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Zusammenfassung

Luftverschmutzung ist eine hiufige Ursache fiir Krankheit und vorzeitigen Tod und damit ein
bedeutendes globales Gesundheitsrisiko. Feinstaub ist eine der bekanntesten Untergruppen der
Luftverschmutzung. Feinstaub ist eine Mischung aus Feststoffen und Fliissigkeiten, die durch
Atmung sowie passiven und aktiven Transport in den Korper aufgenommen wird. Ein GroBteil
des Feinstaubs ist anthropogen, er entsteht durch Verkehrsstrome, Energieerzeugung oder
Landwirtschaft und wird meist in der Umgebungsluft gemessen. Er entsteht auch in

Innenrdumen durch Alltagshandlungen, kann dort aber schlechter systematisch erfasst werden.

Diese Arbeit beschéftigt sich mit Feinstaubquellen aus Innenrdumen und mit gesundheitlichen
Folgen nach kontrollierter Exposition. In der zugrunde liegenden EPIA-Studie wurden 41
Probanden randomisiert und kontrolliert durch Braten, Toasten und Kerzenabbrand mit
Innenraum-Stiuben belastet. Die Stdube wurden in ihrer Zusammensetzung und

Groflenverteilung mit verschiedenen Messmethoden charakterisiert.

In Blutproben und Nasallavagen wurden mittels enzyme-linked immunosorbent assay (ELISA)
die Konzentrationen der Entziindungsparameter C-reactive Protein (CRP), Interleukin 8 (IL-8)
und soluble intercellular adhesion molecule-1 (SICAM) vor und nach entsprechenden
Expositionen getestet. Es wurden Anderungen der Absolutwerte berechnet und verschiedene
Regressionsanalysen durchgefiihrt. Berechnet wurden die Biomarker-Anderungen pro festem

Inkrement der einzelnen Partikelexpositionen, sowie pro Interquartilsabstand.

Es zeigte sich, dass Partikelquellen aus Innenrdumen binnen kurzer Zeit zu einer relevanten
Partikelbelastung in Nahbereich fiihren. Bei gesunden Probanden waren Expositionen mit

Verianderungen von Biomarkern im Blut und in den Sekreten der oberen Atemwege assoziiert.

Im Vergleich der Partikelquellen untereinander war Kerzenabbrand mit einem Anstieg des IL-8
in Nasallavage binnen 24 Stunden assoziiert. Ebenfalls zeigten sich im Verlauf von 24 Stunden

positive Assoziationen zwischen Stduben aus Bratvorgéingen und dem CRP-Gehalt im Blut.

In einer Analyse pro Interquartilsabstand wurden die Staube hinsichtlich der relevantesten
Partikel-Subgruppe untersucht. Hier waren ultrafeine Partikel (UFP) mit einer Groe von

weniger als 100 nm mit den deutlichsten Anderungen von Biomarkern assoziiert.

Die Arbeit verdeutlicht den Einfluss von Partikelbelastungen in Innenrdumen durch Handlungen
des alltdglichen Lebens. Es zeigen sich rasche biologische Reaktionen nach kurzer und
intensiver Exposition. Dariiber hinaus unterstreicht die Arbeit die Relevanz der bisher selten

beachteten und spérlich regulierten Fraktion der ultrafeinen Staubpartikel in der Umgebungsluft.



Summary

Air pollution is a common cause of disease and premature death and hence a global major
health risk. Particulate matter is one subgroup of air pollution. Particulate matter is a mixture of
solids and liquids that is incorporated into the body through respiration and passive and active
transport. The major part of particulate matter is produced by humans, mainly through traffic
and transport, energy production or agriculture and is measured in outdoor air. However,
particulate matter is also produced in indoor environments as a result of everyday human

activities, where it is more difficult to quantify the extend of exposure.

This work deals with sources of particulate matter from indoor sources and with health
consequences after controlled exposure. In the underlying EPIA study, 41 subjects were
randomized and exposed under controlled conditions to indoor particulate matter through frying
meat, toasting bread and burning candles. The emerging particulate matter was characterized in

terms of its composition and size distribution using various measuring methods.

Concentrations of the inflammatory parameters C-reactive Protein (CRP), Interleukin-8 (IL-8)
and soluble interecellular adhesion molecule-1 (SICAM) were tested in blood samples and nasal
lavage fluids using an enzyme-linked immunosorbent assay (ELISA) before and after the
respective exposures. Changes in absolute values were calculated and various regression
analyses were performed. Biomarker changes were calculated per fixed increment of particle

exposures and per interquartile range.

It was shown that indoor particle sources lead to relevant particle exposure in the immediate
vicinity within a short period of time. In healthy volunteers, exposures were associated with

changes in biomarkers in blood and upper respiratory tract secretions.

When comparing the particle sources with each other, candle burning was associated with an
increase in IL-8 in nasal lavage within 24 hours. Positive associations between particles from

frying processes and the CRP content in blood were also found over the course of 24 hours.

In an analysis per interquartile range, particles were examined with regard to the most relevant
particle subgroup. Here, ultrafine particles (UFP) with a size of less than 100 nm were

associated with the most significant changes in biomarkers.

The work emphasizes the influence of indoor particle pollution through activities of everyday
life. There are rapid biological reactions after short and intensive exposure. In addition, the
work underlines the relevance of the previously seldom considered and sparsely regulated

fraction of ultrafine particles in indoor air.
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1 Introduction

Half a billion times — that is how often we breathe in a lifetime. A constant flow of air stream, in
and out for 12 to 14 times a minute, subconsciously and inevitably. Breathing is our first and
probably most important connection to the world. It is the biologic principle that connects us

with almost every complex form of life.

Yet this simple and important process is often overseen. Unlike soil or water that can be devided
or shared, air seems intangible. It was probably a rather long way in the history of humankind to
understand that this invisible life elixir is in reality a mixture of gases and of solid and liquid

particles with different chemical properties and various important functions in our organisms.

It was an even longer way to understand that air can be of different qualities, that its mixture can
contain traces of our environment, invisible to our senses. Therefore, considering air quality as
an important good for the well-being of a society, is a relatively young thought. First systematic
scientific explorations of air quality date back to the beginning of the last century, when
industrialized manufacturing processes and a fossil carbon fuelled economy reshaped cities and
landscapes. By the time, the term “smog” was invented for events of smoke and fog. First
scientific findings of adverse health outcomes through “smog” were for example reported in the
1930s in the Meuse valley in Belgium or after a smog episode in London in 1952. During and
after these events, death rates and hospital admissions were reported to rise to an unprecedented
extend. In the following years and decades, environmental protection - and clean air as a part of

it - became a goal of national and international concern for many countries.

Analysing air and air pollution, a great quantity of different pollutants was discovered. Today a
solid body of scientific evidence has helped to understand what we breathe. Even more, we can
now tell exactly how air can lead to health or disease. Significant knowledge was gained on
adverse health outcomes through ambient air pollution. Thus, on a population based level,
significant advances could be made in air quality standards and outdoor air quality could be

improved.

The individual level of pollutant exposure instead is still poorly understood. None of us knows
precisely what they breathe on a daily basis and air pollution is still present, as we spend the

majority of the day in houses and closed environments. The puzzle is not complete, yet.

This work will try to elucidate the connection between changes in indoor air and biomarker
signals as preclinical signs for health impairments through air contaminants. It might thus

contribute to answer the question how we can protect what we breathe.



2 Background
2.1 Air pollution

Air pollution is a regional and source specific mixture of gaseous and particulate pollutants,
ranging from solid particulate matter (PM) like soot and other airborne particles to gaseous
precursors like oxides of nitrogen, sulphur, carbon or volatile organic compounds (VOC).
Depending on the source of emission, the mixture of pollutants can also contain metals, trace
elements and anorganic compounds. Immediately after getting airborne from their source of
emission, these components of air pollution are called primary pollutants. Being suspended in
the atmosphere and given certain physical, chemical and meteorological conditions, these
primary pollutants form a medium that can create new particles and substances. (European

Environmental Agency, 2016)

Under the impact of solar radiation, ionization, thermal changes or resuspension through wind,
substances can undergo chemical reactions. They react or accumulate through condensing
processes into so-called secondary pollutants. Among these are ozone, nitrates, sulphates and

many others.

Air pollution originates from heterogenous sources which can be anthropogenic or natural. In
the Anthropocene it primarily derives from combustion processes and from degradation of
organic compounds. Hence major sources in developed societies are the burning of fossil fuels
in vehicles, industrial manufacturing processes and power generation. Household activities play
arole in the generation of air pollution through residential heating or open fireplaces.
Transportation and mobility contribute to ambient air pollution through combustion of fossil
fuels, through abradation of tires and breaks, and also through secondary resuspension via
physical movement and airstream. Further anthropogenic pollution sources are construction and
demolition work and agricultural activities like animal husbandry or biological waste
application. Wildfires or volcanic activity are typical examples of natural occurrence of air

pollution. (European Environmental Agency, 2016), (Franklin et al., 2015)

Resuspension and distribution of air pollution can be facilitated by meteorological
preconditions, via wind and thermal shifting. Thus, air pollution can expand over enormous

distances and affect regions far away from the source of emission (Mannucci et al., 2015).



2.1.1 Particulate Matter air pollution

Particulate matter (PM) is the solid or fluid constituent of air pollution. It is a complex mixture
of organic and inorganic substances and represents a large and harmful fraction of air pollutants
(Brook et al., 2010). Depending on the source, PM consists of a very heterogenous range of
particles or droplets that can contain metals (alkali metals, heavy metals, transition metals),
sulphates, nitrates, minerals, ammonia or acids, black carbon, organic aerosols and water (Chan,

2006).

In industrialized countries, primary PM originates from anthropogenic combustion sources like
power generation and fuel use or waste incineration. Other sources are mechanical abrasion of
tires or breaks, construction and agricultural works. Natural sources like sea salt, pollen or

volcanic ash seasonally and regionally contribute a significant amount, too. Even bacterial and

fungal detritus contribute a fraction to PM (Nemmar, Holme et al., 2013).

Secondary formation of PM can occur through accumulation of extremely small pollutants and
air contaminants like SO,, NOy or VOCs. These precursors can converse from the gas phase to a
solid particle. This process is called New Particle Formation (NPF), and it is more likely to
happen under strong solar irradiation or after (mostly anthropogenic) bursts of volatile
precursors (Morawska et al., 2019). Apart from NPF, pollutants can condensate on pre-existing
PM, which is more likely to happen in areas of dense PM concentrations. Accumulation and
condensation both contribute an important fraction of total PM. (European Environmental

Agency, 2016)

PM can be quantified in multiple ways, and is commonly categorized by size and weight into

various subclasses:

- PM is a mass unit per cubic meter [ug/m?] and contains particles with an aerodynamic
diameter smaller than 10 um. The larger particles in this fraction mainly consist of metal oxides,
silicates and minerals, with particles formed artificially through mechanical abradiation.

(Nemmar et al., 2013)

- PM, s is a mass unit per cubic meter [ug/m?®] and contains particles with an aerodynamic
diameter smaller than 2.5 um. This particle size mainly consists of combustion-derived carbon
and other combustion products or organic aerosols. This fraction tends to enlarge with a
temporal delay, due to secondary agglomeration and NPF from gas phase pollutants (Nemmar et

al., 2013).



- Ultra fine particles (UFP) are nanoparticles in the range of a few nanometres. Often the cut off
value for UFP is a diameter of less than 100 nm, whereas other authors count particles smaller
than 1000 nm in. UFP have a low mass and are therefore preferably quantified in number
concentrations per cubic centimetre [#/cm?] rather than weight measurements. UFP sources are
ubiquitous. The most important anthropogenic sources of UFPs are road and non-road transport
via combustion of fossil fuels, residential and commercial heating and industrial processes.

(HEI Review Panel on Ultrafine Particles, 2013) (Morawska et al., 2008)

In analogy to PM, UFP can be divided into primary and secondary particles. Combustion of
fossil fuels or organic material often produces primary UFP with a diameter ranging around 50
nm, but gas-particle exchanges transform these particles quickly, either through dissolvement or
accumulation. These now called secondary UFP show a large variety of sizes and shapes. UFP
of less than 10 nm are often the result of a nucleation from low-volatile compounds and gas-to-
particle reactions (NPF) while UFP around 100 nm are mostly a product of accumulation by
condensation or coagulation to existing particles. Larger UFP as a result of this process can
grow up to 200 nm in diameter and tend to be less volatile. The agglomeration process can be
supported by photochemical reactions with sulphuric or nitrogenic oxides under certain
atmospheric preconditions. The resulting fraction of this enlargement is called quasi-ultrafine
particles (quasi-UFPs) and sometimes referred to as PM0.25, for particles smaller than 250 nm.
(HEI Review Panel on Ultrafine Particles, 2013) or PM1 for particles smaller than 1000 nm
(Morawska et al, 2017).

Particles smaller than 10 nm are often referred to as ultrasmall nanoparticles. They can be
formed as unforeseen by-products or intentionally as industrial nanoparticles (Morawska et al.,

2008).

Another subdivision to quantify only large particles is the so-called coarse PM, a mass unit for
particles with a diameter usually ranging between 10 um and 2.5 pm. This fraction seems to
shrink rapidly in industrialized countries, probably on behalf of newly applied filter
technologies in industry and vehicles following legislative constraints. (European

Environmental Agency, 2016)

2.1.2 Indoor Particulate Matter air pollution

Modern working and living habits lead people to spend almost 90 % of their time indoors
(Klepeis et al., 2001). Particles however, although often measured outside buildings in street

canyons or public spaces, follow airstream and infiltrate indoor air from outside. If no filter



technique is applied, buildings allow a significant amount of outdoor air pollution and outdoor
PM to enter closed rooms. An equilibrium of pollutants is reached by mechanical and natural

ventilation, or by infiltration through cracks in the building envelope (Chen et al., 2012).

Particles can also be emitted into indoor air from indoor sources. Indoor particle sources are
ubiquitous but differ greatly comparing between countries or socioeconomic milieus. For
example, indoor use of solid fuel generates a high particle exposure and is practiced by 2.8
billion people worldwide, overwhelmingly often in developing countries (World Health

Organisation, 2015).

Typical developed world indoor particle sources can be hot combustion processes like food
processing, burning candles or smoking. Other sources can be household gadgets with moving
components or heated surfaces, such as hairdryers or heating devices; each with a characteristic
distribution of emitted particles. In office surroundings, printers with colour pigments can

release significant amounts of particles, too. (Wallace und Ott, 2011; Morawska et al., 2017).

Secondary particle formation indoors is also possible. Fine and ultrafine particles are produced
for example on heated surfaces, where volatile substances are first absorbed and then
resuspended and changed in size and shape by thermal energy (Wallace et al. 2015).

Another secondary indoor source of UFP are household chemicals like cleansing agents or air
fresheners, which can contain reactive agents like terpenes or ozone. These substances propel
the formation of particles through a nucleation process (Wallace, 2006) similar to outdoor NPF

from solar irradiation. (Waring, 2014)

Furthermore, particle resuspension plays an important role in closed environments with few
ventilation. Thus, walking carpets can already create a significant amount of particles in indoor

air. (Kim et al., 2015)

Indoor particle sources cause a rapid augmentation of particle number due to the limited volume
of air they are emitted into. Indoor particle exposure in general is difficult to quantify.
Depending on the accuracy of the measurement technique, particle amount indoors can reach
1200*1076 /cm? through normal living and working habits (Isaxon et al., 2015). But different
living habits create an uncountable number of microenvironments that must be assessed
individually regarding particle sources, particle number, particle properties and possible health
impairment. However, it can be stated that indoor PM exposure contributes substantially to the

total PM uptake during a day. (Polidori et al., 2006; Isaxon et al., 2015)

An overview of typical household PM sources, their size distribution and emission rate are

shown in Table 1.



20-1000

8.8%10"10

20-1000 1.3*10711

20-1000 6.8%10"11

20-1000 8.3*%10"11

10-400 Up to 2.7*10"10

20-1000 3.8*%10"11

6-3000 Up to 3.3*10"12

Table 1: Indoor UFP sources and emission rates in homes. Particle Size Range in nanometers (nm),
Emission Rate in number per minute (number/min). (according to Afshari et al., 2005)

Table 1 also illustrates that many daily activities produce particles in the UFP size range. UFP
contribute most to the total particle number (PN) that is inhaled by an individual throughout a
day. Thus, under normal living conditions, PN exposure from indoor sources can exceed PN
exposure from outdoor sources. This can even be the case if activities in highly polluted outdoor
areas, like biking on a busy street are carried out, because particles outdoors are often bigger in
size and smaller in number concentration. Outdoor UFP disperse quicker due to changing
meteorological circumstances whereas indoor UFP in closed rooms with reduced ventilation can
be stable for a longer period of time (Vinzents et al., 2005). The residential exposure to UFP
attributable to indoor activities could thus exceed 60% of the total UFP daily uptake (Beké et
al., 2013).

2.1.3 Measuring Particulate Matter

PM; and PM: 5 are frequently measured via filter-sampling techniques which are conducted
over a certain period. The filtered particles can be measured gravimetrically and reported as
particle mass in a dried, standardized amount in microgram per cubic meter of ambient air.
Filter techniques show a low temporal and spatial resolution and usually reflect average particle
amounts on a local exposure level. To avoid inaccuracy, real-time samplings can be calculated
through mass surrogates like light absorption or beta-attenuation combined with upstream filters
to separate the different metrics from one another. Furthermore, particle mass can be calculated

indirectly from particle size distribution and particle number counts, assuming a certain particle
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weight, as described further in chapter 3.4. Ambient outdoor PM;¢ and PM 5 ranges from 5 to
50 pg/m? in most anthropogenic environments, with large spatial and temporal differences.

(Engel-Cox et al., 2013)

UFP are commonly measured as particle number concentrations (PNC), because in a fraction of
very small particles, gravimetric measurements do not adequately reflect the dimension of
particle pollution. Background UFP levels in urban environments can exceed numbers of 50.000
per cubic centimetre (cm?) while contributing only 0.5-2 pg/m? to particle mass (Oberdorster et
al., 2005). Thus, the number of particles in the so-called nucleation and accumulation mode is
high, while the number of particles in the coarse mode is comparatively negligible as can be
seen in Figure 1. (HEI Review Panel on Ultrafine Particles, 2013)

Techniques to count PNC (e.g. electrostatic classification, enlargement in vapor) are described

in detail in chapter 3.5.

