the material 
36, 91.  
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Particles deposited in the upper airways, have a short retention time, and are 

cleared by the mucociliary escalator. When particles interact with mucus 

they are efficiently moved upward and transported up to the mouth, after 

which they are coughed up or swallowed; this is especially prominent for 

particles of sizes above 2.5 µm. A clearance of 25%, of the deposited TiO2 

NPs was observed in mice, in study II. Although the clearance by the 

mucociliary escalator was not measured in study I or III we believe that it is 

similar for rats. Smaller particles, which reach the alveolar regions of the 

lungs have a longer retention time and are mostly cleared by macrophages 36, 

64, 92.There are species differences of particle retention time in the alveolar 

region, that is 10 times longer for humans than for rats 41. Results from study 

I points toward a destruction of macrophages by particle overload, as seen 

histologically by ruptured macrophages. Overload of macrophages is induced 

when the internal volume of particles is greater than 60% 93. Low soluble 

particles like TiO2 NPs, deposited in the alveolar region, have a possibility for 

bioaccumulation and retention in the lungs for a long period of time. This 

long retention enhances the probability for inflammatory conditions that in 

the long term may induce pulmonary diseases 91, 92. By time, a clearance 

through interstitial translocation was observed; this process was visualized 

histologically in lung tissue, 80-90 days following TiO2 NP exposure (study I 

and III). The observation of particle translocation to interstitial tissue is in 

agreement with data by Sager and colleagues 90. Alternative pathways for 

physical clearance are endocytosis by lung epithelial cells, drainage to 

lymphoid tissues, and uptake to the blood stream 64. We observed particles 

in the lymph nodes following repeated inhalation exposure to TiO2 NPs, an 

observation consistent with reports by Ma-Hock and colleagues, who also 

observed an accumulation of TiO2 NPs in the lung draining lymph nodes 

following inhalation exposure to the Wistar rat 94. We believe this is an active 

process by migration of antigen presenting cells (APCs) containing TiO2 NP 

complexes, rather than a passive translocation of TiO2 NPs. Choi and 

colleagues have previously shown that particles with a zwitterionic, polar, or 

anionic surface and with a radius smaller than 34 nm, rapidly can 

translocate to the lung draining lymph node by drainage in the lymphatic 

system 95. In our studies the TiO2 NPs are agglomerated to larger complexes. 

The forces between particles in an agglomerate can either be soft or hard; the 

forces between the particles in anatase and rutile have been described as soft 

and hard, respectively, by Andersson and colleagues 14. This implicates that 

they will be more or less susceptible to deagglomerate depending on the 

forces from other biomolecules present in the surrounding. However the 

appearance of monodisperse particles in a biological environment is unlikely 

without functionalization of the particle surface 96, therefore we believe that 

APC translocation is considered as a more likely pathway.  
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In the following section I will discuss some possible explanations for the 

long-lasting immune activation. 

 

i) Activation of persistent immune responses. When the 

TiO2 NP suspension is introduced into the lung environment the 

particle agglomerates immediately become coated with 

endogenous biomolecules (e.g. proteins and lipids) that are 

present in the lung lining fluid. What type of biomolecules that 

will interact with the particle, depends on the intrinsic chemical 

properties of the particles in the medium, e.g. surface charge, 

and hydrophobicity/hydrophilicity and on the physical 

properties, e.g. the particle size, shape and surface area 18, 51. The 

interaction of nanoparticles with biomolecules is a dynamic 

process that will changes over time depending on the 

surrounding milieu 97. Due to this, it is possible that the 

interaction with nanoparticles might induce conformational 

changes of the endogenous biomolecules, resulting in new 

epitopes, which in turn might be recognized by the adaptive 

immune system as foreign epitopes 51, 57, 98. When dendritic cells 

recognize this particle-biomolecule complex they migrate to 

lymph nodes and initiate a lymphocyte response, provided that 

the right setting of immune activating mediators is present.  

 

ii) Genetic influence. Another factor that may influence the 

length of immune activation is the inherent properties of certain 

rat strains, e.g. the DA rat is prone to chronic inflammatory 

diseases 99, 100. It is shown that the DA rat harbours a variant of 

the C-type lectin receptors that determine the development of 

chronic inflammatory joint disease induced by adjuvants 101. 

These receptors are implicated in antigen recognition, cellular 

adhesion, signal transduction, and T cell costimulation and are 

expressed on dendritic cells, neutrophils, macrophages and B 

cells 102, 103. 

iii) Particle effects. Low soluble particles, like TiO2, which deposit 

in the alveolar region, may remain in the lung over time. It is 

possible that new properties of particles in the nano-size 

repeatedly activate mediators that recruit cells from both the 

innate and adaptive immune system during long period of time. 
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Additional studies are needed to determine which factor is the dominating 

contributor to long-term activation of the immune system, and if such a 

long-lasting activation of the immune system may lead to diseases. 