Another way to measure UFP is via Particle Surface Area Concentration (PSC). This approach
accounts for the finding that UFP have a high surface area to mass-ratio. It is assumed, that the
size of the particle surface predicts its ability to interact with biological systems by carrying a
large amount of adsorbed toxic by-products or by supplying a surface on which chemical
reactions can take place (Delfino et al., 2005). However, measuring surface area is difficult to
perform and produces estimations only. Consecutively it has not yet been implemented as an

international standard. (HEI Review Panel on Ultrafine Particles, 2013)

The above-mentioned sampling methods are stationary and therefore produce data that is prone
to reflect only microenvironments. To measure background exposure and spacial distribution,
regional grids of sensors are in use in many developed countries. To quantify background
concentrations in larger areas, these measurement grids can be used for epidemiological
exposure calculation via mathematical models. Another approach to monitor pollution in larger
coherent areas is via satellites, measuring optical density in the earth atmosphere as a surrogate

for PM» 5 levels, for example. (Engel-Cox et al., 2013)
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Figure 1: Connection between distribution of particle size fractions and particle concentrations. Log-
normalized particle size (x-axis) and log-normalized particle concentration (y-axis). Particle Number in
grey, Particle Surface Area in black and Particle Mass as spotted black line. UFPs and quasi-UFPs show
the highest number concentration and surface area among all particle fractions. Dp: Diameter of
particles. Reprinted with permission from (HEI Panel on the Health Effects of Traffic-Related Air
Pollution, 2010)

2.2 Particulate Matter and Health

2.2.1. Incorporation of Particulate Matter

PM of every size category can be inhaled and to a certain extend be deposited along the whole
respiratory tract and alveolar airspace during in- and exhalation. The rate of deposition
primarily depends on the size of particles. As PM is mainly adsorbed and removed from the
airstream in the upper respiratory tract, PM» s evades deposition in the upper airways and
proceeds to the bronchis and bronchioles. UFP show a heterogenous deposition pattern. The
greatest amount of particles from 5 to 100 nm proceed to the alveoles, whereas smaller particles
seem to be less influenced by airstream. Due to their extremely small size, particles smaller than
5 nm rather follow a Brownian molecular motion as they get deposited mainly in the upper

airways as can be seen in Figure 2. (Oberddrster et al., 2005)
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Figure 2: Deposition rates of PM in the respiratory tract. Large particles and nanoparticles are mainly
deposited in the upper airways (blue). The majority of UFP proceed to the bronchis (green) and the
alveolar airspace (red). Reprinted from (Oberddrster et al., 2005) with permission from the author.
Larger particles are removed from the airways by the mucociliary escalator, where particles are
bound to mucus along the respiratory epithelium and transported towards the pharynx with a
directed movement of ciliar cells. In the pharynx, the mucous is either swallowed or
expectorated. But a considerable fraction of fine particles and a large part of ultrafine particles
behave differently. Due to small size, their volatility resembles gases. Thus, particles are
transported deeper into the lung where phagocytosis by alveolar macrophages, transgression
into blood circulation and lymphatic drainage, uptake in interstitium and neurons could be
observed (Oberdorster et al., 2005; Kim et al., 2015). Diminished size could even help to evade
immune defence mechanisms like phagocytosis and lead to direct transcellular migration. Nano-
sized radiolabelled particles appeared in the liver only minutes after inhalation (Nemmar et al.,
2013).

It is therefore probable that ultrafine particles are accessible to compartments that usually
possess a very strictly regulated immune defence as can be seen in Figure 3. The biological

consequences of this accessibility are the topic of a large field of research. (Oberddrster et al.,
2005)
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Figure 3: Pathways of particle clearance from the respiratory tract. UFP can be removed by all
depicted cleansing mechanisms. Each coloured arrow stands for a possible uptake mechanism. AM:
Alveolar macrophages; GI: gastro intestinal. Reprinted from (Oberddrster et al., 2005) with permission
from the author.

2.2.2 Health effects of Particulate Matter

It is well established that short- and long-term exposure towards PM leads to the development

of impaired health conditions (Franklin et al., 2015) (Brook et al., 2010).

Toxicological, clinical and epidemiological research has for decades given conclusive evidence
of PM being accountable for death or chronic disease in millions of cases on a global scale
(Riickerl et al., 2011). Air pollution delivers a significant contribution to the global burden of
disease and is currently regarded as the fourth most important risk factor to death and disease
following elevated systolic blood pressure, smoking and high plasma glucose and cholesterol
levels (World Health Organisation, 2015; Cohen et al., 2017). Even in Europe, the attributable
burden of disease ranks among the top ten risks for death and disease. It is seen as the largest
single environmental health risk, with PM;¢ and PM, s being the driving forces among all

pollutants. (Gonzalez Ortiz et al., 2020)
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A solid body of evidence makes long term exposure to PM accountable for increasing all cause-
and cause-specific mortality, although exact figures differ due to the statistical method that is
used (Orellano et al., 2020; Chen und Hoek, 2020). The European Environment Agency for
example holds long term exposure to outdoor PM s accountable for up to 400.000 preterm
deaths annually (European Environmental Agency, 2016). The reduced life expectancy was
calculated as 2.2 years in Europe (Lelieveld et al., 2019). Every long term elevation of 10ug/m?
PM, s was reported to increase all-cause mortality by 10% (Brook et al., 2010).

PM exposure is associated with reduced life expectancy primarily by increasing cardiovascular
morbidity and mortality (Brook et al., 2010). The causality between this cause-specific mortality
and long term PM exposure has proven to be robust even after adjusting for poverty, race or

insurance status (Yitshak-Sade et al., 2019).

Long term exposure towards PM also severely effects the respiratory system and evokes
considerable changes of respiratory function. Reviewed evidence indicates associations with
impaired lung function and asthma development in children and development and deterioration
of obstructive airway diseases in adults. Deterioration of respiratory function was seen in
diseased subgroups, but also in healthy populations and in individuals likely to perform

vigorous physical activity on a daily basis, like children. (Riickerl et al., 2011)

Furthermore, chronic exposure to PM was described as carcinogenic (Pope et al., 2002). It is
listed as an independent risk factor for lung cancer by the International Agency for Research on
Cancer since 2013. It was shown to remain a risk factor for lung cancer even under the current

WHO limit values (Hvidtfeldt et al., 2021).

Transmigration of particles into blood stream is thought to cause other systemic long term
effects. Large epidemiological studies found an association between PM> s and prevalence and
incidence of diabetes mellitus (Liu et al., 2019b; Yang et al., 2020) or a prediabetic metabolic
status (Balti et al., 2014). There is also growing evidence that long term PM exposure affects
prenatal development and reproduction outcomes. Exposure towards PM, s was associated with
low birth weight, preterm birth and growth retardation (Shah and Balkhair, 2011). Chronic
exposure towards PM could have a negative effect regarding neuronal and cognitive
development, as seen in cohorts of school children (Forns et al., 2017). Even end stage renal

disease is associated with the magnitude of PM exposure (Xie et al., 2018).

Short term changes of PM levels also seem to play an important role in health endpoints. An
association between PM level changes and acute adverse health events was reported multiple
times. The relative risk increase for daily cardiovascular mortality due to PM exposure was

calculated as 0,4 to 1,0 % for every 10 pg/m? increase in PM; 5 (Pope and Dockery, 2006; Liu et
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al., 2019a; Pope et al., 2020). Repeated findings indicate that acute events like myocardial
infarction and stroke are the most critical endpoints deriving from short term elevation of PM
exposure, being followed by arrhythmia and heart failure exacerbation (Brook et al., 2010; Shah
et al., 2015).

Unlike critical endpoints like death and disease, short term PM alterations seem to play a
causative role in subclinical health effects, too. In the cardiovascular system, blood pressure
elevation, systemic inflammation, blood coagulation and altered heart rate variability was seen
in short-term studies (Brook et al., 2010). Short term exposure is also strongly associated with a
decline in lung function and an increase in hospital admission due to symptoms of obstructive

airway disease. (Franklin et al., 2015)

Interestingly the exposure response concerning lung and cardiovascular outcomes seems to be
supralinear. The curve is steep at low PM levels and flattens at higher doses (Brook et al.,
2010). If linearity is not applicable to a dose-response curve, then thresholds for PM; s as
implemented by the EU would only have limited implications on public health if not drastically
lowered. Generally, older adults, people of chronically reduced health state and children are
much more endangered by exposure to PM and therefore should be specially aware of measured

ambient PM; s levels (WHO Regional Office for Europe, 2013; Kim et al., 2015).

2.2.3 Health effects of UFP

Compared to the extensive amount of studies and regulations concerning larger particles like
PM, s, there is a considerable knowledge gap to assess health effects of UFP. Higher deposition
rates in the lung and a large surface area could make UFP more harmful than larger PM sizes
(Lietal., 2016). Various studies tried to model exposures in animals and found evidence of
particles in the ultrafine fraction responsible for inflammatory changes in the lung and the

cardiovascular system (Nemmar et al., 2013).

Epidemiological and controlled exposure studies that tried to quantify an effect of UFP
exposure, show short term signals of health impairment similar to those of PM, 5. Exposure
could be associated with short term effects like asthma-related hospital admissions, a general
worsening of respiratory symptoms, or elevation of blood pressure. (Ohlwein et al., 2019).
There is also a large amount of pre- and subclinical findings for short-term changes.
Associations could be shown between UFP and short term elevation of oxidative stress markers

or systemic inflammatory markers and increase of white blood cells. Short term UFP level
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changes were also shown to have vasoactive and procoagulatory properties by activating

platelets and elevating fibrinogen activity. (Stone et al., 2017; Diaz-Robles et al., 2014)

When it comes to long term health effects by UFP exposure, evidence is still inconsistent. Both
epidemiological and controlled exposure trials face a systemic difficulty when trying to quantify
health effects in real life settings: UFP are only one scarcely measured ingredient in a broad
range of pollutants and UFP sources rarely occur alone. More than research on larger PM
fractions, UFP research highly depends on spatially inclusive and comprehensive data and
precise measuring methods with standardized modelling of co-pollutants. None of these
preconditions is currently fulfilled to a satisfiable degree. (Magalhaes et al., 2018; Ohlwein et
al., 2019; Habre et al., 2018)

2.2.4 Biological pathways

Incorporation of PM can lead to the development of respiratory, cardiovascular and other health
endpoints. Three possible pathways explain the linkage between PM exposure and clinical

effects.

1) Systemic spill over of local proinflammatory mediators: Particles and their adjunctive
molecules or elements interact with tissue, forming reactive oxygen species (ROS). ROS
activate an innate immune response via the initiation of NFkB responsive pathways. This
triggers an increase of mediators of oxidative stress and inflammation. Chemokines or acute

phase proteins eventually form a self-amplifying immune response. (Brook et al., 2010)

2) Lung receptors and nerve endings sense proinflammatory milieus or redox-active agents.
Consecutive stimuli of the autonomous nervous system lead to an autonomic imbalance,
favouring sympathetic nervous system hyperactivity with all its deleterious effects on the

cardiorespiratory system. (Brook et al., 2010)

3) Direct entry via cellular barriers is also possible. This pathway is foremost characteristic for
UFP and nano-size particles as they were shown to be able to translocate barriers because of
their small size (Oberddrster et al., 2005). This effect could create a direct entry for soluble
particles into systemic circulation and hence provoke an inflammatory reaction similar to that
described under pathway number 1 in any part of the body. The main area of cellular
transmigration is primarily thought to be the alveole (Brook et al., 2010) but other surfaces like

mucous membranes on the body surface could facilitate an entry of particles, too (Morawska et
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al., 2008). Even hair follicles seem to provide a route for transmigration, as they interrupt skin

architecture and limit its sealing function (Kim et al., 2016).

The pathways are depicted in Figure 4, whereas overlaps between pathways are possible. The
pathway for an adverse outcomes is likely to depend on the source of exposure, time of
exposure, individual health preconditions (Franklin et al., 2015) and environmental factors that

are able to transform particles into more or less harmful fractions. (Morawska et al., 2008).

Alveole

l

cell activation in lung transmigration into blood lung receptors, ANS reflexes
systemic spillover systemic immune response ANS imbalance

release of citokines release of citokines

oxidative stress oxidative stress e.g. heart rate elevation

platelet activation

l

vasoconstriction
hypertension, Insulin resistance,
atherosclerosis, left ventricular hypertrophy

acute events
(e.g. stroke, acute coronary syndrome, arrhythmias)

Figure 4: Three Possible Pathways of health effects after inhalation of PM into alveoles. PM:
Particulate Matter. ANS: autonomic nervous system. According to (Brook et al., 2010)

2.3 Linking PM with biomarkers

PM supports the generation of reactive oxygen species (ROS). This process is facilitated
through direct entry of PM into cellular tissues, resulting in mitochondrial damage and
induction of apoptosis. Furthermore, PM could act as a ROS generator itself, even outside cells,
as it contains potential redox-sensitive materials like metals on the surfaces, which propulse a

Fenton reaction in various cellular milieus. (Kim et al., 2015)
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Figure 5: Cell damage through PM uptake on a molecular level. The generation of reactive oxygen
species (ROS) can be an intra- or extracellular process. Thus, inflammation cascades lead to the
upregulation of proinflammatory target genes and provoke a systemic inflammatory reaction via
cytokines and proteases.

PM: Particulate Matter; Fe2+: iron molecule; Oz, H>0,,OH: reactive oxygen species;, MAPK, ERK1/2,
p38, JNK: initiators of inflammatory pathways; NF-kB, AP-1: transcription factors; IL: interleukine;
MMP: matrix metallo protease. Reprinted from (Kim et al., 2016), with permission from Elsevier.

ROS, produced extra- or intracellularly, impair the DNA repair system and induce various
inflammatory pathways via innate immune responses as Figure 5 shows (Kim et al. 2016). One
important mechanism is the mitogen-activated protein kinase (MAPK)-pathway. MAPK is a
potent activator of transcription factors such as Nuclear Factor ,, kappa-light-chain-enhancer
of activated B-cells (NFkB) and others. These factors regulate innate immunity and

inflammation on the genetic level and upregulate target genes coding for proinflammatory
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cytokines like Interleukin-6 (IL-6), IL-8, tumor necrosis factor alpha (TNF-a) and many others
in various cell types. Also, they induce matrix metallo proteases (MMP) that tend to upregulate
inflammation via autogenous cell damaging. A variety of proteins involved in innate immune
reactions can therefore represent a direct link between PM and adverse clinical outcomes like
pulmonary oxidative stress, systemic inflammation, vascular dysfunction or atherosclerosis.

(Riickerl et al., 2011)

The following chapters describe biomarkers explored in this work and exemplarily show their

physiological reaction after exposure towards fine and ultrafine particles.

2.3.1 PM and CRP in blood

C-reactive protein (CRP) is one of the most common parameters to diagnose, monitor and
prognose inflammatory processes and systemic inflammation. It was discovered in the 1930s
and thus already looks back on a long research history. As an acute phase protein, CRP is
mainly produced in the liver whereas small amounts of CRP mRNA where reported to be found
in other tissues. CRP is detectable not only in plasma, but also in mucous membrane secretions
of the respiratory tractus and the lungs (Gould and Weiser, 2001) or coronary artery smooth
muscle cells. (Calabré et al., 2003)

It is upregulated upon the stimulation of cytokines like TNF-a (Calabr¢ et al., 2003) or IL-6
(Riickerl et al., 2011). It can easily show a 1000-fold increase upon inflammatory stimulation
with a fast initial rise after six hours, and a peak around 48 hours after stimulation. Its half-life
time is 19 hours, its physiological range in healthy individuals is up to 5 mg/l. (Pepys and
Hirschfield, 2003)

CRP is a primarily pentameric molecule with two important binding sites, one for
Phosphatidylcholine and similar molecules, which are found for example in degraded cellular
material and another binding site for complement factor Clq to activate the complement
pathway. It is believed to be important for opsonization and scavenging as an innate host
defense mechanism. Furthermore, it upregulates various inflammatory cytokines (Pepys and

Hirschfield, 2003; Chandrashekara, 2014).

A soluble pentameric (pCRP) form is turned into a non-soluble monomeric (mCRP) form when
binding to non-self or degraded material. The two forms seem to create a self-regulating balance
with mCRP being an upregulator of inflammation. Whether (m)CRP is a bystander of critical

illness or a causal explanation however remains uncertain. Clinically used highly sensitive CRP
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assays like the one used in this work interestingly seem to detect only pCRP and thus not reveal

the whole picture of CRP content in plasma (Trial et al., 2016).

Despite the uncertainties about the different functions CRP has in innate immunity, it has
proven to have a prognostic value in diseased and apparently healthy individuals. CRP is a risk
marker for cardiovascular and metabolic diseases and possibly a mediator of diseases, as it
could enhance plaque instability or coronary events (Pepys and Hirschfield, 2003).

CRP is also the most intensively studied inflammatory marker in association with air pollution
(Riickerl et al., 2011). Air pollution seems to elevate CRP levels in healthy as well as in
diseased individuals (Riickerl et al., 2007). Residential exposure to PM, s showed to upregulate
CRP (Hoffmann et al., 2009). Similar findings could be made in a susceptible population with
residential exposure to quasi-ultrafine particles from traffic (Delfino et al., 2008). The
reduction of PM through the appliance of air filters in residencies with chronically high
exposure towards PM from ambient sources showed a significant reduction of CRP (Allen et al.,
2011). We therefore chose it as a valuable marker to detect inflammatory signals after being

exposed to indoor particles.

2.3.2 PM and Interleukin-8

Interleukin-8 (IL-8 or CXCLS) is a chemotactic cytokine. It influences immune response and
cell migration and was first described as a protein of chemotactic significance in 1987.

(Yoshimura et al., 1987)

It is produced by leukocytes such as macrophages and monocytes, neutrophils or T-cells.
Furthermore, endothelial and epithelial cells can produce IL-8. Adequate stimuli can be
bacterial or viral infection, general cell stress and a resulting increase in chemokines and nuclear
factors (Mukaida, 2003). Upon stimulus, IL-8 is upregulated within one hour, and cell
production rate returns to baseline levels within a few hours after the end of a stimulus. Similar
findings could be made with IL-8 circulating in the blood stream. (Mukaida, 2003; Baggiolini et
al., 1989)

IL-8 recruits and activates a broad spectrum of immune cells via interaction with G protein-
coupled chemokine receptors and plays a mediator role at sites of inflammation. Its presence
alters selectin and integrin expression in the bloodstream and activates various receptors on
neutrophils, leading to transmigration from the bloodstream. It initiates degranulation and
respiratory burst and at higher concentrations, T cells can be recruited by IL-8 directly or,

indirectly, via neutrophil-derived mediators. (Mukaida, 2003; Griffith et al., 2014)
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IL-8 is often used as a surrogate parameter to assess inflammation of the airways. Nasal or
bronchial epithelium release IL-8 in significant amounts, and chemokine levels antecede clinical
symptoms like mucous production after exposure towards irritants. Also, IL-8 levels correlate
with symptom severity during acute respiratory diseases. Production levels seem to differ
between diseased and healthy individuals and production rate was shown to be higher in atopics

or patients with chronic respiratory diseases. (Henriquez et al., 2015; Hackett et al., 2011)

IL-8 plays a role in local and systemic inflammation; thus, it can not only be found on mucous
membranes but also in the bloodstream. To assess toxicity of indoor PM sources, I1L-8 was
repeatedly used in controlled exposure studies. In vitro, lung epithelial cells produce IL-8
following treatment with PM of various sizes (Fujii et al., 2001). In vivo, rises of nearly 100%
were reported after exposure to biomass smoke (Banerjee et al., 2012). Also, strong IL-8
responses were found in serum after incubation with fractions of air pollutants (Sigsgaard et al.,

2000). We therefore measured IL-8 both in serum and lavage fluid.

The role of IL-8 seems to reach far beyond acute inflammation. It was shown to be present in a
wide variety of chronic pathologic conditions. It is of interest in tumor therapy and
rheumatology. Also, it is established as a marker for neonatal sepsis. Acknowledging the
extensive use in other research fields, this work focusses on the evaluation of acute

inflammation in airways and peripheral blood.

2.3.3 PM and ICAM

Intercellular adhesion molecule-1 (ICAM-1or CD54) is a transmembranous glycoprotein that
belongs to the immunoglobulin superfamily and is expressed on leukocytes and on various cell
types, for example endothelial and epithelial cells, fibroblasts and even in neurons (Witkowska
and Borawska, 2004; Ramos et al., 2014). It plays a role in immunologic answers towards
inflammatory stimuli by facilitating leukocyte adhesion and trafficking. This is mainly
accomplished by binding with lymphocyte function-associated antigen (LFA-1), preferentially
in a dimerized form of ICAM with higher affinity. Thus, numerous immunologic cascades can
be initiated. Expression of the molecule can be upregulated in the presence of cytokines like
TNF-a or Interleukins. Therefore, upregulation of ICAM-1 correlates with inflammatory
conditions (Ramos et al., 2014). A strong upregulation could be observed within 24 hours and
once elevated, the concentration on cell surfaces can remain high for 48 hours and more (Hua,

2013).
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ICAM-1 consists of five extracellular domains, a transmembrane domain and an intraplasmatic
domain. It was discovered that alternative splicing produces at least 6 isoforms of ICAM. It is
believed that the differences in their extracellular domains permit different functions of the
isoforms during an inflammatory reaction, but little is known about the true effects of these

isoforms. (Ramos et al., 2014)

The soluble form of ICAM-1 (sSICAM) is most likely formed by proteolytic cleavage of the
membrane bound domain of ICAM-1 by proteases (Sithu et al., 2007). Circulating sSICAM
forms complexes which can be found in various body fluids of clinical interest like serum,
sputum, urine and bronchoalveolar lavage fluid. Soluble ICAM has been associated with a
number of diseases, most importantly with cardiovascular diseases like hypertension and acute
coronary syndrome. Patients in the top quartile of SICAM values have been shown to be at a
higher risk of developing myocardial infarction. The marker is also believed to reflect an
ongoing inflammation in various tissues, for example endothelium or plaque structures.
Furthermore, sSICAM levels seem to rise in malignant diseases and elevated levels have a
prognostic factor in gastrointestinal cancers or melanoma. In addition, nutritional aspects could

play a role in chronically elevated sSICAM levels. (Witkowska and Borawska, 2004)

The marker could be indicative of the populations® health state and the absence of chronic
diseases and at the same time it has the appropriate dynamics to detect short term inflammatory
reactions. In the context of exposure to particulate matter, CAMs and especially sSICAM were

used multiple times to test for adverse health effects.

2.4 Legislative regulation of Particulate Matter

The body of evidence on health impairment through PM has led to implementation of air quality
standards and air quality guidelines in many countries. Air quality standards often set thresholds
for larger particle sizes like PM o and PM, s in both residential and occupational environments.
On a global scale, the World Health Organisation (WHO) established evidence based air quality
guidelines since 1987. They are updated periodically, last in 2021 (see Table 2). They are not
legally-binding, but intended to be used as a reference and fundament for local regulatory steps

(Chan, 2006).

Yet legislative regulations and thresholds are globally inhomogeneous and do not necessarily
reflect WHO guideline values. For example, after the 2021 update, the WHO supports an
average outdoor concentration of PM o of 15ug/m?® per year with exceeding 45 pg/m* on not

more than 3 days. The European Union (EU) allows twice the WHO benchmark as an annual
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mean (40pg/m?) with exceeding 50 pg/m? on not more than 35 days. (European Environmental

Agency, 2016; World Health Organisation, 2015)

The WHO has also set updated guideline values for PM; s, suggesting levels of Spug/m® of an
annual mean, and 15pg/m? being exceeded on no more than 3 days in outdoor air. For countries
or regions with higher levels and no options for short term changes, higher acceptable interim

values were proposed.

Pollutant Time Guideline Guideline

Value 2005 Value 2021

PM2.5 Average / year 10 pg/m? 5 pg/m?
Average / day 25 pg/m? 15 pg/m?

PM10 Average / year 20 pg/m? 15 pg/m?
Average / day 50 pg/m? 45 pg/m?

Table 2: WHO air quality guidelines for PM>.s and PMy. “average / day” represents the 99"
percentile, i.e. should not be exceeded on 99% of days.

In many areas of the world, PM concentrations are not monitored or exceed recommendations
by far (Chen et al., 2012). Even the EU has not yet accomplished globally recommended target
values. From 2012 to 2014 between 16% and 21 % of the urban population were exposed to
outdoor PM values exceeding the current annual mean EU limit values for PM o and 90 % of
urban EU population lived with PM, 5 particle pollution above WHO guideline values of that

time (European Environmental Agency, 2016).

WHO guidelines are neither designed for indoor nor for outdoor air, but for ambient air, which
comprises households as well as open spaces. Yet the guidelines are usually applied to outdoor
air, as most of the measuring takes place in public spaces. Thus, explicit legislative limit values
of indoor air pollution are scarce and, if existent, similar to outdoor air recommendations. In
many countries, indoor air pollution limit values are only applied to a small number of
potentially harmful chemicals, often intended to regulate working conditions in certain

occupational settings. (World Health Organisation, 2015)
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2.5 Research questions

Now overviewing the topics of research, the following questions could be posed

1. Does short term exposure towards predefined common household particle sources
alternate levels of [L-8, CRP and sICAM in blood and nasal lavage?

2. Does the intensity of the particle exposure correlate with the changes in biomarkers
levels and is the biological signal homogenous?

3. Isitpossible to allocate the effect on innate immune response parameters to a specific

particle source or a particle size fraction?
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3 Material and Methods
3.1 Study and study design

The Effects of fine and ultrafine Particles from Indoor Activities—Study (EPIA-Study) was
performed by the Institute of Energy and Environmental Technology (IUTA — Institut fiir
Energie und Umwelttechnik) in Duisburg in cooperation with the Leibniz Research Institute for
Environmental Medicine (IUF - Leibniz-Institut fiir Umweltmedizinische Forschung) in
Diisseldorf . The study was commissioned and funded by the German Federal Environmental
Agency (UBA - Umweltbundesamt).

The study was intended to

1. investigate indoor particle sources that generate particles mainly in the UFP-range

2. combine characterization and toxicological analyses of particles from these sources

3. investigate biological reactions in humans which reflect short-term mechanisms towards PM

€xposure.

The study was designed as a sham-controlled cross-over human exposure study. It was
approved on 6th July 2012 by the ethics committee of Heinrich-Heine-Universitdt Diisseldorf
with reference number 3830. All participants were thoroughly screened for general health
conditions, risk factors and in- and exclusion criteria in a pre-study screening process. All study

participants gave written and informed consent before participation.

Participants were exposed to various particle sources between October 2012 and June 2013.
They were all healthy, non- or ex-smokers, speaking and understanding German. Before, during
and after the exposure, participants were examined by specially trained and supervised study
personnel and various clinical examinations were conducted in a pre-defined order at pre-
defined time points according to pre-defined standard operating procedures. The examinations
included measurements of blood pressure, pulse wave analysis, heart rate variability, exhaled
nitric oxide, lung function, neurocognition, nasal lavage and venepuncture with storage of
specimen for further examination. The measurements were intended to detect local
inflammatory changes (through nasal lavage, exhaled nitric oxide), local organ impairments
(through testing of lung function), systemic inflammation (through venepuncture and

subsequent blood testing) and systemic organ impairment (through cardiovascular function).
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3.2 Screening process, in- and exclusion criteria

The recruitment of participants was conducted via advertisements, flyers and public postings in
the area of the North Rhine-Westphalian towns of Diisseldorf, Essen, Duisburg and Miilheim.
Recruitment was performed two times due to high drop out before the beginning of the field
phase, as can be seen in figure 6. A total of 143 individuals responded to the study
advertisement. Volunteers were pre-screened for suitability during a telephone interview

assessing general health conditions and potential risk factors.

Main inclusion criteria in the pre-screening process were age between 18 and 79 years, non-
smoking or ex-smoking for at least 10 years and speaking and understanding German.
Exclusion criteria assessed during the telephone interview were smoking or ex-smoking for less
than 10 years, regular and severe exposure towards tobacco smoke and occupational or
residential exposure towards severely polluted air. Furthermore, preterminal disease, heart
attack, embolism and stroke in the past three months were excluded. Uncontrolled hypertension,
diabetes mellitus, chronic respiratory disease, chronic infectious disease or neurologic or mental
disease, planned pregnancy and planned surgery during the next six months were also excluded.
A further exclusion criterion was the anatomical inability to successfully conduct pulse wave

analysis.

81 eligible volunteers were invited to a screening examination which was used to confront
potential study candidates with typical study situations, especially with examination methods
that required knowledge and cooperation. Volunteers were familiarized with lung function
measurements, nasal lavage and pulse wave analysis before the collection of personal exposure-
related data and material began. As these techniques depend on participants® active
collaboration, this was believed to reduce invalid measurements in the beginning of the field
phase. After the screening examination, 68 individuals were found suitable for inclusion in the

study, yet 13 later revoked their participation before the beginning of the field phase.

The 55 volunteers willing to participate in the study gave written and informed consent and
anthropometry was performed assessing height and weight to calculate body mass index (BMI).
Furthermore, blood pressure and heart rate were measured. Participants were handed a general
questionnaire which assessed socioeconomic status, lifestyle, medical history and regular
medical treatment. Also, participants received printed documents as a preparation for the
exposure days. The documents contained general information about the study and information
about the personal behaviour each day before and after a particle exposure to secure
interpersonal comparability. Participants were asked to avoid extreme physical exercise and

alcohol, beginning 24 hours before an exposure and to abstain caffeine containing drinks 4
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hours before an exposure. They were also asked to only have a light breakfast. (Soppa et al.,

2017)

3.3 Study population

55 individuals agreed on participation in the study (compare figure 6) and where exposed with
particulate matter and examined under controlled conditions at least once.

14 volunteers dropped out during the course of the study, 10 of which due to time constraints.
Two were excluded during the field phase. One exclusion was due to an epileptic seizure and
one due to uncontrolled arterial hypertension which was not detectable during the screening

visit.

Recruitment Phase 1 Recruitment Phase 2
Y Y
Interested (N=131) Interested (N=12)
y 3
Telephone Screening (N=119) Telephone Screening (N=12)
Inclusion possible (N=70) Inclusion possible (N=11)
v ¥
Clinical screening (N=70) Clinical screening (N=11)

3. /

Inclusion possible (N=58) Inclusion possible (N=10)

Participants (N=47) Participants (N=8)

> 1 Exposure (N=39) > 1 Exposure (N=8)

Figure 6: Study recruitment and final population with dropouts. The two threads reflect the initial
recruitment and the second recruitment phase. N= Number of participants
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3.4 Exposure setting

Identification and characterisation of suitable sources of indoor particulate matter was managed
by the IUTA in Duisburg and their Research Division of Environment and Sustainability. At
their testing site, various typical residential activities were tested regarding their potential to
generate fine and ultrafine PM. Simultaneously, the resulting particles were analysed regarding
their physicochemical properties.

Among the tested sources were kitchen activities like toasting bread, baking pizza or frying
sausages. Vacuum cleaning was tested as a typical household activity. Exposure from
resuspended dust by vacuum cleaning was assessed separately from the engine emissions of the
vacuum cleaner itself. Furthermore, various indoor combustion sources were assessed, for
example candle burning, operating a fireplace and operating butane and spirit burners. Finally,
PM emissions were also measured while grinding nanoparticle containing paint and while using

a hot air radiator.

The sources considered most reproducible and most relevant where frying sausage, toasting
bread and burning candles. These sources showed a stable emittance of particles, a size
distribution in the range between PM o and UFP and high particle number concentrations. Other
sources were finally discarded because of operational difficulties (for example, a fireplace could
not be operated under stable conditions) or because of low relevance in everyday life (for
example grinding paint). Furthermore, the discarded sources, when fully operated, caused
particle number concentrations in the range of urban outdoor air background concentrations
(15.000-100.000 particles/cm?), while burning candles, toasting bread and frying sausages led to

number concentrations higher than 1.000.000 particles/cm?®.

Participants were exposed to these sources in a specially designed closed chamber at the testing
site of IUTA in Duisburg. The chamber measured 16 m? and approximately 48m?* and was built
from powder-coated sheet metal with glass windows and a roof covered with an antistatic
polyethylene film to limit particle agglomeration on surfaces. The chamber was equipped with
the particle sources and an air conditioning system that was operated in a circulating ventilation
mode to prevent additional particle entry and to ensure a constant pollutant dispersion. Besides,
there was also an active ventilation of filtered outdoor air with a steady air exchange at a flow
rate of 90 - 250m3/h. Temperature and humidity in the chamber were controlled and temperature

maintained at 24° C.

Exposure towards particles was measured with particle monitors at a temporal resolution of
minutes to seconds. A steady state of particle concentrations was reached approximately 30

minutes after the start of a source operation inside the chamber. Participants entered the
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chamber only after this steady state was reached. Exposure measurement units outside the
chamber then calculated an average two-hour personal exposure for each participant. Sampling
ports for air quality measurements were installed in the proximity of the participants‘ seats to
precisely reflect personal exposure. Handheld particle monitors (DISCmini, Matter Aerosol,
Wohlen, Switzerland) revealed a homogenous distribution of particles in the participants’

surroundings. (Soppa et al., 2014)

3.5 Exposure scenarios

Only toasting bread (TB), candle burning (CB) and frying sausages (FS) showed high particle
concentrations, reproducibility and relevance for everyday exposure scenarios at the same time
and were thus used for controlled exposure scenarios in the EPIA study. The three different
sources were operated on two different levels of intensity, thus creating exposures of
intermediate (Level 1) and high particle exposure (Level 2). The higher intensity of exposure

was reached by redoubling the amount of exposure sources. An overview of the exposure

scenarios can be seen in table 3.

Non-operated air ventilator, sham-exposure with room air
Burning of 20 white candles

Burning of 40 white candles

One two-slice toaster, toasting cycles of three minutes
Two two-slice toasters, toasting cycles of three minutes

Three sausages in a Teflon® pan, fried for 10 minutes without oil,
turnover every 150 seconds

Six sausages in two Teflon® pans, fried for 10 minutes without oil,
turnover every 150 seconds

Table 3: Source abbreviations and characteristics. RA: room air; CB: candle burning; TB: toasting
bread, FS: frying sausage

For CB, 20 commercially available R4L-certified white Christmas tree candles were attached to
holders on aluminium foil covered plywood on a laboratory desk 1.2 meters above ground. The

candles had a distance of approximately 15 cm from one another to avoid melting and air
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ventilation was not directly pointed towards the candles to prevent sooting.

Candles were replaced before burning out. For level 2, 40 candles were installed similarly.

For TB on level 1, bread was toasted in a time controlled two-slice toaster (Executive Edition
TT 61103, Siemens, Germany). A toasting circle lasted three minutes. To prevent overheating
of the toasters and to ensure constant particle emission, three identical toasters were operated
alternatingly. The bread (Buttertoast from a local discounters) contained wheat flour, water,
concentrated butter 3 %, sourdough (wheat flour, water), yeast, salt, grape sugar and sodium
diacetate. For level 2, two of the above mentioned toasters were operated simultaneously.
Before first use, toasters were heated up outside the chamber for half an hour to remove

potential contamination from the production process.

For FS, at level 1 three sausages (Thiiringer Rostbratwiirstchen from a local discounter) were
fried without additional fat or oil in a Teflon®-coated pan (Tefal-H11506, SEB, France). The
sausages contained approximately 90% pork meat, water, sodium chloride, potassium iodide,
dextrose, a spice mixture of pepper, onions, nutmeg, ginger, garlic, cardamom and parsnip and
the food stabilizer diphosphate. The pan was placed on an electric hotplate (KP 1057, Severin,
Germany). The sausages were fried for 10 minutes in a preheated pan with turnovers every 150
seconds. After three frying circles (9 fried sausages), the pan was cleaned from frying residues
and frying paused for 10 minutes to cool down the pan. Level 2 followed the same procedure

with two pans (6 sausages).