Engagement of innate and adaptive immune system  

In the investigation of the immune response following inhalation to TiO2 

NPs we also found pathways for the engagement of the innate and of the 

adaptive immune system. By analysing the cytokine profile we observed an 

increase of pro-inflammatory cytokines 1-2 days after exposure to TiO2 NPs, 

as indicated by a large increase of IL-1 and CINC-1 (human IL-8 homolog) 

in the BALF. The massive increase of cytokine IL-1 is an important 

mediator of inflammation and engages the innate immunity 57, which agrees 

with our observation of increased neutrophils in the alveolar space from day 

1 following TiO2 NP instillation. The increased level of IL-1 implies a 

previous activation of the NLRP3 inflammasome; this multi-protein complex 

can be activated both by pathogen structures and by different intrinsic 

signals 104. There is also proof of activation in vitro by inorganic materials 

such as TiO2 NPs 104. An increase of IL-1 may cause severe tissue damage 

when expressed a high level, for a long time, in the wrong place 57. An 

extended presence of IL-1 can induce tissue damage and diseases like 

rheumatoid arthritis and Bowel disease 97. In study I, the time kinetic 

investigation of IL-1 showed decreased levels on day 90 following 

instillation, indicating that the induction of the pro-inflammatory cytokine 

had diminished. These results are consistent with research on increased 

levels of IL-1, although, Sager and colleauges observed increased levels of 

IL-1 up to 42 days following an intratracheal instillation of ultrafine TiO2 90. 

Expression of IL-1 following exposure to nano-sized TiO2 (P25) has been 

shown to occur in vitro in  normal human bronchial epithelial (NHBE) cells 

and bronchial epithelial cells (BEAS-2B), but not in alveolar epithelial cells 

(A549) 105 or in rat alveolar macrophages (NR8383) 106. According to these 

studies it indicates that it is the bronchial epithelial cells that are the main 

source to the secretion of mediators. 

Along with the increase of IL-1β we observed an increase of CINC-1, which 

additionally promotes the recruitment of neutrophils to the airways (study 

I). An increase of the pro-inflammatory cytokines IL-1α, IL-6, and to some 

extent also GM-CSF was also observed. From in vitro studies on human 

bronchial and alveolar cell lines it is known that IL-8 (the human homologue 

to CINC-1), IL-1 and IL-6 are expressed following exposure to TiO2 NPs 

implicating that the lung epithelium contribute to the inflammatory 

responses 107, 108. 
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The dendritic cells and the type 2 innate lymphoid cells are links between 

innate and adaptive immune responses 66. Immature dendritic cells are 

mainly distributed in the alveolar region; they are poor stimulators of T cells 

but have high capacity to encapsulate and process antigens 109. By molecular 

signals from pathogens and cells in the surrounding area the dendritic cells 

undergo maturation to activated APCs with ability to migrate to lymphoid 

tissues and present antigens to T cells 109. In study I, we observed an 

expansion of dendritic cells in the BALF from day 2 with a peak response on 

days 8-16. An activation of dendritic cells was also supported by data from 

study III showing an increase of mediators in the BALF with the function to 

recruit dendritic cells from the blood circulation: GM-CSF (CSF-2), MIP-1α 

(CCL3), RANTES (CCL5) and MIP-3α (CCL20). The cytokines produced in 

the inflammatory environment determine the nature of the adaptive immune 

response 65. Data from study III implicates a dominant TH1 immune 

response with the presence of IL-12, IFN-, IL-7, and IL-18. In a recently 

published study a new interesting function of IL-7 were described, i.e. it was 

shown that IL-7 promotes the activation of IFN-γ producing T cells, which in 

turn recruit macrophages 110. This function is consistent with our findings of 

increased levels of both IL-7 and macrophages in the BALF (study III). Jin 

and Yu also suggest a link between IL-7 and the development of an 

autoimmune-like disorder in mice 111. These results are consistent with what 

is known about the DA rat, since it is a strain susceptible to develop 

autoimmune disorders 112, 113. Even in humans, IL-7 has been suggested as a 

plausible co-actor in the pathogenesis of autoimmune disorders, and the 

cytokine is now being considered a target for treatment of autoimmune 

diseases 114. 

In study I the increased levels of mediators in blood circulation points to a 

systemic activation at day 1 and day 2, following exposure to TiO2 NPs. These 

increases of mediators indicate an activation of the immune system where 

the nature of the adaptive response points to different plausible possibilities 

of TH cell subtypes. The presence of IFN-, IL-4, and IL-10 allows 

development of TH1, TH2, and Treg respectively. This observation may reflect 

a normal homeostasis of the immune system and is not unusual in the 

beginning of an immune response. This different mediator presence further 

emphasizes the importance of following the cytokine signature over time in 

order to understand the immune response 57.  

What does the cell recognize? 

With the observations described above it is interesting to consider what 

initiates the innate and the adaptive immune response? In particular, do the 
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lymphocytes involved in adaptive immune responses recognize specific 

antigenic epitopes? The naked particles would probably not be such 

antigenic epitope since the particles would be coated with endogenous 

biomolecules immediately upon introduction to the biological environment 

of the lung. A hapten-carrier type of immune activation induced by particles 

in complex with biomolecules would thus be more likely.  