Implementing a control exposure in the experimental setup was difficult to perform, as
participants had visual and olfactory contact with the exposures. Therefore, a fourth exposure
setting contained a non-operated ventilator in room air (RA), which was presented to the
participants as a particle emitting air refresher. This exposure is referred to as sham-exposure in

the course of this work.

3.6.1 Measurement of particle metrics and chemical composition

Measurement of particle metrics was conducted continuously to ensure a constant particle
pollution of inhaled air. Particles with a size between 5.6 and 560 nm were measured by a Fast
Mobility Particle Sizer Spectrometer (FMPS, Model 3091, TSI Inc., USA) with a timely
resolution of one second. In an FMPS, electrically precharged particles are deflected in an
electric field. Depending on their size, they show a unique deflection pattern and hit electrodes

on a series of electrometers. The electric charge of the particles is transformed into a current on
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the electrode and amplified by the electrometers. An integrated algorithm in the device can

calculate back from the charge distribution to particle size distribution.

Size-dependent particle number concentration was calculated with a Scanning Mobility Particle
Sizer (SMPS, Model 3936, TSI Inc., USA), an established technique used for particle number
calculation in the submicron range that follows similar principals as the FMPS at a broader
timely resolution. Depending on the unique setup of components (Electrostatic Classifier,
Model 3080; Differential Mobility Analyzer, Model 3081 or 3085; Condensation Particle
Counter, Model 3776 with Neutralisator Model 3077, all TSI Inc., USA) the SMPS unit was
able to detect particle number concentrations in the range of 6.5 to 750 nm with a sampling time

of 2 to 4 minutes.

The surface area concentration was measured by a Nanoparticle Surface Area Monitor (Model
3550, TSI Inc., USA). This device operates via ion-charging and current release of particles in
presence of electrometers and calculates the lung deposited surface area (LDSA) of particles in

um?/cm? by using calibration factors from known and predescribed particles.

An Aerodynamic Particle Sizer (APS, Modell 3321, TSI Inc.,USA) sorted particles between 0.6
to 20 um according to their aerodynamic diameter. An APS discriminates particles by
aerodynamic drag in an air stream. The characteristic flight time of particles is measured by
lasers and calculated back to particle size. PM;, PM, s and PM as size-specific mass
concentrations were calculated from particle size and number concentrations with the

assumption of particles being spherical at a density of 1 g/cm3 (Soppa, Schins et al., 2014).

To constantly monitor the particle pollution outside and inside the exposure chamber, two
particle sizers DiSCMini (Matter Aerosol, Switzerland) were in use throughout the study. They
were randomly given to exposed participants to monitor personal exposure, too. The DiSCMini
were able to detect particles within a range of 10 to 400 nm of aerodynamic diameter and

calculated particle number concentration, mean particle diameter and mean particle surface area.

Chemical composition of particles was assessed by an Aerosol Mass Spectrometer
(AERODYNE HR-TOF-AMS, Aerodyne Research Inc., USA) which characterized particles
within a size range of 60 to 600 nm. Time resolution could be arranged from hours to a few

seconds average.

Ultrafine particles were not only measured but also collected with a Nanometre Aerosol
Sampler (NAS, Model 3089, TSI Inc., USA). Thus, particles could be transferred to additional
analysis with Scanning Electron Microscopy (SEM) or Reflection-X-Ray-Fluorescence

Spectrometry (TXRF). Further particle collection for toxicological analysis of redox potential or
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radical formation was accomplished with a Low Volume Sampler (LVS 3, Derenda, Germany)

and a Particle-into-liquid-sampler (PILS, Metrohm AG, Switzerland).

Also, an Organic Carbon-/Elemental-Carbon-Analyzer (Lab OC-EC Aerosol Analyzer, Sunset
Laboratory Inc., USA) and a Compact-Protontransfer-Reaction-Mass spectrometer (Compact
PTR-MS, Ionicon, Austria) for the analysis of volatile organic compounds (VOC) were

operated. Data from these analysers was not used in this work.

3.6.2 Particle chemistry

Chemical analysis of the particle sources was accomplished by members of the IUTA, Duisburg
with an Aerosol Mass Spectrometer (AMS, AERODYNE HR-TOF-AMS, Aerodyne Research
Inc., USA) for particles between 60 and 600 nm of aecrodynamic diameter. The AMS unit
generally distinguished five different compounds, organic hydrocarbons (OHC), sulphates
(SO4), nitrates (NO3), ammonium (NH4) and chlorides (Chl).

Furthermore, liquid suspensions of airborne particles were tested for surface reactivity with

elctronspin-resonance spectrometry-based assays at [IUTA, Duisburg.

Candle Burning (CB) showed high amounts of NO3 (50-60 %) and OHC (40-45%) and low
amounts of NHs. The main source of NO3; were most probably the candle wicks, as they are
impregnated with ammonium containing flame-retarding additives. Black or elemental carbon
(soot) was only accountable for 3 to 10 % of the hydrocarbons detected during CB. Detectable
elements were potassium, calcium, iron, zinc and titan. In toxicological analyses, particles
showed no ability to produce radicals, but a surface reactivity could be observed. (Hellack et al.,

2014)

Toasting Bread (TB) showed high amounts of OHC (90-95 %) and low amounts of NO3, NH4
and SOg. Carbon detected on filters was almost exclusively OHC, with only 1 % of elemental
carbon. Particle mass was to 50 % caused by water adsorbed to the hydrocarbons. The elements
detected in the filters were calcium, iron, chloride and zinc, all in the range of a few nanograms.
Iron and chloride are believed to arise from roasting processes. Particles from TB showed only a

low potential to form radicals. (Hellack et al., 2014)

Frying Sausage (FS) emitted particles of almost exclusively OHC (95-99%). The rest was
formed by NO; and chloride, probably deriving from salts in the product or from elements
embedded in proteins. Elemental carbon was not detectable during the frying process. Other

detected elements were iron, calcium and zinc in single-digit nanogram concentration that could
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be explicable as background concentration. No potential to form radicals was observed.

(Hellack et al., 2014)

3.7 Conduction of Field Work

The cross-over design implied repeated exposures of the same volunteer throughout the course
of the study. To avoid carry over effects and to control for biological variability within the
course of time, exposures of the same volunteer were carried out with a time lag of two weeks at
the same day of the week and the same hour of the day. Each study day, four participants were

scheduled to arrive with an interval of 30 minutes to ensure efficient and fluent examination.

The study days began with a physical examination and a health questionnaire which also
assessed travel time to the testing site and mode of transportation. Noticed or reported infections
before the exposure and the use of anti-inflammatory drugs up to 7 days before the exposure

day led to postponement of the exposure.

Each exposure with particles was accompanied by six time points of medical examinations (see
Table 4). Shortly before each of these examinations, volunteers filled in a diary, reporting

subjective health conditions.

All measurements were conducted once before exposure to generate baseline measurements (to).
Then participants entered the exposure chamber for two hours, with particle sources already
brought to a steady state as mentioned above. After one hour of exposure, blood pressure and
pulse rate were measured inside the chamber by a staff member(t;). After the two-hour
exposure, blood pressure and pulse rate were analysed together with pulse wave measurements
(t2). Two hours after exiting the exposure chamber (t3), the same examination was repeated
together with a measurement of exhaled nitric oxide (FeNO), a nasal lavage (NAL) and a
venepuncture. Another two hours later (t4), blood pressure, pulse rate, pulse wave analysis, lung
function and neurocognition were evaluated, marking the end of the study day. Participants
were instructed to avoid vigorous physical activity and alcohol intake and to return to the study
centre 24 hours after the exposure (ts), when the full range of medical examinations was

conducted again.

Degradable specimen like nasal lavage fluids and blood samples were either immediately
processed for further analysis according to standard operating procedures or stored in deep
freezers and transported to the Institute for Environmental Medicine, Diisseldorf at the end of

the week, where long-term storage at -80°C was possible.
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Table 4: Setup of measurements and chronological order. RR: blood pressure; PWA: pulse wave
analysis; PWV: pulse wave velocity, HRV: heart rate variability; FeNO: fraction of exhaled nitric oxide.

3.8 Nasal lavage (NAL)

For this thesis, inflammatory markers in nasal lavage fluid and in serum were analysed. The

examination of nasal lavage and its operational technique is therefore described in detail.

NAL is a non-invasive method to obtain an insight into the conditions of the respiratory tract. At
rest, the majority of humans are nose breathers, and as such the nasal cavity is the first air space
and the first mucosal barrier to come in contact with irritants (Mirowsky und Gordon, 2015).
Nasal lavage can be described as an instillation of saline into the nasal cavity and subsequent
recovery of the instilled fluid after a predefined dwell time (Scarpa et al., 2014). There is
reasonable evidence to consider washing fluid from the nasal cavity as a proxy for airway
response and health conditions in the lung (Graham und Koren, 1990). Mediator changes in
lavage fluid have been shown to reflect biological effects in the lower airways, for example
respiratory worsening in lung function measurements (Scarpa et al., 2014). Thus, investigating
mucous membranes with NAL could be seen as a less invasive replacement of methods like

bronchial or bronchioalveolar lavage.
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An often analysed mediator in NAL fluid is IL-8. Being involved with innate immune responses
as described in chapter 2.3.2, IL-8 in NAL was positively associated with air pollution multiple
times (Scarpa et al., 2014)

In the EPIA study a standard operating procedure (SOP) was developed for NAL, based on an
established technique from respective literature (Graham und Koren, 1990). According to the
SOP, volunteers had to sit on a fixed chair, holding a funnel with a collection tube and paper
towels to clean their nose afterwards. During the course of the lavage, volunteers were asked to
recline their head by 45°, thus exposing the nostrils. They were asked to stop breathing and
form a ,,K“-sound with their tongue and palate to close the nasopharyngeal airspace from the
lower pharynx. With a sterile pipette, the examiner speedily applied 5 millilitres of sterile
phosphate buffered saline (PBS) pre-warmed to 37°C into each nostril. After 10 seconds, loudly
counted by the examiner, the volunteer bent forward and passively drained the PBS into the
funnel above the collection tube. In the funnel, the fluid passed a polyamide filter. After fluid
collection, the filter was discarded, and the collection tube centrifuged for 5 minutes at 3400

rounds per minute (rpm) at 600g and at 4°C.

The collection tube was then taken from the centrifuge, the supernatant decanted into a new 15
millilitre tube and the tube put on ice. The cell pellet on the tube ground was used for separate

analyses whereas the supernatant was aliquoted into Micronic® tubes and stored at -20°C until
the end of the week. Finally, these samples were transferred in a closed box on ice to be placed

in a -80°C deep freezer for long term storage and further analyses of, in this case, IL-8 content.

3.9 Venepuncture

For the analysis of CRP-, IL-8- and sSICAM-serum levels, material from venepuncture was used.
Each patient was asked for their preferred posture (seated or laid down) during venepuncture
and this position registered in a participant‘s file. Thus, venepuncture was always carried out
under the same conditions. A tourniquet was applied for a maximum of one minute before
puncture. If no vein was visible, discreet palpitation of the area was done and if no vein was
detectable after manipulation, damp heat was applied with a warm and wet towel for a few
minutes after loosening the tourniquet. Application of this manipulation technique however had
to be registered in the participants‘ file. A possible area of puncture was cleansed with a pulp
swab and covered with disinfectant for 30 seconds. Before or immediately after a successful
puncture, the tourniquet was loosened. Monovettes® for the analysis of serum and EDTA-
diluted blood were filled. After puncture and removal of the needle, the area was bandaged, and

the participant asked to apply pressure to prevent hematoma formation.
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Monovettes® were slewed five to ten times after venepuncture. Blood intended for direct
measurements was sent to a nearby laboratory, blood for further research was immediately
centrifuged at 3400 rpm for 10 minutes and 15°C. The supernatant was then aliquoted into
Micronic® tubes and deep-frozen at -20°C until the end of the week. Finally, these samples
were transferred in a closed box on ice to be placed in a -80°C deep freezer for long term

storage and further analyses.

3.10. Laboratory work

3.10.1. Measurement techniques

The analysis of nasal lavage fluids and peripheral blood was carried out at the Leibniz-Institute
for Environmental Medicine in Diisseldorf, in the research group for particles, inflammation and

genome integrity under the lead of Dr. Roel Schins, beginning in February 2014.

Enzyme-linked Immunosorbent Assays (ELISA) were used to detect IL-8 in NAL fluid and
blood (IL-8 PeliKine compact™, Sanquin, The Netherlands) and CRP and sICAM in blood
samples (Quantikine® ELISA, R&D Systems, Inc., USA). Characteristics of the different assays
are found in table 5.

For most of the markers, the samples had to be diluted as the highly sensitive assays would

otherwise not be able to detect the correct amount of target biomarker.

The measurement technique of the different ELISAs followed the same mechanistic principles.
All assays were so-called sandwich-ELISAs. Herein, a 96-well plate is precoated with a capture-
antibody that reacts specifically with the target biomarker. Then the plate is filled with samples,
each sample duplicated for quality control reasons. At this point, the biomarker of interest

already binds to the capture-antibody on the bottom of the well.

After adding the samples, an anti-target antibody is brought into solution that binds to the target
biomarker now bound to the capture antibody, thus forming a sandwich of antibodies.
Afterwards, an enzyme capable to bind the anti-target antibody is applied. Once bound to the
sandwich of antibodies, this enzyme is able to propulse a colour reaction in the solution. The
intensity of the colour reaction correlates with the amount of target biomarker initially bound to
the coated well. An absorption reader can then calculate from the absorbance of a standard
dilution with known amounts of biomarker on the same plate to the amount of biomarker found

in a sample of unknown concentration.
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Elisa type Range Sensitivity Dilution of original

sample
IL-8 in NAL 1 —240 pg/ml 3 pg/ml 1:10
IL-8 in blood 1 — 240 pg/ml 3 pg/ml No dilution
CRP in blood 0.8 — 50 ng/ml 0.022 ng/ml 1:100
SICAM in blood 1.6 — 50 ng/ml 0.254 ng/ml 1:20

Table 5: Characteristics of the ELISAs used during the laboratory work. Due to the expected range of
values, different dilutions were applied to create samples within the range of the assay.

3.10.2 Calculation of biomarkers

The generation and analysis of biosamples from nasal lavage fluid and venepuncture was
reduced to certain time points only. For IL-8 in NAL fluids and blood, samples were taken at
timepoints to, t3 and ts because a biological reaction on the level of cytokines is expected to
appear quickly (see chapter 2.3.2). For CRP and sICAM, only blood samples from timepoints to
and ts were used, as significant changes in serum levels of these biomarkers have a longer

latency (see chapter 2.3.1).

Biosamples had been aliquoted and immediately deep-frozen during the field phase, so the
samples were sorted by exposure sources and study dates. In order to measure every exposure of
one single volunteer at the same time and on the same plate, these samples had to be resorted
and merged first, thus making intraindividual results more comparable. To prevent thawing and
freezing of the samples during the sorting process, specimens were placed on dry ice.
Afterwards, the merged sets were analysed with ELISA technique or stored in a freezer at circa

-80°C until further analysis during the next days.

Before measurement, the sample sets in Micronic® tubes (containing aliquots from all available
time point and exposure sources of one volunteer) were merged with other sample sets to fully
fill in one 96-well plate and thus save laboratory resources. The ELISAs were conducted
according to the delivered manual in concordance with procedures established in the working
group. The readout was done with a photometric ELISA reader (Multiskan Ascent 96-well Plate
reader, Thermo Fisher Scientific, Germany) at 450 nm for IL-8 assays and at 450 and 570 nm
for CRP and sICAM assays, respectively (TECAN, Infinite® 200 PRO plate reader, Tecan
Group AG, Switzerland) which produced a data set that could be converted into an excel file

(Microsoft Excel 97-2003, Microsoft Corporation, USA).
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The calculation of the measured absorbtions was also carried out with Microsoft Excel
(Microsoft Excel 97-2003, Microsoft Corporation, USA). To explain the final calculation of
amounts of biomarkers, an exemplary excel sheet is displayed in figure 7. First, the light
absorption of a standard dilution with known amounts of biomarker (,,conc* in Figure 7) is
measured in duplicate at a light wavelength of 450 nm and 570 nm (,,abs450(1)“ and ,,(2)“ and
,,abs570(1)* and ,,(2)*).

Then the differences of these absorptions are calculated. (,,abs450-abs570(1)“ and ,,(2)“ in
Figure 7), and for a better precision of the two absorptions, the average is calculated (,,av of abs
diff*). Then the absorption of a blank (or empty) well is subtracted to correct for the absorption

of the transparent plastic plate that contains the samples (,,average abs-blanco* in Figure 7).

Concentration and absorption values are transformed logarithmically (,,log conc* and ,,log gem
abs®) to calculate a graph with a line of best fit as shown in figure 7. As the line of best fit is
calculated from a known degree of absorption and a known amount of sample, unknown
amounts of sample can now be determined by light absorption values only. This estimation

technique is very accurate, as the coefficient of determination shows (,,R>=0,9953 in Figure 7).

conc | abs450{1) |ab5450l2}|ab55?0l1}| abs570(2) [ abs450-abs570(1)| abs450-abs570(2)| av of abs diff | average abs-blanco| log conc |log gem abs
50,00 2467 2,292 0,047 0,044 2420 2,249 2,334 2,327 1,69897 0,3668617
25,00 1.478 1.490 0,039 0,032 1.439 1.458 1.449 1441 1.39794| 0158799562
12,50 0,922 0,898 0,038 0,034 0,884 0,864 0,874 0,867 1,09691| -0,0619809
6,26 0,572 0,526 0,033 0,030 0,539 0,496 0,517 0,510] 0,79588( -0,29230211
312 0,319 0,312 0,033 0,033 0,286 0,279 0,283 0,276 0,494155| -0,55956323
1,56 0,180 0,178 0,029 0,029 0,151 0,148 0,150 0,143 0,193125| -0.84588047
0,78 0,115 0,113 0,033 0,036 0,082 0,077 0,079 0,072| -0,107905[ -1,14056146
0.00 0.046 0.044 0,039 0,037 0,007 0.007 0.007 0,000 [ #2aHL
06 -
04 y=0,8335x - 1,0024
* R2=09953
02
B T T T T . T T !
-0,2 0,2 0,4 086 0,8 1 1,2 1.4 1,6 1.8
0,2
04
06 -
_U,g 4
-1
1,2 1
_1,4 d

Figure 7: Standard curve for the detection of CRP values in an ELISA measurement. Conc: standard

dilution; abs1+2: absorptions at 450 nm and 570 nm wavelength. Av of abs diff: average of absorption

differences; log conc: logarithm of concentration in standard dilutions; log gem abs: logarithm of
absorptions differences. X-axis: logarithmic concentration of standard dilution, Y-axis: logarithmic mean
absorption of standard dilution, R*: coefficient of determination

The term of the standard curve (framed red in figure 7) is then used to calculate from the

absorption of the remaining samples to an unknown amount of biomarkers. This is achieved by

log-transformation of absorption values as shown above. The absorption values are then placed
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in the formula of the standard curve (framed in red) as y-value. The result of this term is the
logarithmic amount of biomarker. Thus, it is retransformed into natural numbers. The last step is

an adjustment for the dilution factor if a biosample was diluted in the first place.