It is well established that several mediators induced by nanoparticle 

exposure are an effect of the activation of the transcription factor NF-κB. In 

the innate immune activation, the translocation of NF-κB into the cell 

nucleus is preceded by recognition and activation of pattern recognition 

receptors (PRRs) which are present on e.g. lung epithelial cells, 

macrophages, and dendritic cells of the innate immune system 64. One 

category of PRRs is the Toll-like receptors, recognizing a variety of molecules 

derived from pathogens, termed pathogen-associated molecular patterns 

(PAMPs) 64. The Toll-like receptors TLR2 and TLR4 are known to be 

activated upon exposure to peptideoglycans and endotoxins from bacteria, 

but may also be activated by the complex mixture of air pollution. Although, 

in many cases when air pollution trigger the activation of TLRs, it is thought 

to be due to microbial matters on the particles 64. In addition, the activation 

of TLRs has also been suggested to be due to modified endogenous 

molecules, termed danger-associated molecular patterns (DAMPs). DAMPs 

may be oxidized phospholipids, hyaluronan fragments, heat shock proteins 

(HSP) etc. and they are a result from tissue injury caused by oxidative stress 

for example 64. Recently Taniguchi and colleagues have published data on 

TiO2 NPs cell incorporation and inflammatory induction through TLR4 

engagement in vitro 115, 116. They showed that the uptake of TiO2 was 

independent of LPS-binding protein (LBP) and of CD 14, which are both 

acquired for microbe cellular uptake. Additionally, they showed that TiO2 

particles can be incorporated into cells by endocytosis when TLR4 is blocked 
115. Based on their results, it indicates that TiO2 NPs has a capacity for 

activation of TLR4. Taniguchi and colleagues did not, however, consider the 

impact of biomolecules interacting with the surface of the TiO2 particles, 

which is most likely formed in the cell media. Nor did they discuss the 

possibility for an activation of TLR4 by DAMPs. In our studies the LAL tests 

for endotoxins were negative for all NP preparations excluding the activation 

from contaminating endotoxin, although it was not possible to exclude 

activation by other microbial products.  

Additional factor leading to modifications of endogenous biomolecules is the 

catalytic properties of nanoparticles. It is previously shown that TiO2 NPs 

(P25) induce intracellular ROS in human epithelial cells 105. This introduces 

the possibility that ROS, produced by epithelial cells, are the initiators of 



 

42 

modifying endogenous molecules which activate the TLR4 receptors on 

adjacent cells. For instance, it is known that pulmonary surfactant, 

constituting up to 90% of phospholipids undergo lipid peroxidation during 

tissue damage, which generates oxidized phospholipids 64.  

There are indications that PAMPs and DAMPs initiate different transduction 

pathways in alveolar macrophages resulting in different profiles of cytokine 

and chemokine secretion 64. In a study by Talor et al. it was shown that 

DAMPs induce greater productions of GCS-F (CSF-3), GM-CSF (CSF-2), and 

IL-1α than PAMPs do 117. Interestingly, in study III we found an increase of 

these three mediators in the BALF of the DA rats following exposure to TiO2 

NPs. This cytokine and chemokine profile may indicates that danger-

associated endogenous epitopes have developed as a consequence of the 

inhalation of TiO2 NPs, although the intracellular signalling upon the DAMP- 

and TLR interaction is still relatively unexplored, and more research needs 

to confirm these mechanisms.   

Association of physicochemical properties of the particles and 

activation of inflammatory responses 

Previous studies have confirmed that physicochemical characteristics of TiO2 

NPs such as particle size 108, surface area 118, 119, hydrophilic/hydrophobic 119, 

crystalline structure 89, and particle charge (zeta potential) 50, all are 

determinants in the magnitude of an inflammation. The particles used in our 

studies were in the size range of 100 nm – 2.5 μm (i.e. the particles were 

agglomerated), they were hydrophilic, had - 24 in zeta potential, and were a 

crystalline mixed structure of anatase and rutile.   

In the study by Singh and colleagues, the magnitude of the inflammatory 

response (neutrophils) was compared between aggregates and agglomerates 

of fine and ultrafine TiO2 particles. Their results indicate a clear correlation 

between surface area and inflammatory response 108. Such correlation was 

confirmed in a rat study by Sager et al., they showed that surface area, rather 

than mass, is the appropriate dose metric for low toxicity and low solubility 

material, such as TiO2 118. Similar results were reported in a rat study by 

Höhr and colleagues, in which they furthermore suggested that hydrophobic 

modification of the surface of the TiO2 particles by methylation induces a 

lower inflammatory response compared to the untreated hydrophilic TiO2 

surface 119. The chemical reactivity was higher for the P25, containing a mix 

of anatase and rutile, compared to the pure rutile crystalline phase, 

indicating that the high photocatalytic activity of P25 might lead to more 

aggressive responses, possibly due to a pronounced generation of highly 

reactive oxygen radicals 89. It has also been shown that positively charged 
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particles induce a stronger inflammatory response than negatively charged 

particles 50, possible due to  more efficient uptake of positively charged 

particles by dendritic cells and macrophages 57. Despite the impact of 

positive charge, it is evident from our data that also negatively charged TiO2 

particles trigger a pro-inflammatory response; however, it should be noted 

that high doses were used in the study 1. 

Adressing aim 2  

The aim of the second study of this thesis was to investigate the 

immunological effects of exposure to low soluble NPs (TiO2) during different 

stages of the development of allergic airway inflammation in mice. An 

inclusion of sensitive individuals, as exemplified with animals with 

experimentally induced airway inflammation has been an important 

question in this thesis, in order to investigate their responses, compared to 

healthy, following exposure to nanoparticles. The mice model of OVA-

induced airway inflammation, was used to evaluate how repeated exposures 

to aerosolized TiO2 NPs affect the inflammatory and immunological 

responses depending on when the mice are exposed to aerosolized TiO2 NPs 

(figure 6): i) during the sensitization period (Gr. 1), ii) after the sensitization 

period; before the OVA challenge (this will not be discussed here) and iii) 

after the sensitization period; before and during the OVA challenge (Gr. 3). 

 

Figure 6. Schematic illustration of the OVA schedule and timing of TiO2 NPs 

aerosol exposure time periods in the OVA mouse model. 
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TiO2 NP exposure during the sensitization period (gr. 1) 

Antibodies in serum (gr. 1) 

One of the most important findings in this experiment is that mice exposed 

to aerosols of TiO2 NPs during the period of intraperitoneal sensitization had 

decreased levels of the OVA-specific antibodies IgE and IgG1 in serum, 

compared to the sensitized OVA group not exposed to TiO2 NPs, (Study II; 

figure 7). This indicates that the mechanisms for the induction of antibody 

production were counteracted by the lung exposure to TiO2 NPs. This agrees 

with the results from Rossi and colleagues who also demonstrate lower levels 

of OVA-specific IgE antibodies in serum upon exposure of mice to TiO2 NPs; 

however, they were using a different exposure schedule than the one we used 
120. In contrast to our findings, Larsen and colleagues have shown that TiO2 

NPs have an adjuvant effect when injected intraperitoneally together with 

the allergen; the levels of IgE and IgG1 were increased in serum and there 

was an expansion of neutrophils, eosinophils and lymphocytes in the BALF 
121. The different results might be due to differences between the studies in 

the administration of the TiO2 particles. It is possible that nanoparticles 

together with allergens (proteins) form a complex that become antigenic, 

through a hapten-carrier function 122. The highest concentration of TiO2, in 

Larsen’s study, caused a similar adjuvant effect as the Alum adjuvant used 

for immunization against the allergen 121. It is important to increase the 

knowledge of how NPs and allergens interact since this could result in 

measures being taken towards work place safety.  
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Figure 7. Results of analysis of antibodies in serum. The non-sensitized and 

sensitized OVA groups were compared to the sensitized TiO2/OVA group 

(gr. 1). 
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Theories of the loss of OVA-specific IgE production (gr. 1) 

It is interesting that the antibody response to the OVA allergen is diminished 

when the inhalation of TiO2 NPs is performed during the period of allergic 

sensitization, although the exposure routes of the allergen and the TiO2 NPs 

are different. This implicates that the response to the TiO2 aerosol exposures 

disturbs the development of the systemic TH2-mediated immune response 

required for the allergic sensitization.  

Results from study II showed that at the time of the TiO2 exposures 

occurring during the period of sensitization, the mice had not developed an 

allergic response; this makes it relevant to retrieve immunological 

information from naïve mice exposed to TiO2 NPs. In serum, none of the 

mediators analysed were increased following repeated exposures to TiO2 

NPs, rather, the levels of several mediators were decreased compared to 

unexposed naïve mice (study II). In BALF there were increased levels of 

mediators which shows a strong bias toward a TH1-type immune response, 

with increased levels of IL-12(p40) (p<0.01), and decreased levels of both 

the TH2-type cytokine IL-4 (p<0.05) and the Treg associated cytokine IL-10 

(p<0.01). All the mechanisms for allergic sensitization are not yet 

understood but more evidence suggests that the epithelial cells are playing a 

major role in the initiation of allergic sensitization 66. The IL-4 is known to 

be the mediator for a TH2 immune response 65, 69. The presence of cytokines 

in the lymphatic tissues, determines the direction of the TH-type immune 

response; since dendritic cells do not produce IL-4, it is suggested that a TH2 

response is initiated by default in the absence of TH1 and TH17 associated 

cytokines 65. The results from study II reinforce the theory that in the 

presence of TH1 associated cytokines, the TH2 type response fails to develop, 

although this was only observed in the BALF and not in serum. The 

unchanged levels of mediators, measured in serum, might be due to the time 

point of analysis. It is possible that the particle induced a systemic effect at 

an earlier following exposure to TiO2 NPs, as observed in rats (study I).  

The production of the immunoglobulins IgE and IgG1 is activated following 

an interaction of TH2 cells with B cells, together with the presence of IL-4 

and IL-13 69. During these conditions the B cells induce an isotype switch of 

immunoglobulins from IgM to IgE and IgG1 69. IFN- is a cytokine known to 

block the isotype switch to IgE production and diminish the eosinophilic 

recruitment 123. In study II, the level of IFN- was not increased at the time of 

analysis, but one cannot exclude that the level had been increased previous 

to the analysis in naïve mice, at some of the first TiO2 exposure sessions. In 

order to find out if there has been a TH1-type immune response in gr. 1, one 



 

46 

could investigate the level of IgG2a in serum, which is an antibody marker for 

TH1-type immune response in mice 124.  

Sustained inflammatory response (Gr. 1) 

In study II, gr. 1 failed to develop an eosinophilic airway inflammation, 

instead it showed increased levels of neutrophils in the BALF compared to 

the non-sensitized and the sensitized OVA groups (figure 8). Several 

mediators that favour innate immunity were also increased in the BALF in 

gr. 1 compared to the non-sensitized group. The pro-inflammatory 

mediators: IL-1β (p<0.05) and TNF-α (p<0.05) and the chemokines: KC 

(p<0.001), MIP-1α (p<0.05), MIP-1β (p<0.01) and RANTES (p<0.05) were 

increased. This was observed 22 days following the last TiO2 NP exposure. 