3.10.3 Quality control and inclusion criteria for biosamples

The laboratory analyses were only carried out if a volunteers' sample set contained samples
from a full sham exposure including to, t; and ts and at least one completed true exposure

scenario with each of these time points.

As laboratory analyses required demanding manual work prone to human errors, measurement
imprecisions or a lack of sample quality, the results of the ELISA measurements were
controlled for internal concordance. This was performed using a variation coefficient as a
quality criterion for precision of the duplicate absorbances of one sample, according to a
working group procedure (Variation Coefficient = Standard deviation/ mean of duplicates *
100). All measurements with a coefficient >15 for CRP, SICAM and IL-8 in NAL, and >20 for
IL-8 in blood were excluded. The reason for a higher imprecision tolerance with IL-8 in blood
was that the variation coefficient reacts stronger for small absorbance values. IL-8 contents in

blood of healthy volunteers were on the lower limit of the assay’s detection range.

If the exclusion criteria were met in one of the analysed time points, all time points of the
respective exposure where excluded. If a sham exposure was affected by these quality criteria
limits and no material for a second measurement was available, the sham exposure was
considered as non-existent and all observations of one volunteer were excluded (this was the
case only once). The number of measurements in nasal lavage fluid and blood therefore differ

from the number of samples originally taken from the study population in the field phase.

3.11 Statistical analysis

3.11.1 Inclusion criteria for statistical analysis

A completed sham exposure was considered as an obligatory precondition to enter the data set,
thus 12 of the initial 55 study participants had to be excluded due to incomplete sham exposure.
Two participants were excluded retrospectively as they had unnoticedly met exclusion criteria
during the course of the study. Single individual exposures had to be excluded as scorching of a

toast resulted in an unintentionally high exposure to coarse PM and another pair of observations
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had to be excluded because a participant showed up for material collection 48 hours instead of

24 hours after the exposure.

Finally, a total of 41 volunteers entered the analysis. Due to technical difficulties during the
field phase and due to volunteer compliance during the study, not all volunteers conducted
every planned measurement. Especially venepuncture was sometimes unsuccessful or refused
by volunteers. In some cases, the total amount of blood samples was insufficient to carry out
further tests in the laboratory. Taken these reasons together, the final amount of measured

observations in this study can be found in Table 7.

Excluded Excluded Included Volunteers, N
observations due observations due observations,
to laboratory to study %

constraints, %  constraints, %
IL-8 in NAL 18 0f 693 =2.5 % 24 0of 693 =3.5 % 651 0of 693 =94.0 % 41

IL-8 in blood 47 of 557 =8.4 % 39 of 557 =7.0% 471 of 557 =84.6 % 34
CRP in blood 28 0f 414 =6.7 % 28 0f 414 =6.8 % 358 0f414 =86.5 %33
SICAM in blood 6 of414=1.4% 300f414=7.3 % 378 0f414=91.3 %34

Table 6: Final exclusions and inclusions of observations.

3.11.2 Variables

Statistical analysis was performed at the Institute of Occupational, Social and Environmental
Medicine of the Heinrich-Heine University Diisseldorfunder the supervision of Prof. Dr.

Barbara Hoffmann.

The independent variables of the following analysis reflect exposure-related data. The following

continuous and categorial variables are of interest.
Continuous variables:

- Particle mass [PMo, PM» 5, PMi] in [pg/m?] with an assumed density of 1 g/cm?
- particle surface area concentration [PSC] in [pm?*cm?]
- particle number concentration [PNC] for particles from 10 nm to 500 nm in

[number/cm?]

Categorial variables:
- Frying sausage (FS)
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- Toasting Bread (TB)
- Burning Candles (CB)
- Room Air (RA)

The dependent variables reflect the outcome-related data. The following continuous variables

are used as markers of outcome:

- IL-8 in nasal lavage fluid in [pg/ml]
- IL-8 in blood samples in [pg/ml]
- CRP in blood samples in [ng/ml]
- sICAM in blood samples in [ng/ml]

The following covariates are used in different adjustment sets:

- Gender [male/female] (categorial), assessed by self-report in general questionnaire

- Age in [years] (continuous), assessed as difference between study date and reported
day of birth

- Height in [cm] (continuous), assessed with an ultrasonic measurement unit
(MZ10020, ADE GmbH&Co, Germany)

- Weight in [kg] (continuous), assessed with a standard weight scale (Soehnle,
LEIFHEIT AG, Germany)

- Body Mass Index (BMI) in [kg/m?] from weight and height

- Temperature in [°C] and humidity in [%](continuous), assessed as 2-hours average
in the exposure chamber with a moisture and temperature measuring device (Hygro-
Sens, Germany)

- Travel time to the study centre in [minutes] (continuous), assessed by self-report

- Means of transportation [car, train and bus, on foot] (categorial), assessed by self-
report

- Ambient PM, s concentrations at residence address during the last five days before
study participation in [ug/m?] (continuous), recorded by the State Agency for
Nature, Environment and Consumer Protection of North Rhine-Westphalia
(LANUYV) at the monitoring station closest to the volunteer’s residence address

- Temperature in [°C] (continuous) during sample drawing

Smoking status, medical and educational background were also assessed via self-report in the

general questionnaire. These variables were not considered as covariates because they showed a

38



very homogenous distribution. All participants were never or long-time ex-smokers and the

population mainly consisted of healthy young adults, many of them recruited at universities.

3.11.3 Analysis approaches

We calculated descriptive statistics for each dependent and independent variable. Continuous

variables are generally reported with mean, standard deviation, median, first and third quartile

and range. Categorial variables are reported with number and percentage. Additionally,

dependent variables of biomarkers were split up by source of exposure, level of exposure and

time of exposure and descriptive statistics for each of these observations was calculated.

In a first step, a pre-analysis was conducted. To quantify the exposure source-related changes of

biomarker levels, we developed a linear mixed regression model with random participant

intercept and an indicator variable for each source of exposure. The dependent variable in this

analysis is the intraindividual difference of a biomarker level between any timepoint (t,) and the

baseline measurement (t,). A separate analysis for each difference of time points was conducted,

thus performing two separate regression analyses for IL-8 (t3-tp and ts-to) in serum and NAL and

one analysis for CRP and sICAM (ts-to).

k
Yi=PpFo+u; + ﬁ:’:‘ﬁ"r{?‘ﬁf + JBFS‘TFSE- +]ETEITEE' +Zﬁa‘in

Y;
Bo

u;

IBCB TBFS

ICB TBFS

k
ic1 BiXki

i=1
: AIL-8, ACRP, AsICAM: change in biomarkers as difference t3-t0 and t5-t0
: intercept
: random intercept for participant i

: Coefficients: absolute change in a biomarker level between baseline (t0) and

post-exposure time tx due to a specific source

: Indicator variables for exposure source (CB=Candle Burning, TB=Toasting

Bread, FS=Frying Sausages, reference: room air) in person i

: Vector of coefficient for independent variables of adjustment set in person i

As covariates, age, BMI, sex, temperature and humidity in the exposure chamber, travel time to

the study centre, means of transportation, background PM: s concentration at the residence
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address averaged over the last 5 days before a study day and temperature during sample

collection, were considered.

Models were built up by first adding personal data to the crude model (Model 1). It was then
tried to add the main implications of the study surrounding by appending temperature and
humidity to the personal data (Model 2). The next set of covariates tried to add the implication
of commuting to and from the study centre (Model 3). Next, the background concentration of
PM at the volunteer’s home address was added to the set of covariates, captured by a 5 days
average of PM; s at a public measurement site in the proximity of a volunteer’s home address
(Model 4). As a last extension, conditions during the withdrawal of bio-samples were integrated

by adding the temperature during sample collection (Model 5).
Adjustment sets thus formed the following models:

- Model 0: crude model

- Model 1: + age, BMI, sex

- Model 2: Model 1+ temperature and humidity in the exposure chamber

- Model 3: Model 2+ travel time to the study centre, means of transportation

- Model 4: Model 3+ background PM: 5 concentration at the residence address
averaged over the last 5 days before a study day

- Model 5: Model 4+ temperature during sample collection

In a second step of the statistical analysis, it was tried to quantify continuous changes of
biomarkers, using various metrics of particle exposure in a linear mixed regression model with a
random participant intercept. The dependent variable in this analysis was the difference in
outcome between timepoints after and before a controlled exposure towards a certain particle
metric, without differentiating between different sources of exposure. The independent variable
was a two-hours personal particle exposure. Again, a separate analysis for each difference of
time point and for different particle size fractions was conducted. The covariates and

adjustment sets correspond to the pre analysis.

This approach however did not take different particle sources with specific particle emission

patterns into account and was therefore discarded in further analyses.

Instead, in a third step, a new model was developed as a main model. It was supposed to
examine the time-dependent influence of personal average exposure to a certain source and its
particulate matter of a certain metric. This was accomplished by implementing interaction terms
for source of exposure and metrics of exposure. Again, the outcome is a change in biomarker

levels, with separate regression analyses for time points t3-to and ts-to for IL-8 and ts-to for CRP
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and sICAM. Thus, single pollutant metrics can be assigned to a certain exposure source and
their influence on changes of outcome parameters can be quantified. Potential effects are hence
directly assigned to chemical and physical compositions of a particle source, transferring the

first two steps of analysis into a single third analysis.

The covariates and adjustment sets correspond to the pre analysis.

Y; =Bo+u; + BgE; + BsS; + B14ES; + E:tzlﬁi‘]{ki

Y,-_ = AIL-8, ACRP, AsICAM: change in biomarkers as difference of t3-t0 and / or t5-t0
Po  :intercept

U;  :random intercept for participant i

Pe  : Coefficient of exposure related effect

E;  :Exposure of participant i towards a certain metric of PM [UFP >= 100 nm; < 100 nm;
<50 nm; 30-50 nm; 10-30 nm; < 10 nm; Particle Surface Area; PMo; PM2s; PM;]

Bs : Coefficient of source related effect

FS
CB

S, = : with sources of person i as factors

T
RA

ﬁm : Coefficient of interaction term

f‘,c:l ﬁ i X ki - Vector of coefficient for independent variables of the adjustment set in person i

Biomarker changes were calculated per fixed increment of a particle metric to be able to
compare between sources and source specific effects. For PM o, PM 15, PM; an increment of 10
ug/m3, for PNC 10.000 particles/cm?, for PSC 1000 um?/cm® was chosen. Changes in
biomarkers were also calculated per interquartile range (IQR) to compare the effects of different
particle metrics within one source of exposure.

Statistical analyses were performed with SAS (SAS/STAT version 9.2, SAS Institute Inc., USA)
and RStudio (R version 3.4.3, Development Core Team, Austria).
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3.11.4 Sensitivity analysis

To test robustness of the data set, the same analyses mentioned above were carried out after
adjustment to additional aspects and covariates not considered in the main analysis.
Exemplarily, two variables were chosen and the analysis was then rerun and compared to prior

findings.

The added covariates for the sensitivity analysis were reported symptoms of a cold in the past

few weeks and the amount of P.M; s at the participants’ home address.

In the sensitivity analysis of reported cold, all observations with a close timely relation to a
reported cold were excluded. This analysis should test if individual health aspects and
subclinical but prolonged signs of infection might play an important role in the amount of

measured biomarkers.

The above mentioned adjustment set of Model 4 was later used as the second sensitivity
analysis, after it was decided to limit the amount of covariates and use the covariates of Model 2

as main model.

Model 4 took the volunteers PM, s exposure at the volunteers’ home address into account. This
was achieved by calculating the 5-days-average of PM; s levels at a PM measurement site close
to the volunteers’ residency. Presuming that, including night hours, participants spent at least
half of their time at home, this analysis should help to show individual effects of background

particle exposure.
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4 Results

4.1 Description of the study population

Personal characteristics value
Age [years], mean (SD) 33.0(17.3)
Male; female, N (%) 20; 21 (49; 51)
Weight [kg], mean (SD) 71.7 (13.3)
Height [cm], mean (SD) 173.4 (9.3)
BMI[kg/m?], mean (SD) 23.7(3.2)
Underweight (< 18.5 kg/m?), N (%) 1(2.4)
Normal weight (>18.5, <25 kg/m?), N (%) 25 (61.0)
Overweight (> 25 kg/m?), N(%) 15 (36.6)
Level of school education, N (%)
Low 2(4.9)
Medium 3(7.3)
High 32 (78)
Missing 4(9.8)
Born in Germany, N (%) 25 (62.5)
Employed, N (%) 15 (38.5)
Never-Smoker, N (%) 38 (92.7)
Frequency of sporting activity, N (%)
No sport 13 (31.7)
Ix per week 8 (19)
2-3x per week 18 (43.9)
More than 3x per week 1(2.45)
Missing 1(2.45)
Allergy diagnosed in the past, N (%) 14 (34.1)
Mold or mold stain present at residence, N (%) 4(9.8)
Residence with major road within a range of 100 meters, N (%) 18 (43.9)
Traffic in proximity of residence
Resident traffic, N (%) 26 (63.4)
Commuter traffic, N (%) 3(7.3)
Transit traffic, N(%) 11 (26.8)
Missing, N (%) 1(24)
Frequent traffic jam in proximity of residence, N (%) 2(4.9)
Linear distance from residence to testing site [km], mean (SD) 20.9 (11.6)
Driven distance to testing site [km], mean (SD) 28.6 (13.3)
Time of travel to testing site [hours], mean (SD) 1.1 (0.6)
Means of transportation before testing, N (%)
Car 245 (37.8)
Public transport 356 (54.9)
Missing 50(7.3)
Mean temperature in exposure chamber [°C], mean (SD) 23.8 (1.1)
Mean humidity in exposure chamber [%], mean (SD) 349 (7.8)
PM, s concentration at residence during last 5 days before 19.0 (9.4)

exposure at testing site, data from closest monitoring station to
residence [ug/m?], mean [SD]

Table 7: Description of study population and exposure-related personal data. SD: Standard deviation,

N: Number of participants. Total participants: 41.
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The population of the statistical analysis comprised 41 healthy volunteers, 20 males and 21
females with an average age of 33 years and an average body-mass-index of 23.7. Only two of
them were ex-smokers for at least ten years, the rest never-smokers. 32 volunteers reported a
general qualification for university entrance as educational level, whereas only 15 reported to be
employed, a finding that was due to the many students and some pensioners comprised in the
study population. Two thirds of the volunteers reported to do sports at least once a week. The
volunteers® self-reported living conditions reflected a predominantly urban microenvironment.
While 18 out of 41 reported proximity of less than 100 meters to a major road, the majority
reported only residential traffic in front of their home address. Four people reported mold or
mold stain to be present at their residence. On average, the volunteers had to travel 66 minutes
for a mean of 30 kilometres to arrive at the study centre, a distance for which the majority used

public transports.

During the exposure, temperature and humidity were controlled within a comfortable range of
around 24°C and a relative humidity of 35 % in order to prevent an additional stress response
due to meteorological preconditions. Further descriptional figures of anthropometry and

population characteristics can be found in table 7.

4.2 Description of exposure

Figures 8 and 9 are supposed to give an overview on the personal exposure during a volunteers’
stay in the exposure chamber. All figures therefore represent the mean and standard deviation of
the average 2-hour personal particle exposures which volunteers were exposed to during the
study. The results are separated by sources of exposure and particle metrics and rounded for

better legibility.

All operated particle sources led to a high particle concentration inside the chamber, with values
considerably above WHO guideline values for PM;o and PM» 5. Also, the amount of UFP
produced in the exposure chamber exceeded the amount of UFPs in an urban background
concentration by far. The range of particle size and mass distribution differed strongly between

the particle sources.

Frying sausages (FS) resulted in a high concentration of PMio (224 & 145 [ug/m?®]) and PM> s
(178 £ 108 [ug/m?]) and in a high amount UFP (467 000 + 169 000 [particles/cm?]). The

amount of UFP in contrast to the other sources of exposure however was lowest during FS.
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Candle burning (CB) instead led to a comparatively low amount and mass of larger particles
like PM» 5 (70 & 20 [ng/m?]) but resulted in an extensive production of UFPs smaller 100 nm
(2 330 000 + 421 000 [particles/cm?]).

Toasting bread (TB) resulted in a distribution of larger particles similar to CB, and also showed

high amounts of emitted UFP (1 280 000 + 348 000 [particles/cm?]).

Within the fraction of UFPs, the exposure sources showed unique patterns of particle
distribution. UFP from FS consisted of a large fraction of particles in the range of 50 nm to 30
nm and a very small number of total particles in fractions smaller than 30 nm. TB and CB
instead showed a first peak of particle numbers in the range of 100 nm to 50 nm and a second
peak in the range of 30 nm to 10 nm size. This effect was clearer for CB than for TB. CB also
emitted a notable fraction of particles smaller than 10 nm (361 000 £ 93 000 [particles/cm?]).

Particle surface area was comparable between all sources and ranged from 3070 + 917

[wm?*cm?] for CB to 2453 £ 1426 [um?/cm?] for FS.