This confirms the results in the first aim where the TiO2 NPs are sustained in 

the lungs for a long period of time and induce inflammatory effects in the 

lungs over a long period of time.  
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Figure 8. Analysis of cells in the BALF. The non-sensitized and sensitized 

OVA group were compared to the sensitized TiO2/OVA group (gr. 1). 
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Exposure of sensitized mice to TiO2 NPs before and during the 

OVA challenge (gr. 3). 

Impaired general health effects (gr. 3) 

An important finding was the impaired general health effects that were 

observed in gr 3. In addition to increased levels of neutrophils in the BALF, 

these mice exhibited detrimental health effects, including reduced body 

weight and ruffled fur at the day of analysis.  

Compared to the sensitized OVA group all cell types in gr. 3 were decreased 

except for the neutrophils. A possible explanation to these observations 

might be the timing of TiO2 NPs exposures, in which the mice in gr. 3 were 

sensitized but not challenged with aerosolized allergen at the start of TiO2 

NPs exposure. Results from naïve mice, exposed to TiO2 NPs, indicate a bias 

toward a TH1-type immune response as shown by increased levels of IL-

12(p40), and decreased levels of both IL-4 (TH2) and IL-10 (Treg), compared 

to the unexposed naïve mice. In addition the mediators for granulocyte 

maturation and recruitment were also increased in naïve mice, exposed to 

TiO2 NPs; G-CSF (CSF3), GRO (CXCL1), MIP-1α (CCL3) and MIP-1 (CCL4) 

supporting the strong recruitment for neutrophils (study II). Therefore, we 

considered the possibility that the TiO2 NP exposures modulate the allergic 

immune response rather than influence an established airway inflammation.  

To find explanations to the impaired general health effects observed in gr. 3 

we studied the mediators in the BALF and the serum at the end of the 

schedule (figure 6). The cytokine and chemokine expressions in the BALF of 

mice in gr. 3 were lower compared to the sensitized OVA group. The pro-

inflammatory cytokine IL-1β (p<0.001) was increased compared to the non-

sensitized group and was at similar levels as the sensitized OVA group. We 

also observed altered ratio of TH cells and TC cells (CD4:CD8) cells in gr. 3 

(gr. 3 = 10.1 ± 1.0; the sensitized OVA group unexposed to TiO2 = 6.7 ± 0.4; 

the non-sensitized group = 2.9 ± 0.6), indicating a high relative proportion 

of TH cells in gr. 3. The analyses of cytokines involved in the regulation of TH 

responses demonstrated suppression of both TH1-promoting and TH2-

promoting cytokines in the BALF of the mice in gr. 3, in which: IL-4, IL-3, 

IL-5, IL-13, IL-12(p40), and IFN-γ were decreased compared to the 

sensitized OVA group unexposed to TiO2 (figure 9). A similar suppression 

was observed for IL-10, a cytokine with anti-inflammatory properties that is 

expressed from regulatory T cells (Treg). Based on the mediator expressions 

in both the BALF and the serum, we found no explanations for the impaired 

health effects observed in gr. 3. In addition, the hypothesis that there is an 
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immune bias towards a TH1-type character is not supported by the results of 

the evaluation of the cytokine profile in gr. 3. Based on the results of the 

cytokine analyses in the BALF of sensitized mice exposed to TiO2 NPs during 

the period of allergen challenge ( gr. 3), we consider a general suppression of 

mediators involved in the regulation of T cell responses, including both TH1 

and TH2 deviation. This would argue against a specific bias towards a TH1-

type immune response. The analysis of mediators was only performed once, 

and it must be taken into consideration that the mediators might have had 

elevated levels anytime between the exposure and our analysis.  

Figure 9. Vector-diagram displaying mediators associated with the 

adaptive immune response, measured in BALF of non-sensitized mice, of 

the sensitized OVA group unexposed to TiO2 NPs, and of the sensitized 

TiO2/OVA (gr. 3). The vector gradation is in pg/ml.  
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Addressing aim 3  

In study III the aim was to study the influence of genetics factors on the 

respiratory, inflammatory, and immune responses, following TiO2 NP 

exposure in naïve and sensitive rats. We compared the responses between 

two rat strains; the DA rat, susceptible to chronic inflammatory disorders 

such as arthritis and encephalomyelitis 112, 113, and the BN rat, susceptible to 

atopic allergic inflammation 125, 126. The immune response of DA rats is 

suggested be biased towards a TH1 immune phenotype 127 whereas the BN rat 

represents a TH2 immune phenotype 125, 126.  

Comparison of rat strains with different susceptibility to 

inflammatory disorders 

The long-lasting immune activation initially detected in the DA rat (study I 

and III) was also observed in the BN rat. The BN rat exhibited three times 

higher numbers of neutrophils and lymphocytes in the BALF indicating that 

the particle-induced long-term immune activation cannot entirely be 

explained by the inherent predisposition of the DA rat to develop chronic 

inflammation.  

Genetic influence on inflammatory mediators in naïve rats 

Another important finding in study III was the pronounced expression of 

mediators in the BALF of naïve DA rats exposed to TiO2 NPs, compared to 

the BN rat. The mediators IL-6, IL-7, IL-12, IL-13, IL-18, GM-CSF (CSF2), 

GCS-F (CSF3), MIP-3α (CCL20), IFN-, and VEGF were increased in the DA 

rat but not in the BN rat. Interestingly mediators associated with the 

activation of DAMPs, GCS-F (CSF-3), GM-CSF (CSF-2) and IL-1α 117, were all 

expressed in the BALF of the DA rat, whereas only IL-1α, at low levels, was 

expressed in the BN rat. These results may indicate that the DA rat is a 

sensitive strain regarding the recognition of DAMPs of endogenous epitopes, 

a notion that may also be related to their susceptibility to develop 

autoimmune diseases. From these findings it seems that the inherent ability 

to produce mediators depends on the genetics of epithelial and macrophage 

receptors which are similar to what is known for the C-type lectin receptor of 

the DA rat.  

Genetic influence on atopic susceptibility in sensitized rats 

One interesting finding when comparing the DA rat and the BN rat was the 

difference in development of discrepancy of OVA-specific IgE antibodies in 

serum after sensitization. The low levels of OVA-specific IgE antibodies in 
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serum from the DA rat indicate that this rat strain do not harbour atopic 

reactivity to the same degree as the BN rats expressing high levels of OVA 

specific-IgE responses (figure 10). A possible explanation for the difference 

in allergen-specific IgE production may be related to different activation of 

PRRs between strains. In order to create a diverse shape of an effective 

adaptive immune response, several PPRs are triggered simultaneously by the 

innate immune system. Depending on the cytokine expression, the T cell 

polarization is directed toward the specific antigen 62. Based on the results in 

study III, it is suggested that the cytokine profile in the DA rat do not have 

the right conditions for a TH2 cell-type response. Both the mediator 

expression in naïve DA rats and the low expression of OVA-specific 

antibodies in sensitized DA rats further supports that this strain is 

predisposed for TH1-type immune activation. The different phenotypes of DA 

and BN rats in atopic response, makes the two strains interesting candidates 

for further investigation on the mechanisms involved in atopic asthma.   
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Figure 10. OVA-specific IgE and IgG antibodies in the serum of DA rats and 

BN rats  

Addressing aim 4 

In study IV, the aim was to investigate the immunological responses of 

intratracheal exposure to α-Fe2O3 in non-sensitized and sensitized mice.  

Main findings in BALF and LDLNs 

The most important finding in study IV was the different cellular responses 

in non-sensitized and sensitized mice following an intratracheal instillation 

of α-Fe2O3 NPs (figure 11). The sensitized mice had an established 

eosinophilic airway inflammation at the time of the α-Fe2O3 NP exposure. 
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One day after the exposure there was a distinct reduction of macrophages, 

eosinophils, and lymphocytes in the BALF of sensitized mice. In contrast, 

non-sensitized mice displayed an inflammatory response, with increased 

levels of neutrophils, eosinophils, and lymphocytes in the BALF. 

Interestingly, an analogous cell response was observed in the LDLNs of the 

sensitized and of the non-sensitized mice (figure 12).  

Total number of cells

N
u

m
b

e
r 

o
f 

ce
ll

s 
(x

10
6
)

0.0

0.2

0.4

0.6
4

6

8

10

12

Non-

sensitized
Sensitized

PBS
-Fe2O3

p=0.06

p=0.05

Macrophages

N
u

m
b

e
r 

o
f 

ce
ll

s 
(x

10
6
)

0.00

0.05

0.10

0.15

0.20
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Non-

sensitized
Sensitized

PBS
-Fe2O3

p=0.06

*

Neutrophils

N
u

m
b

e
r 

o
f 

ce
ll

s 
(x

10
6
)

0.0

0.1

0.2

0.3

0.4

0.5

Non-

sensitized
Sensitized

*

PBS
-Fe2O3

Eosinophils

N
u

m
b

e
r 

o
f 

ce
ll

s 
(x

10
6
)

0.000

0.005

0.010

0.015

0.020
2

4

6

8

Non-

sensitized
Sensitized

p=0.08

p=0.09

PBS
-Fe2O3

Lymphocytes

N
u

m
b

e
r 

o
f 

ce
ll

s 
(x

10
6
)

0.00

0.01

0.02

0.03

0.5

1.0

1.5

2.0

Non-

sensitized
Sensitized

**

*

PBS
-Fe2O3

 

Figure 11. Cell subpopulations in the BALF of non-sensitized and sensitized 

mice, one day after being exposed to either α-Fe2O3 or PBS (vehicle). 
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Figure 12. Lymphocyte subtypes in the lung draining lymph nodes of non-

sensitized and sensitized mice, one day after being exposed to either α-

Fe2O3 or PBS (vehicle). 

Possible mechanisms of cell response in non-sensitized mice 

In study IV, the inflammatory response following exposure to α-Fe2O3 NPs in 

the BALF of non-sensitized mice, could be a consequence of increased ROS 

productions. In a study by Park and colleagues, an intratracheal instillation 

with Fe304 NPs decreased the glutathione level, which is a sign of deranged 

redox homeostasis and increased oxidative stress 128. Oxidative stress is 
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known to activate the transcription factor NF-κB, which is known to induce 

the expression of many pro-inflammatory genes 129. In study IV, we observed 

decreased numbers of macrophages in the BALF of non-sensitized mice one 

day after the exposure to α-Fe2O3 NPs. A possible explanation to this 

reduction is cytotoxicity following internalisation of α-Fe2O3 NPs by 

macrophages, followed by NP dissolution and a release of Fe ions, 

contributing to an excessive production of free radicals. This hypothesis is 

supported by in vitro studies showing production of ROS following exposure 

to iron oxide 24, 130, 131. The inflammatory response in the non-sensitized mice 

is consistent with previous studies also reporting an increase of neutrophils 
132, 133 and lymphocytes 132 one day after exposure to iron oxide, although 

different types of iron oxides were used.  