The sham exposure showed a low concentration of particle pollution with PM; s values of 4.9+
5.5 [ug/m?] and UFPs smaller 100 nm of 3408 + 1931 [particles/cm?®]. These values represent an
exposure well below the range of urban background concentration at the volunteer’s residence.
A residual particle entry was due to ventilation of filtered outdoor air to ensure oxygen supply
inside the chamber and possibly also due to particles transported into the chamber on the

volunteer’s surfaces.

PM10 sorted by sources PM2.5 sorted by sources PML1 sorted by sources

EEDD’

F\"L. CIE Ti? Fé F:Q Rla Cé Ti? F:S

sources of exposure sources of exposure sources of exposure
Figure 8 Particle Mass (PM) sorted by size of particles and sources of exposure. X-Axis: Source of
exposure; RA: Room Air, CB: Candle Burning, TB: Toasting Bread, FS: Frying Sausage. Y-Axis: Particle
Mass in ug/m* Box: upper and lower quartile; Line: Median; Whiskers: lowest and highest value; Red
dot: Mean.
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Figure 9: Particle number concentration (PNC) sorted by size of particles and sources of exposure. X-
Axis: Source of exposure; RA: Room Air, CB: Candle Burning, TB: Toasting Bread, FS: Frying Sausage.

Y-Axis: Particle Number Concentration in number/cm?®. Box: upper and lower quartile; Line: Median;

Whiskers: lowest and highest value; Red dot: Mean.
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Doubling the intensity of true exposure sources as described in chapter 3.5, led to a strong
augmentation of particle emission. Generally, it can be said that an intensified exposure towards
the particle sources was reflected by all particle metrics. It was most visible within the metrics
Particle Surface Area Concentration and Particle Number Concentration, metrics which are

predominantly influenced by UFPs, as can be seen in figure 10.
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Figure 10: Particle metrics sorted by source of exposure and level of intensity. X-Axis: Source of
exposure; RA: Room Air, CB: Candle Burning, TB: Toasting Bread, FS: Frying Sausage. L1: Level 1,
L2: Level 2.

Y-Axis: PM: Particle Mass in ug/m3. PSA: Particle Surface Area in um*cm? PNC: Particle Number

Concentration in number/cm?, Box: upper and lower quartile; Line: Median; Whiskers: Range between
2,5%- and 97,5%-Quantile; Black dots: Outliers; Red dot: Mean.

4.3 Description of outcomes

According to chapter 3.11.1, biosamples were only chosen for the analysis if certain quality
criteria were reached. Furthermore, single observations or entire volunteers were excluded when
exclusion criteria were reached. This resulted in varying numbers of observations between
outcome variables and time points. Table 8 shows final numbers of observations per source,

time point and outcome variable. A total of 1858 observations were included with a focus on IL-
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8, contributing 1122 observations to the outcome, 651 from IL-8 in NAL and 471 from IL-8 in
blood.

532 observations were made during candle burning on the two levels of intensity (CB L1 and

L2), 485 in the during toasting bread (TB L1 and L2), 494 during frying sausage (FS L1 and

L2) and 347 during exposure to room air with only one level of intensity (RA).

30 33

_41 34 41 30 41 30 33 34

29 20 26 26 29 20 29 20 26 26

32 23 29 29 32 23 32 23 DOREN DD

26 19 19 21 26 19 26 19 19 21

30 24 26 28 30 24 30 24 26 28

20 22 23 28 20 28 20 22 23

21 24 28 31 21 31 21 24 28

217 157 179 189 217 157 217 157 179 189

Table 8: Total number of observations. Table sorted per exposure source (RA, CB, TB, FS), level of
intensity (L1, L2), time point (10, {3, t5) and outcome variable (IL-8 in NAL and blood, CRP, sICAM).
The majority of biological markers were skew-distributed. IL-8 and CRP showed a clear
skewness to the right, whereas SICAM was almost normally distributed (see figure 11 and
corresponding table 9). IL-8 in nasal lavage and blood samples showed a multimodal
distribution because single volunteers showed a continuously high profile of IL-8 in biosamples
throughout the whole course of the study or during certain phases of the study. This
phenomenon could not generally be traced back to a reported disease, personal characteristics, a
history of medical treatment or single events of illness during the study time. The markers are
therefore considered as chronically or temporarily elevated for unknown reason in single

individuals.

48



Distribution of IL-8 values in NAL Distribution of IL-8 values in blood samples
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Figure 11: Distribution of outcome variables (CRP, sSICAM, IL-8 in blood and nasal lavage fluid).
Frequency of observations (y-axis) is sorted per total amount of biomarkers (x-axis) in pg/ml for IL-8 and
ng/ml for CRP and sICAM .

126 25 181.58 193.34

2.22 6.51 11.03 471
659.72 970.75 901.28 471

213.63 216.65 44.78 358

Table 9: Distribution and number of outcome variables. Figures are rounded for better legibility.
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A transformation into logarithmus naturalis (In) led to an approximatively normal distribution. It
was however not performed before regression analysis because the outcome variables are
calculated from differences of the biological markers. Calculating logarithmic differences would
have led to hardly interpretable results if transformed before difference calculation or it would
have caused a significant number of dropouts if logarithms would have been calculated from

negative differences.

As written in chapter 3.11.3, outcome variables are differences of biological markers between
time points. Calculating these differences showed an approximately normal distribution, so the

differences entered the regression without further transformation (exemplarily see figure 12).

Distribution of Differences IL-8 in NAL, t5 - t0 Distribution of Differences CRP in blood, t5 - t0
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Figure 12: Distribution of differences between timepoints t5 (24 hours after exposure) and t0 (before
exposure) in IL-8 and CRP content. Frequency of observations (y-axis), difference of post- and
preexposure values (x-axis) in pg/ml. The calculated differences are the dependent variables in the
regression. They show a normal distribution.

4.4 Coherence analysis

Splitting the outcome variables by source of exposure and time points of measurement,
confirmed a skew distribution for all exposure scenarios with the largest amount of outliers
among the IL-8 measurements in blood and nasal lavage. The total amount of biomarker
showed only slight signals of change following an exposure and in entirety moved only within
very narrow confines. The clearest pattern could be observed with IL-8 in nasal lavage, where
the coherence analysis showed a decline comparing the crude biomarker medians at two hours
after exposure with the pre exposure values. Interestingly, the sham exposure room air showed

the same pattern of decline at two hours after exposure.
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IL-8 content in nasal lavage
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Figure 13: Crude distribution of IL-8 in NAL. Boxplots sorted by time course and by source of
exposure. Y-axis: 1I-8 content in NAL in pg/ml. Lines in boxplot represent medians. t0: pre exposure, t3: 2

hours post exposure, t5=24 hours post exposure.

CRP content in blood
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Figure 14: Crude distribution of CRP. Boxplots sorted by time course and by source of exposure. CRP
content in blood. Y-axis: CRP content in ng/ml. Lines in boxplot represent medians. t0: pre exposure,

t5=24 hours post exposure.
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IL-8 content in blood
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sICAM content in blood
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Figure 15 Crude distribution of NAL and sICAM in blood. Boxplots sorted by time course and by
source of exposure. From top to bottom:IL-8 in blood, sICAM in blood. Y-axis: IL-8 content in pg/ml,
SICAM content in ng/ml. Lines in boxplot represent medians. t0: pre exposure, t3: 2 hours post exposure,

t5=24 hours post exposure.
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IL-8 in blood, CRP and sICAM changed within a very small range, showing close relation

amongst time series measurements. Figure 13-15 show the crude outcome values for each

timepoint and exposure source in boxplots, whereas table 10 presents the corresponding means

and medians in a tabular overview.

159.12
229.8

201.22
191.66

6.41
6.22
6.62
6.58

898.41
1226.80
910.39
982.22

218.42
225.17
214.82
212.71

111.98
168.78
147.57
153.48

24

2.22
2.26
2.55

711.62
806.06
538.61
705.61

216.72
219.16
208.35
209.59

140.50
195.34
154.31
161.90

6.89
6.16
6.38
6.64

Not

determined

Not

determined

121.19
93.40
98.56
106.18

2.15
2.4

2.11
2.39

Not

determined

Not

determined

159.44
186.66
200.06
175.81

7.17
6.6

6.65
6.44

916.23
1066.47
806.24
928.15

219.13
219.10
212.31
217.68

147.87
122.51
136.32
131.04

2.17
2.16
2.19
2.14

788.20
858.99
498.39
615.26

214.64
214.83
208.33
213.63

Table 10: Means and Medians of tested biomarkers, ordered by timepoint of measurement and by

source of exposure.
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4.5 Differences between time points of exposure

Before regression analysis, the differences between timepoints t3 and to, and ts and to
respectively, were calculated for each outcome variable. This calculation should show the crude
effect of exposure to particles from the tested indoor sources by subtracting the pre-exposure
value from the post-exposure value. Histograms were plotted and statistical descriptions of

differences was calculated.

The differences of time point showed a normal distribution, which made them suitable to enter
the regression analysis without further transformation. All crude intrapersonal differences (t3-t0
and t5-t0) show negative means and medians, indicating that biosamples from latter timepoints
mostly contain a smaller amount of biomarkers than the biosamples taken before the beginning

of the exposure. Nevertheless, a large standard deviation indicates a broad spread of results.

Subsetting the crude intrapersonal differences of outcomes by exposure sources (RA, CB, TB,
FS) did not alter this pattern, as the majority of differences remained negative. Interestingly, the
sham exposure led to positive means of differences for CRP, sSICAM and IL-8 in NAL at 24

hours after exposure, as can be seen in table 11.

Room Air Candle Toasting Bread Frying Sausage
Burning

IL-8 in NAL, t3-t0  -18.62 (75) -34.46 (174) -46.90 (111.5) -29.75 (101.7)
in [pg/ml]
IL-8 in NAL, t5-t0  0.32 (110) -43.14 (156) -1.16 (121.6) -15.85 (99.72)
in [pg/ml]
IL-8 in blood, t3-t0  -0.52 (1.72) -0.06 (1.27) -0.23 (0.73) 0.07 (0.89)
in [pg/ml]
IL-8 in blood, t5-t0  -0.24 (1.74) -0.15 (1.49) -0.04 (1.93) -0.14 (0.87)
in [pg/ml]
CRP, t5-t0 17.82 (395) -160.33 (474)  -104.15 (284.2)  -54.08 (384.6)
in [ng/ml]
sICAM, t5-t0 0.72 (15) -6.07 (25.5) -2.51 (15.8) 4.97 (24.74)
in [ng/ml]

Table 11: Mean (standard deviation) of differences between the post-exposure and pre-exposure values
of all outcome variables, sorted by source of exposure.
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4.6 Correlations

The exposure variables generally show a strong correlation among the fraction of larger PM
metrics and among the fraction of UFP. Correlations between large particles and UFPs smaller

than 100nm are weak, as can be seen in table 12.

PM10 PM2.5 PSA >100nm <100nm <50nm 30-50nm 10-30 nm <10 nm

PM10 1 0.97 0.54 0.94 -0.07 -0.17 0.02 -0.21 -0.20
PM2.5 1 0.63 0.97 -0.01 -0.11 0.10 -0.16 -0.16
PSA 1 0.56 0.70 0.60 0.83 0.53 0.44

>100 nm 1 -0.05 -0.15 0.03 -0.20 -0.18
<100 nm 1 0.99 0.89 0.98 0.92

<50 nm 1 0.84 0.99 0.95

30-50 nm 1 0.78 0.64

10-30 nm 1 0.97

<10 nm 1

Table 12: Pearson correlation coefficient of independent variables used in further statistical analysis.

The outcome variables generally show no or weak correlations between each other, tested for
spearman correlation coefficient and also tested for Pearson correlation coefficient after
logarithmic transformation of the outcome variables. Also, after splitting them up by timepoints

to, t3 and ts there is no or weak correlation.

Correlation of the covariates used for the following regression analysis was also calculated to
prevent problems of collinearity, as can be seen in table 13. Generally, correlations were weak.
Also, no correlation was seen between the covariates and the two most important groups of
particles, PM, s and UFP.

°C at

Time in PM:sat  sample
PM.s UFP Age BMI Temp. Humidity Travel residence collect.

PMzs 1 -0.01 0.01 -0.02 -0.34 0.08 -0.01 0.10 -0.14
UFP 1 0.01 0.01 0.30 0.08 -0.04 0.18 -0.07
Age 1 0.24 0.04 0.05 -0.25 -0.06 0.08

BMI 1 -0.07 0.19 -0.10 -0.12 -0.03
Temp. 1 -0.27 -0.06 -0.02 0.08

Humidity 1 -0.04 -0.49 -0.12
Time in

Travel 1 0.19 0.07

PM:;s at

residence 1 0.07

°C at

sample

collect. 1

Table 13: Pearson correlation coefficient of numeric covariates used in further statistical analysis.
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4.7 Pre analysis - Regression analysis by source of exposure

For the regression analysis with indicator variables for each exposure source, various models
with the above mentioned covariates were developed. Adding new covariates and building up
models as described in chapter 3.11.3, resulted in a very limited shift of confidence intervals, as
can exemplarily be observed for CRP during toasting bread in figure 14. Adding age, BMI and
the sex category to the models did not alter results substantially, as can be seen in Model 1.
Also, adjusting for temperature and humidity in the exposure chamber did not alter the data set
much (Model 2). Adding more covariates did not change estimates and confidence intervals into
a significant direction. The data displayed in this paragraph will therefore be limited to the
crude model containing only indicator variables for exposure sources and a full model
containing age, height, sex, temperature and humidity in the exposure chamber, referred to as
Model 2 (compare figure 16). This model was chosen because it contains all important and

potentially distorting factors by using a limited and comprehensible amount of covariates.

ACRP in blood when exposed to CB, compared to Room Air

Candle Burning

-1001

-200 1

-300 1

change in ng/ml (95%-Cl)

-400 1

Model 0 Model 1 Model 2 Model 3 Model 4 Model 5
Models

Figure 16: Estimates of different regression models for CRP level changes in [ng/ml] after exposure to
Candle Burning. The models correspond to a setup of covariates according to chapter 3.11.3. Y-axis:

Difference of post- vs pre-exposure CRP content in ng/ml. Red dot: Estimate; Whiskers: 95%-Confidence
Interval. (n=45)

Compared with room air, a significant decline of CRP after exposure towards CB could be
observed at 24 hours after exposure. The effect was calculated as -177.6 ng/ml (95%-CI : -11.6;
-343.6) in the crude model (Model 0 in figure 16, n=45) and -181.5 ng/ml (95%-CI: -17.1; -
360.1) in the full model (Model 2 in figure 15, n=45). TB led to a decrease in CRP of 183,9
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ng/ml (95%-CI: 11.3; -378.9, n=45) in the full model. A similar trend could be seen for frying

sausages as a particle source (see figure 17).

ACRP in blood when exposed to sources CB/FS/TB, compared to Room Air

Candle Burning Frying Sausage Toasting Bread

100 —

-1007

-20017

change in ng/ml (95%-Cl)

-300 1

-400 =

Models 0 and 2

Figure 17: Change in CRP content in [ng/ml] at 24 hours after exposure. A decline is seen for Candle
Burning (CB) and Toasting Bread (TB) after adjustment, similar signs are observed for Frying Sausage
(F'S). Dots: Estimates;, Whiskers: 95%-Confidence Interval. (Model 0: n=45, Model 2: n=45)

IL-8 in blood instead showed an increase in the crude model (Model 0 in figure 18) of 0,59
pg/ml ([95%-CI: 0,08; 1,08]; n=43) and 0.68 pg/ml ([95%-CI: 0,07; 1,29]; n=42) in the full
model at 2 hours after exposure to FS, compared with room air. This signal could not be
observed a day later, indicating a transient reaction. IL-8 levels showed no difference to the
reference exposure room air when measured 24 hours after exposure. The signals for a short-
term increase could be observed after exposure to CB and TB, too, whereas confidence intervals
were broader, comprising 0. These signals decreased in the time course, too, showing a similar

reaction as after exposure towards FS.

IL-8 in nasal lavage and sSICAM in blood showed no changes in the crude and in the full model.

They were largely uninfluenced by adjustment to different sets of covariates.

The full data set of the pre analysis, comprising estimates and confidence intervals, is displayed

in table 14.
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AlIL-8 in blood when exposed to sources CB/FS/TB, compared to Room Air

2 h post exposure 2 h post exposure 2 h post exposure
Candle Burning Frying Sausage Toasting Bread
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Figure 18: IL-8 content change in blood in [pg/ml] at 2 and 24 hours post exposure, compared to room
air. An increase at 2 hours after Frying Sausages (upper row) returns to baseline values at 24 hours after
exposure (bottom row). Dots: Estimates; Whiskers: 95%-Confidence Interval.(CB Model 0: n=43, TB
Model 0: n=43, FS Model 0: N=41; CB Model 2: n=42, TB Model 2: n=42, FS Model 2: n=41)
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IL-8 in NAL IL-8in NAL II-8in blood IL-8in blood CRP sICAM

2 hours 24 hours 2 hours 24 hours 24 hours 24 hours
Candle -16.68 -26.5 0.42 0.15 -188.6 -7.9
burning | (-66.7;33.4) (-77.8;24.8) (-0.11;0.95) (-0.64;0.94) (-360;-17.1) (-17.6; 1.76)
Toasting -36.73 10.3 0.31 0.36 -193.9 -5.69
bread (-90.9; 17.42) (-44.6;65.3) (-0.27;0.88) (-0.46;1.19) (-379; 11.3)  (-16.3;4.93)
Frying -24.3 -29.7 0.68 0.17 -139.5 5.85

Sausage | (-78; 29.5) (-84.4;25.1) (0.08;1.28)  (-0.69; 1.03)  (-334; 55) (-4.8; 16.5)
Table 14: Summary of effect estimates (and 95% confidence intervals) of the analysis by source,
compared to sham exposure room air in the full model (model 2). IL-8 in NAL and blood in [pg/ml],
CRP and sICAM in [ng/ml]. Figures are rounded.