Possible cellular reduction mechanisms in sensitized mice 

In contrast to the inflammatory response in non-sensitized mice, 

inflammatory cells were reduced in BALF and LDLN of sensitized mice 

following intratracheal exposure to α-Fe2O3 NPs. Four theories to the 

observed cell reduction in sensitized mice are discussed: 1) cellular migration 

to lung tissue, 2) cellular migration to LDLN, 3) cell clearance by mucociliary 

escalator, and 4) cell death (figure 13). To address the issue of cell migration 

to lung tissue, eosinophils were counted in the lung tissue sections and 

eosinophilic cationic protein (ECP) levels were measured in both lung tissue 

homogenate and BALF. The results from these analyses did not indicate 

translocation of eosinophils to lung tissue. The second mechanism, 

migration to LDLN, is possible for macrophages and lymphocytes 134-137. 

However, in study IV we found decreased numbers of total cells and 

lymphocytes in the LDLN one day after NP exposure indicates that this 

alternative is unlikely. Cellular clearance by mucociliary escalator is also 

considered to be possible. However, since a cellular reduction was observed 

in both BALF and LDLN, it is not likely that mucociliary clearance is the only 

explanation to the cellular reduction. Then the fourth alternative of an 

extensive cell death induced by the particle exposure was addressed by 

analysis of cell debris or fragmented nucleic acids and proteins in BALF. The 

analysis did not show any detectable differences between sensitized mice 

exposed to NPs or vehicle, in any of the markers. It was however, not 

possible to rule out this hypothesis since the employed method is relatively 

unsensitive and additionally, the time point for the analysis might have been 

too late to detect cell fragments. 
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Figure 13. Possible explanations to cellular reduction in alveolar space.  

Previous knowledge that supports our theory of cell death in BALF and 

LDLN one day after the exposure to α-Fe2O3 is partly based on the 

inflammation milieu of the asthmatic lung together with the properties of α-

Fe2O3 functioning as a transition metal. The milieu of an asthmatic lung 

contains activated inflammatory cells such as eosinophils, macrophages, and 

neutrophils, and all of them are known to produce ROS 70. Additionally,  

nanostructures of iron oxide particles have the ability to generate ROS 

processes, both by reactions in biological systems on the surface of the NPs 

and by free metal ion release at low pH in lysosome microenvironment 

(figure 14) 10, 138.  
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It is possible that the additional supply of iron oxide to an already oxidative 

milieu, such as the asthmatic lung, is capable of breaking the ROS 

homeostasis. Fe ion release from both the surface of the NP and from 

intracellular release the Fe ions can escalate the production of free radicals 

via the Haber-Weiss [1] and the Fenton reactions [2] 15. 

Haber-Weiss reaction  

[1]   Fe3+ + H2O2 ─› Fe2+ +˙OOH + H+ 

Fenton reaction  
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[2]   Fe2+ + H2O2 ─› Fe3+ +˙OH + OH- 10, 138. 

 
Although, iron is essential biological functions, an excessive amount will 

disturb the homeostasis and generate oxidative stress and contribute to 

tissue injury 139. Non-functional iron chelation is suggested to might be part 

of the aetiology of several inflammatory and degenerative diseases 140.  
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Limitations with the studies 

Overall limitations 

In this thesis we only studied the effects from agglomerated TiO2 particles, 

with a primary size of 21 nm. More information would have been attained if 

the groups exposed to TiO2 NPs had been compared to groups exposed to 

larger counterparts of TiO2. Such a comparison would have addressed the 

specific effects of nano-sized particles.  

 

To make the administration of the nanoparticles possible all particles in this 

thesis have been in a PBS solution. The PBS solution affects the properties of 

the particles and therefore the NP exposure does not mimic a true particle 

exposure scenario in an occupational setting. 

The lack of validated methods for purity control of NPs is recognized as a 

global problem in health risk research 57. The potential impact of microbial 

impurities was addressed in the thesis by testing for endotoxin 

contamination, but this test does not exclude the presence of other microbial 

contaminants than lipopolysaccharide. In addition, the impact of any 

remaining chemicals from the production of the NPs could not be completely 

ruled out.   

Aim. 1. The TiO2 NPs were intratracheally instilled into the airways. This 

administration technique causes a local particle deposition which differs 

from the aerosol inhalation performed in study III, where the particles are 

more distributed in the airways. A high dose of 5 mg/kg bw was used in 

study I.  

Aim. 2. A limitation with this study is the route of administration. 

Intraperitoneal injection is an unrealistic route for allergen exposure. A more 

natural exposure route would be via the airways, mimicked by an intranasal 

exposure or even better by aerosol inhalation.  

Aim. 3. Strictly genetic comparisons cannot be made based on the results in 

this study, as the analyses were not performed on the same day. However, 

the exact same protocol has been used and many of the exposures were 

performed on the same day. 