4.8 Main analysis — comparison of association of particle fractions
between sources of exposure

The analysis in this approach tries to investigate the impact of particle metrics and particle
sources on the outcome variables in one step. This way, we could compare between the different
particle sources and calculate the effects of a known amount of particles of a certain size. The
multiplicity of particle metrics measured in the field phase, leads to 10 possible subclass
analyses for each exposure source (PMio, PM» s, PM;, PSA, PNC >100 nm, <100 nm, <50 nm,
30— 50 nm, 10 — 30 nm, <10 nm). We could thus calculate increasing levels of biomarkers in
concordance to increasing levels of air pollutants. We could better understand the most relevant

source of pollutants among the tested sources.

4.8.1 Main analysis — CRP per fix increment of particles

An increment of 10.000 particles/cm?® smaller 100 nm from FS was associated with a CRP
increase of 6,95 ng/ml ([95%-CI: 0.46; 13,43]; n=46) in the crude model (Model 0). The effect
remained stable after adjusting for personal characteristics (Model 2) which is visualised in
figure 19. A similar trend was observed for fix increments in PNC 30 — 50 nm (19,27ng/ml;
[95%-CI: 0,04; 38,51]; n=46) in both models and for fix increments of PNC < 50 nm in the
adjusted model (16.2 ng/ml; [95%-CI: -0.85; 33,25]; n=46), indicating that the strongest

association of augmented CRP levels is seen with UFP from Frying Sausages.
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ACRP in blood by UFP < 100 nm exposure and stratified by source of exposure

Candle Burning

Frying Sausage

Toasting Bread

change in ng/ml (95%-Cl) per 10000 parts/cm® increment

Models 0 and 2

Figure 19: Incremental effects of UFP < 100 nm from Candle Burning, Frying Sausage and Toasting
Bread (CB, FS, TB) on CRP level in blood. A source dependent effect can be observed. Dots: Estimates;

Whiskers: 95%-Confidence Interval. (CB: n=55, FS: n=46, TB: n=45)

ACRP in blood by PSA exposure and stratified by source of exposure

Candle Burning

Frying Sausage

Toasting Bread

1001

-1004

change in ng/ml (95%-ClI) per 1000 ym?/cm? increment

Figure 20: Incremental effects of particle surface area (PSA) from Candle Burning, Frying Sausage
and Toasting Bread (CB, FS, TB) on CRP level in blood. A source dependent effect can be observed.

Models 0 and 2

Dots: Estimates; Whiskers: 95%-Confidence Interval. (CB: n=55, FS: n=46, TB: n=45)
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CRP increments were also associated with the metric of Particle Surface Area (PSA). During
FS, PSA increments of 1000 pm?/cm?® were associated with an increase in CRP of 76,07 ng/ml

([95%-CI: -4,45; 156,59]; n=45), as can be seen in figure 20.

Fix increments in PMio, PM» s and PM; from FS showed similar signs of association with CRP
content in blood, but with smaller estimates and broader confidence intervals (CRP increase per
10pg/m? increment of PM2.5 from FS: 8.90 ng/ml [95%-CI: -2.91; 20.71]; Model 0: n=46,
Model2: n=44). Fix increments of particle fractions from all other sources showed weak
association with CRP levels. Despite a generally positive association, confidence intervals were
broad and no clear signal could be observed. We could thus observe that among the tested
sources, increasing levels of fine and ultrafine particles from Frying Sausages were associated
with a CRP increase at 24 hours after exposure. The full data set of CRP content change per fix

increments of particles is shown in table 15.

CRP

(per fix

increment  Candle Frying Toasting

of particles) Burning Sausage Bread
19.69 5.24 6.6

PMio (-39.59; 78.96) (-3.44;13.92) (-15.61; 28.81)
20.06 8.05 22.71

PM:s (-40.66; 80.78) (-4.01;20.11) (-21.69; 67.11)
15.77 9.56 26.4

PMi (-44.3; 75.9) (-3.8;22.9) (-22.67; 75.46)
-11.0 73.19 42.8

PSA (-124.5; 102.5) (8.0; 155.8) (-66.4; 152.1)

UFP 42.5 21.9 58.1

>100 nm (-105.3; 190.2) (-9.1; 53.0) (-117.6; 233.7)

UFP 0.99 6.78 1.27

<100 nm (-1.52;3.5) (0.2; 13.4) (-2.22; 4.8)

UFP 1.39 16.2 1.65

<50 nm (-1.4; 4.22) (-0.9; 33.3) (-3.2; 6.47)

UFP -1.32 19.28 3.67

30-50 nm (-11.5; 8.84) (0.05; 38.5) (-5.38; 12.7)

UFP 3.09 8.51 3.4

10-30 nm (-1.69; 7.87) (-37.96; 54.98) (-7.9; 14.72)

UFP 8.39 -55.11 24.55

<10 nm (-3.93;20.72)  (-451.3;341.1) (-54.44;103.6)

Table 15: Mean effect estimates (and 95% confidence interval) of CRP in [ng/ml] per fix increment of
particles. Results at 24 hours after exposure towards three particle sources (Candle Burning, Frying
Sausages, Toasting Bread) in the full model. Increment in PM;, PM> 5 and PM)y per 10ug/m?>; increment
in UFP fractions per 10.000 parts/cm®; increment in PSA per 1000um?/cm?.

4.8.2 Main analysis - IL-8 in NAL per fix increment of particles

An increment of UFP from CB was associated with incrementing IL-8 levels in NAL, but only
two hours after exposure, indicating a transient reaction after UFP exposure. The increase of IL-
8 in NAL was visible for CB UFPs > 100 nm in both models (model 0: 46.87 pg/ml; [95%-CI:
3.39; 90.35]; n=61) and for particles < 100 nm in the full model (0.82 pg/ml; [95%-CI: 0.04;
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1.52]; n=61). Again, particle surface area showed a strong association with IL-8 content in NAL
in both models after exposure towards CB, showing an increase of 48.15 pg/ml ([95%-CI:
14.85; 81.45]; n=61) per 1000 um?/cm? in the full model. At 24 hours after exposure, all
mentioned effects of CB particle exposure turned non-significant again and showed no

difference in effects when compared to the other particle sources, as shown in figure 21.

AlL-8 in NAL by PSA exposure and stratified by source of exposure and time

2 h post exposure 2 h post exposure 2 h post exposure
Candle Burning Frying Sausage Toasting Bread
50+
0
-501
24 h post exposure 24 h post exposure 24 h post exposure
Candle Burning Frying Sausage Toasting Bread

504

change in ng/ml (95%-Cl) per 1000 pm?cm? increment

-501

Models 0 and 2

Figure 21: Incremental effects of particle surface area (PSA) from Candle Burning, Frying Sausage
and Toasting Bread (CB, FS, TB) on IL-8 level in NAL. An increment of 1000 um?*cm? (PSA) of
particles from Candle Burning (CB) was associated with an IL-8 increase of 48,15 pg/ml (95%-CI:
14,85, 81,45) in NAL. The short-term increase returned to baseline after 24 hours. All other sources show
no effects on IL-8 in NAL. Dots: Estimates; Whiskers: 95%-Confidence Interval. (CB Models: n=61, FS
Models: n=59, TB Models: n=56)
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For particle fractions from TB, an inverse effect could be observed after increments of the large
PM fractions at 24 hours after exposure in the crude (-6.39 pg/ml; [95%-CI: -12.57; -0.21]; n=
56) and the full model (-7.95 pg/ml; [95%-CI: -14.16; -1.74]; n=56). Increments of TB particles

in the UFP size range where not associated with IL-8 changes in nasal lavage.

Exposure towards other sources and particle fractions showed no or little association with

changes of IL-8 content in NAL. The full data set of IL-8 content change in NAL per fix

increments of particles is shown in table 16.

10.21 -4.29 -0.44 -0.76 -1.17 -7.96
(-7.99; (21.73;  (-2.85; (:3.05, (-1.77; (-14.2; -
28.41) 13.14) 1.95) 1.54) 5.42) 1.74)
10.1 -4.05 -0.41 -0.44 -1.15 115
(-8.45; (-21.96;  (-3.65; (:3.56;  (-13.04; (-22.81; -
28.65) 13.85) 2.82) 2.67) 10.73) 0.2)
11.22 1.3 0.2 0.11 -0.08 -6.75
(-6.87; (-19.1; (-3.81; (-3.4; 13.11; (-19.4;
29.3) 16.46) 3.41) 3.63) 12.95) 5.91)
48.15 2.16 5.44 2.92 1.71 -16.0
(14.86; (-32.2; (-16.55; (-25.2;  (28.77; (-47.17;
81.45) 36.52) 27.4) 19.36)  32.2) 15.2)
49.95 -9.39 0.68 -1.95 6.75 1112
(5.54; (-54.5; (-7.6; (-10.25;  (-29.99; (-48.2;
94.36) 35.73) 8.97) 6.35) 43.49) 26.0)
0.82 0.45 0.73 0.34 0.1 0.72
(0.05; (-0.32; (-1.14; 1.53;  (-1.13 (-1.74;
1.6) 1.21) 2.61) 2.21) 0.92) 0.3)
0.82 0.53 1.21 2.85 0.17 -0.95
(-0.05; (-0.34; (-3.86; -1.97;  (-1.56; (-2.31;
1.69) 1.39) 6.11) 7.67) 1.22) 0.42)
3.67 1.22 2.53 1.65 -0.26 -1.82
(0.67; (-1.82; (-2.94; (-3.86;  (-2.87; (-4.44;
6.67) 4.27) 8.0) 7.16) 2.35) 0.8)

1.1 0.96 -4.52 8.57 -0.27 -1.77
(-0.34; (-0.46; (-16.8; (335, (-3.42; (-4.86;
2.55) 2.37) 7.8) 20.49)  2.89) 1.33)
2.41 0.75 67.14 48.89 -1.03 -14.42
(-1.49; (-3.07; (-166.2; (47.1;  (23.46; (-36.57;
6.31) 4.58) 31.8) 144.8)  21.41) 7.73)

Table 16: Mean effect estimates (and 95% confidence interval) of IL-8 in NAL in [pg/ml] per fix
increment of particles. Results from 2 and 24 hours after exposure towards three particle sources
(Candle Burning, Frying Sausages, Toasting Bread) in the full model. Increment in PM |, PM> s and PMy
per 10ug/m?; increment in UFP fractions per 10.000 parts/cm?; increment in PSA per 1000um?cm?.
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4.8.3 Main analysis - IL-8 in blood per fix increment of particles

As serum levels of IL-8 turned out to be very low compared to the ELISAs‘ lower detection
limit, serum level changes shifted only within very narrow confines when comparing single
particle fractions in the regression. With few exceptions there was no clear pattern for an
association between IL-8 serum levels and particles of a certain source per size fraction. Only at
24 hours after exposure towards TB particles, an increment in the coarse fraction (PM o)
showed a decrease in IL-8 blood levels in both models (model 0: -0.08 pg/ml; [95%-CI: -0.15; -
0.01]; n=43). Although a specific and single finding, this is still in concordance with the above
mentioned inverse effect after 24 hours, which was observed for IL-8 in NAL after PMo—

exposure from TB. Thus, both IL-8 in serum and nasal lavage were lowered in association with

a fix increment of PM;, from TB. The full data set is shown in table 17.

IL-8 in blood

(per fix Candle Candle Frying Frying Toasting Toasting
increment of Burning Burning Sausage Sausage Bread Bread
particles) 2 hours 24 hours 2 hours 24 hours 2 hours 24 hours
0.101 -0.006 0.013 -0.008 -0.052 -0.084
(-0.085; (-0.259; (-0.014; (-0.042;  (-0.116;  (-0.158; -
PMio 0.287) 0.246) 0.04) 0.027) 0.012) 0.009)
0.099 -0.005 0.023 -0.026 -0.033 -0.019
(-0.094; (-0.27; (-0.016; (-0.077;  (-0.167;  (-0.192;
PM2s 0.293) 0.26) 0.063) 0.026) 0.101) 0.154)
0.084 -0.025 0.028 -0.032 0.05 0.169
(-0.107; (-0.286; (-0.017; (-0.091;  (-0.097;  (-0.034;
PM: 0.276) 0.236) 0.073) 0.026) 0.198) 0.373)
-0.058 -0.236 0.194 -0.183 0.109 0.371
(-0.401; (-0.729; (-0.077; (-0.526;  (-0.216;  (-0.077;
PSA 0.285) 0.257) 0.466) 0.159) 0.436) 0.819)
0.049 -0.125 0.063 -0.057 0.242 0.586
UFP (-0.423; (-0.794; (-0.039; (-0.187;  (-0.275;  (-0.122;
>100 nm 0.522) 0.544) 0.165) 0.074) 0.759) 1.294)
-0.007 -0.006 0.018 -0.012 0.003 0.011
UFP (-0.015; (-0.019; (-0.003; (-0.042;  (-0.006;  (-0.003;
<100 nm 0.001) 0.003) 0.04) 0.019) 0.013) 0.026)
-0.009 -0.009 0.045 -0.013 0.004 0.014
UFP (-0.018; (-0.02; (-0.009; (-0.089;  (-0.01; (-0.006;
<50 nm 0.001) 0.004) 0.099) 0.062) 0.018) 0.034)
-0.006 -0.026 0.055 -0.025 0.003 -0.026
UFP (-0.036; (-0.07; (-0.008; (-0.117;  (-0.023;  (-0.011;
30-50 nm 0.023) 0.018) 0.117) 0.066) 0.029) 0.064)
-0.018 -0.014 0.034 0.024 0.007 0.025
UFP (-0.03; - (-0.035; (-0.109; (-0.155;  (-0.027;  (-0.022;
10-30 nm 0.003) 0.007) 0.178) 0.203) 0.041) 0.072)
-0.044 -0.01 0.004 0.092 0.033 0.156
UFP (-0.083; - (-0.068; (-1.299; (-1.51; (-0.197;  (-0.17;
<10 nm 0.005) 0.037) 1.307 1.696) 0.264) 0.483)

Table 17: Mean effect estimates (and 95% confidence interval) of IL-8 in blood in [pg/ml] per fix
increment of particles. Results at 2 and 24 hours after exposure towards three particle sources (Candle
Burning, Frying Sausages, Toasting Bread) in the full model. Increment in PM;, PM: s and PM o per

10ug/m?; increment in UFP fractions per 10.000 parts/cm?; increment in PSA per 1000um%cm?’.
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4.8.4 Main analysis — sSICAM per fix increment of particles

Regression analysis did not show an effect of increments in specific particle fractions and
particle sources on serum sICAM levels. In general, fix increments resulted in small changes of
a few nanograms.

The full data set of SICAM content change in blood per fix increments of particles is shown in

table 18.

sICAM

(per fix

increment  Candle Frying Toasting

of particles) Burning Sausage Bread
0.45 0.23 0.44

PMio (-2.65; 3.55) (-0.21; 0.67) (-0.71; 1.6)
0.31 0.28 0.58

PM2s (-2.88; 3.51) (-0.32; 0.89) (-1.72; 2.88)
-0.14 0.36 0.12

PMi (-3.3; 3.03) (-0.31; 1.02) (-2.43; 2.68)
-1.95 1.43 1.06

PSA (-8.35; 4.45) (-2.8; 5.60) (-4.87; 6.99)

UFP -2.26 0.82 1.32

>100 nm (-10.53; 6.02)  (-0.77; 2.42) (-8.21; 10.87)

UFP -0.07 0.1 0.03

<100 nm (-0.21; 0.08) (-0.26; 0.46) (-0.16; 0.22)

UFP -0.08 0.04 0.05

<50 nm (-0.24; 0.08) (-0.89; 0.97) (-0.21; 0.31)

UFP -0.16 0.07 0.06

30-50 nm (-0.73; 0.4) (-0.99; 1.13) (-0.43; 0.55)

UFP -0.12 -0.2 0.13

10-30 nm (-0.39; 0.14) (-2.6; 2.19) (-0.49; 0.74)

UFP -0.39 1.74 1.12

<10 nm (-1.07; 0.29) (-18.87;22.35) (-3.19; 5.42)

Table 18: Mean effect estimates (and 95% confidence interval) of sSICAM in [ng/ml] per fix increment
of particles. Results at 24 hours after exposure towards three particle sources (Candle Burning, Frying
Sausages, Toasting Bread) in the main model. Increment in PM;, PM> 5 and PM o per 10ug/m?; increment
in UFP fractions per 10.000 parts/cm’; increment in PSA per 1000um?*cm?’.

4.9 Main analysis — comparison of association of particle fractions with
outcomes within one source of exposure

To directly compare the impact of different particle size fractions on outcome variables within
one source of exposure, a change of biomarker per interquartile range (IQR) was calculated. The
underlying idea is to detect the particle size amongst the range of particles within one source of

exposure, which shows the clearest attributable effects on biomarker changes.
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4.9.1 Main analysis — CRP per interquartile range

Associations could be observed during FS, in concordance with the analysis by fix increments.
In the full model, the interquartile approach associated particles smaller 100 nm with a CRP
increase of 176.5 ng/ml (95%-CI: 1.51; 351.59) per IQR of 285516 particles/cm? at 24 hours
after the exposure to Frying Sausage. Figure 22 shows that particles in the range of 100 to 30
nm and PSA were more strongly associated with a CRP increase than coarse particles or
particles < 30 nm. The effect for particles larger than 100 nm was by trend less strong and
diminished after adjustment to the full model. For CRP and exposure towards CB, TB and RA,

the interquartile approach did not reveal effects after adjusting to the full model.

The full data set of CRP content change in blood per IQR of particles is shown in table 19.