Aim. 4. Due to a limited quantity of α-Fe2O3 NPs, the exposure was 

performed by intratracheal instillation. A high dose of 5 mg/kg bw was used 

in study IV.  
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Conclusions 

Inhalation of TiO2 NPs causes long-term inflammatory responses and 

immune activation in the lung, as indicated by increased numbers of 

neutrophils and lymphocytes lasting for 90 days. These long-lasting cell 

responses were accompanied by particles being retained in the airways. The 

results indicate that low-soluble particles deposited in the alveolar regions 

are difficult to clear, thereby having the potential to trigger the immune 

system over a long period of time. 

The expression of inflammatory mediators induced by TiO2 NP exposure 

indicates a predominant TH1-type immune response in Balb/c mice and the 

DA rat, but not in the BN rat.  

Repeated TiO2 NP exposure in naïve rats showed that the DA rat, 

predisposed to a TH1-type immune response, was more sensitive and 

expressed more inflammatory mediators than the BN rat, which is 

predisposed to a TH2-type immune response.  These results further support 

that that genetic factors influence both immune and airway reactivity in 

response to TiO2 NP exposure.    

Repeated inhalation exposure to TiO2 NPs during a period of sensitization 

diminishes the OVA-specific IgE antibody production and suppress the 

development of eosinophilic and lymphocyte airway inflammation. I propose 

that this is due to the skewing towards a TH1-type immune response to the 

TiO2 NPs, which counteracts the TH2-dependent immune responses, 

including the IgE production. 

 

Repeated inhalation exposure to TiO2 NPs in sensitized mice before and 

during the allergen challenge resulted in impaired general health, including 

severe weight loss and increased numbers of neutrophils in airways. Single 

inhalation exposure to TiO2 NPs did not induce such effects, implicating the 

dose-dependency of responses. It was concluded that inhalation of TiO2 may 

aggravate allergic airway disease and that the adverse health effects of NPs 

are highly dependent on the dose and timing of exposure.  

The effects of TiO2 NP exposure on allergic airway disease in rats were 

shown to be strain-dependent, indicating that genetic determinants 

influence the individual’s response in terms of airway hyperreactivity, 

inflammation and immune activation.  
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Exposure to α-Fe2O3 NPs resulted in an airway inflammation in naïve mice 

while a reduced inflammatory response was observed in mice with allergic 

airway inflammation. The mice with established eosinophilic inflammation 

developed an unspecific cell reduction in the airways and in the lung-

draining lymph nodes, but this was not mirrored by the inflammatory cell 

population in the lung tissue. From these data we propose that the acidity of 

the eosinophilic environment triggers the release of Fe ions from hematite 

NPs present in alveolar space and lymph nodes, thereby creating a milieu of 

amplified generation of ROS with cell toxic potential. 

Altogether, the results in this thesis underline the importance of including 

sensitive individuals when evaluating adverse health effects of ENMs.  
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Final perspectives 

The rat studies showed that low soluble TiO2 NPs induce a long-lasting 

immune response, while being retained in the lung. The long-term activation 

of the immune system could potentially trigger the development of diseases. 

In addition, the presence of NPs in the lung may lead to defective 

phagocytosis, which in turn could result in diminished capacity to eliminate 

invading pathogens. The long term presence of particles could also lead to 

granuloma and fibrosis formation.  

Exposure to TiO2 NPs in rats with predisposition for a TH1-type immune 

response causes increased levels of certain mediators; these mediators are 

shown to be released following an activation of cell receptors previously 

associated with recognition of DAMPs, a group of endogenous molecules. It 

is possible that nanoparticles, when deposited in the lung, bind to 

biomolecules in lung lining fluid, and thereby creates a potential mechanism 

for PRR activation by DAMPs. Since the mediators associated with PRR 

activation were observed in the DA rat strain but not in the BN rat strain, it 

is evident that genetic predisposition influence this activation pathway. 

Additional studies are needed to explore this genetic difference.  

Exposing mice with pre-existing eosinophilic airway inflammation to α-

Fe2O3 resulted in unspecific cell death, which potentially could be explained 

by an initiation of a cascade of free radicals in alveolar space. This cascade 

could be due to the already oxidative milieu of the eosinophilic airway 

inflammation, in combination with ROS generated on the surface of Fe2O3 or 

by Fe ions released from the NPs. This emphasises the importance to 

consider nanoparticles which generate ROS in assessment of health risks, in 

particularly concerning individuals with ongoing inflammatory diseases. 

The increased production and the elevated concentrations of nanomaterials 

in the ambient environment cause concern regarding their potentially 

harmful health effects. There is a demand in nanosafety research for 

identifying people at elevated risk of adverse health effects following ENM 

exposure. An important population to study is those who work in 

occupational settings with nanomaterials. These individuals are exposed to 

relatively high concentrations of ENMs over long periods of time and would 

show symptoms at an early stage.  

 

It is important that we work preventively with the environmental and health 

issues regarding ENMs and do not repeat the history with asbestos and 
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“Silent Spring”. Most important is to identify physicochemical properties of 

nanomaterials which negatively impact health and stop producing these 

materials or find a way to eliminate exposure. Scientists from different 

disciplines should work together to develop nanotechnology, using safe 

ENMs, and thus create green nanotechnology that is safe for the future.  
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