ACRP in blood by Interquartile Range (IQR) sorted by exposure metrics after Frying Sausage

‘ PM10 PM2.5 PM1 PSA >100 nm | <100 nm <50 nm 30-50 nm 10-30 nm <10 nm
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Figure 22: Mean effect estimates and 95% confidence interval of CRP change at 24 hours after the
exposure to Frying Sausage per IQR. Interquartile Ranges: PM;o: 248.4 ug/m? PM>s: 188.7 ug/m?;
PM;: 162.9 ug/m3; PSA: 2575.2 um%cm?; UFP > 100 nm: 69486 #/cm?; UFP < 100 nm: 285516 #/cm?;
UFP < 50 nm: 86803 #/cm?; UFP 30 - 50 nm: 72840 #/cm? UFP 10 - 30 nm: 41723 #/cm3; UFP < 10
nm: 3936#/cm?. Dots: Estimates;, Whiskers: 95%-Confidence Interval.
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CRP Candle Frying Toasting

(per IQR)  Burning Sausage Bread
101.65 111.49 47.3

PMio (-112.9; 316.2) (-97.12; 320.1) (-32.8; 127.4)
104.82 120.78 76.19

PM2s (-128.3;337.9) (-101.6; 343.2) (-86.7; 239.1)
93.36 127.7 47

PMu (-143;329.8)  (-81.74;337.1) (-125.2;219.2)
-5.89 175.4 47.03

PSA (-176.7; 164.9) (-24.02;374.9) (-123.2;217.2)

UFP 33.47 141.19 13.13

>100 nm (-162.8; 229.8) (-61.76; 344.1) (-158.6; 184.2)

UFP -14.9 176.55 56.63

<100 nm (-247.1;217.3)  (1.51;351.6)  (-110.9; 224.2)

UFP -16.58 128.56 63.29

<50 nm (-260.5; 227.3)  (-12.29; 269.4) (-114.2; 240.8)

UFP -5.29 131.05 51.1

30-50 nm (-190.4; 179.8) (0.15;261.96) (-103.2; 205.4)

UFP -12.49 25.89 59.29

10-30 nm (-249.1; 224.1)  (-168.3;220.1) (-110.9; 229.5)

UFP -38.57 -1.73 84.36

<10 nm (-293.4; 216.1)  (-158.8; 155.3) (-90; 258.7)

Table 19: Mean effect estimates (and 95% confidence interval) of CRP change in [ng/ml] per IQR.
Change at 24 hours after the exposure to Candle Burning, Frying Sausage and Toasting Bread per IOR
of particle fraction. The data displayed corresponds to the full model (model 2).

4.9.2 Main analysis — IL-8 in NAL per interquartile range

The same dependency of the effect on source and metrics could be observed for IL-8 in NAL.
During CB, a short- and long-term association could be discovered for metrics reflecting
particles of the UFP spectrum. An IQR of 1387.8 um*cm? in PSA was associated with an IL-8
increase of 51.64 pg/ml (95%-CI: -1.73; 105.01) in the full model at 2 hours after exposure. At
24 hours after the exposure to CB, there was an association with particles smaller than 100 nm,
most visible in the fraction of particles from 10 to 30 nm. Herein, an IQR of 400571
particles/cm® was associated with an increase of 71.21 pg/ml (95%-CI: 1.48; 140.94) of IL-8 in
NAL fluid (see figure 23). Coarse particles instead could not reveal similar associations with IL-

8 content in NAL fluid.
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AlL-8 in nasal lavage by Interquartile Range (IQR) sorted by exposure metrics after Candle Burning
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Figure 23: Mean effect estimates and 95% confidence interval of IL-8 change in nasal lavage fluid at
2 hours and at 24 hours after exposure to Candle Burning per IQR. Interquartile Ranges: PM10: 31.1
ug/m’; PM2.5: 32.8 ug/m?* PM1: 33.8 ug/m?; PSA: 1387.8 um%cm?; UFP > 100 nm: 12199 #/cm?; UFP
< 100 nm: 793090 #/cm?; UFP < 50 nm: 716597 #/cm? UFP 30 - 50 nm: 169006 #/cm?*; UFP 10 - 30
nm: 400572 #/cm?; UFP < 10 nm: 145582 #/cm?>. Dots: Estimates; Whiskers: 95%-Confidence Interval.

Similar associations could be discovered for exposure towards FS, as particles smaller than 50

nm were associated with an increased IL-8 in NAL by 33.08 pg/ml (95%-CI: -0.69; 66.86) at 24

hours after exposure (per IQR of 86803 particles/cm?®). Larger particles in contrast were not

associated with IL-8 changes, suggesting that the strongest association with biomarker changes

is seen with particles of the ultrafine size range. This pattern is reflected in figure 24.

The full data set of IL-8 content change in NAL per IQR of particles is shown in table 20.
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AlL-8 in nasal lavage by Interquartile Range (IQR) sorted by exposure metrics after Frying Sausage
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Figure 24: Mean effect estimates and 95% confidence interval of IL-8 change in nasal lavage fluid at
2 hours and at 24 hours after exposure to Frying Sausage per IQR. Interquartile Ranges: PMp: 248.6
ug/m’; PM>s: 188.7 ug/m’; PM;: 162.7 ug/m’; PSA: 2575.2 um%cm?’; UFP > 100 nm: 69485.9 #/cm>;
UFP < 100 nm: 285515.5 #/cm?: UFP < 50 nm: 86803.2 #/cm?; UFP 30-50 nm: 72840.5 #/cm?; UFP 10-
30 nm: 41722.9 #/cm?; UFP < 10 nm: 3935.6 #/cm?. Dots: Estimates; Whiskers: 95%-Confidence

Interval.
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IL-8 in
NAL
(per IQR)

PM 10
PM2.5
PM1

PSA
UFP
>100 nm
UFP
<100 nm
UFP

<50 nm
UFP
30-50 nm
UFP
10-30 nm
UFP

<10 nm

Candle
Burning

2 hours

5.42

(-64.75; 75.6)
4.85

(-69.46; 79.15)
9.56

(-62.7; 81.8)
51.64

(-1.73; 105.01)
42.4

(-23.26; 108.1)
57.87

(-21.1; 136.82)
57.75

(-26.3; 141.8)
46.26

(-13.8; 106.35)
45.95

(-36.42; 128.3)
47.73

(-34.8; 152.3)

Candle
Burning

24 hours
-8.26

(-74.6; 57.8)
-7.58

(-78.5; 63.35)
4.49

(-66.7; 75.64)
21.35
(-30.2;72.9)
3.02

(-58.97; 65.0)
60.02

(-10.5; 130.5)
67.4

(-6.27; 141.1)
34.34

(-21.4; 90.04)
71.21

(1.48; 140.9)
52.24

(-27.9; 132.4)

Frying
Sausage

2 hours

-12.55

(-61.83; 36.73)
-9.52

(-59.67; 40.6)
-5.69

(-54.02; 42.6)
14.99

(-33.97; 63.96)
3.26

(-46.4; 52.9)
23.06

(-22.16; 68.3)
14.79

(-20.66; 50.25)
22.53

(-11.4; 56.5)
-15.08

(-61.2; 31.04)
-26.37

(-60.4; 7.7)

Frying
Sausage

24 hours
-23.6

(-72.7; 25.5)
-14.55

(-64.8; 35.6)
-4.74
(-53.02; 43.5)
1.77

(-45.8; 49.34)
-11.19
(-59.7;37.3)
21.94
(-21.5;65.4)
33.08

(-0.7; 66.9)
23.41

(-9.2; 55.99)
37.79

(-5.16; 80.73)
14.44

(-18.7; 47.5)

Toasting
Bread

2 hours
-5.86
(-35.3; 23.6)
-4.2

(-60.6; 52.2)
2.43

(-59.0; 63.9)
-8.75

(-73.9; 56.4)
6.99
(-38.03; 52.0)
-10.46
(-78.5; 57.6)
-12.29
(-82.06; 57.5)
-16.23
(-77.6; 45.2)
-6.58
(-71.2; 58.1)
3.28

(-63.8; 70.4)

Toasting
Bread

24 hours
-33.68
(-68.8; 1.4)
-36.15
(-100.4; 28.1)
-7.9

(-76.5; 60.7)
-5.84

(-78.5; 66.9)
-4.27

(-55.5; 46.96)
-6.98
(-82.27; 68.3)
-6.77

(-84.5; 70.9)
-7.08
(-75.3;61.2)
-4.55

(-77.1; 68.0)
-7.07

(-82.1; 67.95)

Table 20: Mean effect estimates (and 95% confidence interval) of IL-8 in NAL in [pg/ml] per IQR.
Change at 2 and at 24 hours after the exposure to Candle Burning, Frying Sausage and Toasting Bread
per IOR of particle fraction. The data displayed corresponds to the full model (model 2).

4.9.3 Main analysis — IL-8 in blood per interquartile range

A transient effect at 2 hours after exposure towards UFP FS particles was seen in the

interquartile range approach. Estimates showed an increase of IL-8 in serum (0.36 pg/ml; [95%-

CI: 0.02; 0.69]; n=41) per increase of 86803 particles/cm? smaller than 50 nm.

After exposure towards CB particles, a consistent sign of decrease of IL-8 in blood could be

observed in the IQR approach. Again, the effect seemed to be primarily driven by UFP in the

range of 100 — 10 nm. And although marginal by total amount of biomarker change, the effect

remained stable after 24 hours for this particle fraction (see figure 25).

The full data set of IL-8 content change in blood per IQR of particles is shown in table 21.
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AlL-8 in blood by Interquartile Range (IQR) sorted by exposure metrics after Candle Burning
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Figure 25: Mean effect estimates and 95% confidence interval of IL-8 change in blood at 2 hours and
at 24 hours after exposure to Candle Burning per IQR. Interquartile Ranges: PMp: 31.1 ug/m?; PM>s:
32.8 ug/m? PM;: 33.8 ug/m?; PSA: 1387.8 um?*cm3; UFP > 100 nm: 12199 #/cm?; UFP < 100 nm:
793090 #/cm?; UFP < 50 nm: 716597 #/cm?; UFP 30 - 50 nm: 169006 #/cm3; UFP 10 - 30 nm: 400572
#em?®; UFP < 10 nm: 145582 #/cm?. Red dots: Estimates; Whiskers: 95%-Confidence Interval.

71



0.002 0.258 -0.008 -0.107 -0.261
-0.02 (-0.52; (-0.25; (-0.49; (-0.23; (-0.87;
(-0.63; 0.6) 0.52) 0.77) 0.47) 0.02) 0.35)
-0.03 -0.022 0.343 0.028 -0.127 -0.107
(-0.69; (-0.59; (-0.22; (-0.51; (-0.42; (-1.41;
0.64) 0.55) 0.91) 0.56) 0.16) 1.19)
-0.116 -0.126 0.338 0.044 0.108 0.399
(-0.78; (-0.69; (-0.21; (-0.47; (-0.28; (-0.90;
0.55) 0.44) 0.89) 0.56) 0.49) 1.7)
-0.281 -0.379 -0.083 0.092 0.275
(-0.67; (-0.68;- 0364 (-0.59; (-0.32; (-0.87;
0.11) 0.07) (-0.17;0.9)  0.43) 0.51) 1.42)
-0.148 -0.307 0.289 -0.017 0.064 0.456
(-0.65; (-0.72; (-0.26; (-0.53; (-0.33; (-0.83;
0.356) 0.103) 0.84) 0.49) 0.46) 1.74)
-0.519 -0.62 0.403 -0.028 0.043 0.209
(-1.03;-  (-1.002;-  (-0.06; (-0.46; (-0.39; (-0.9;
0.005) 0.24) 0.86) 0.41) 0.48) 1.32)
-0.581 0.67 0.363 0.058 0.033 0.167
(-1.12;-  (-1.07;-  (0.03; (-0.27; (-0.44; (-1.0;
0.04) 0.28) 0.7) 0.38) 0.5) 1.34)
0.3 0.42 0.32 -0.006 0.039 0.223
(-0.72; (-0.75; (-0.02; (-0.33; (-0.36; (-0.81;
0.12) -0.1) 0.66) 0.32) 0.43) 1.26)
0.617 -0.66 0.382 0.271 0.011 0.075
(-1.12;-  (-1.04;-  (-0.11; (-0.19; (-0.45; (-1.04;
0.11) 0.28) 0.87) 0.73) 0.47) 1.19)
-0.542 -0.731 0.069 0.119 0.062 0.097
(-1.22; (-1.26; (-0.35; (-0.28; (-0.41; (-1.02;
0.13) -0.2) 0.49) 0.52) 0.53) 1.21)

Table 21: Mean effect estimates and 95% confidence interval of IL-8 in blood in [pg/ml] per IOR.
Change at 2 and at 24 hours after the exposure to Candle Burning, Frying Sausage and Toasting Bread
per IOR of particle fraction. The data displayed corresponds to the full model (model 2).
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4.9.4 Main analysis — sSICAM per interquartile range

As according to the previous findings during SICAM analysis, the IQR approach did not reveal

patterns attributable to a certain particle metric (see corresponding table 22).

sICAM Candle Frying Toasting

(per IQR)  Burning Sausage Bread
0.38 7.99 1.23

PMio (-11.39; 12.14) (-3.29;19.27) (-3.07; 5.52)
0.87 7.02 1.47

PM2s (-13.08; 14.83) (-4.56; 18.59)  (-7.44;10.37)
-0.68 7.47 -0.34

PMu (-14.97;13.61) (-3.13; 18.07)  (-10.16; 9.47)
-1.88 6.01 2.76

PSA (-12.77;9.02)  (-5.17;17.18)  (-7.24; 12.77)

UFP -2.98 6.85 3.58

>100 nm (-15.43;9.47)  (-4.35; 18.05) (-6.61; 13.76)

UFP -6.61 6.06 1.69

<100 nm (-21.13; 7.91)  (-3.93;16.05) (-8.28; 11.67)

UFP -7.87 3.14 1.68

<50 nm (-23.02; 7.29)  (-5.27; 11.55)  (-8.93; 12.28)

UFP -2.11 3.69 1.13

30-50 nm (-13.7; 9.48) (-3.94;11.34)  (-8.0; 10.26)

UFP -7.92 -0.68 1.91

10-30 nm (-22.56; 6.73)  (-12.33; 10.97) (-8.34; 12.16)

UFP -11.16 0.66 1.88

<10 nm (-26.17;3.85)  (-8.94;10.27)  (-8.58; 12.33)

Table 22: Mean effect estimates and 95% confidence interval of sSICAM in [ng/ml] per IQR. Change at
2 and at 24 hours after the exposure to Candle Burning, Frying Sausage and Toasting Bread per IQR of

particle fraction. The data displayed corresponds to the full model (model 2).

4.10 Sensitivity Analysis

The sensitivity analysis led to minor changes of confidence intervals, as can exemplarily be seen
in figure 26. The main findings were not influenced by the sensitivity testings and there was no

detectable effect pattern.
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ACRP in blood by UFP <100 nm exposure and stratified by source of exposure

24 h post exposure

24 h post exposure

24 h post exposure

Candle Burning

Frying Sausage

Toasting Bread

change in ng/ml (85%-Cl) per 10000 parts/cm® increment

Full Model / Full model adjusted for reported cold

Figure 26: Sensitivity analysis, change of CRP levels in blood per increment of 10.000 particles <100

nm. Full Model and model adjusted for reported cold in the weeks before the examination. Estimates
were not changed substantially. Dots: Estimates; Whiskers: 95%-Confidence Interval.

A similar finding could be made after including the 5-days-average of the PM, s value at the

volunteer’s home address into the regression. The integration of home address PM exposure did

not significantly alter the pre-existing estimates to a degree that could be interpreted as a

response pattern.
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5 Discussion

5.1 Main results

The study results show that common household particle sources can lead to a substantial particle
exposure in closed rooms. We could show that total particle number and particle mass
concentration in closed rooms can exceed particle concentration in outdoor air by far. We
hereby confirm findings from other authors who designed similar exposure scenarios (Afshari et

al., 2005).

In the main analysis, biomarker changes per fix increment of pollutants were calculated. It could
be shown that the intensity of particle exposure was associated with the level of some
circulating biomarkers. Although total measured amounts of biomarkers in the EPIA study vary
only within narrow confines and sometimes even show an overall decrease in the course of
time, the study reveals associations between intensity of exposure and biomarker levels. This

could be shown for CRP levels and also IL-8 levels in nasal lavage and blood.

The biological reactions we observed can be associated with certain particle sources. Results
indicate that not all tested sources have the same potential to alter biomarkers. Comparing
between the sources, FS and CB were repeatedly associated with biomarker changes, whereas
after TB we only rarely observed changes. One could therefore speculate that some household
particle sources, especially FS and CB, might be a stimulus to inflammation just like particles

from occupational or ambient air pollution.

CB and FS differ significantly regarding their particle composition, with CB emitting a
comparatively high amount of UFP, and FS emitting a comparatively high amount of PM .
Calculating an interquartile range increase, it could be shown that a biomarker alteration is
mainly associated with particles of the UFP range. This is true for FS and for CB. After
regression analysis, the main effects are observed in the quasi-UFP-reflecting metric of PSA
and in particle fractions with a diameter less than 100 nm. In some cases, the most relevant
biomarker changes seemed to be driven by particles with a diameter of 50 nm and less.
Therefore, it can be speculated that especially small UFP fractions from certain common

household sources can lead to biomarker alterations.

As a consequence, it should be highlighted that UFP and numeric particle measurements might
more adequately reflect associations between particle exposure and biomarker changes. The

main effects were continuously driven by UFP and particle sizes that primarily reflect UFP and
quasi-UFP metrics, such as particle surface area. When trying to understand health outcomes, it

might be worth to assess individual exposure to UFP in the future.
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5.2 Interpreting the pre-analysis with indicator variables

In the pre analysis with indicator variables, we found changes in biomarker levels of innate
immunity after exposure towards particulate matter from indoor sources. We discovered a
tendency of intraindividual decline in total biomarker levels after exposure to all indoor PM
sources when compared with room air. This was surprising, as the adverse health effects of
outdoor particles through increasing inflammatory markers are well established (Riickerl et al.,

2011; Brook et al., 2010; Hajat et al., 2015).

Despite the repeated measurements and a comparatively long exposure time inside the exposure
chamber, volunteers were always exposed to significant amounts of outdoor particles before and
after particle exposure at the study centre. Comparing outdoor and indoor particle exposure,
other authors stated that outdoor particles show stronger signals of adverse health effects
(Delfino et al., 2008). Olsen et al found that outdoor particle sources might be related to
inflammation indicated by leukocyte counts, whereas sources from inside the home could have
less effect, especially on healthy volunteers (Olsen et al., 2014). Thus, results could contribute
to the finding, that indoor-generated PM and UFP might be less harmful than outdoor generated

PM when directly compared with one another.

It has been speculated that this could be traced back to the different chemical compositions and
physical properties of particles. Metal contaminants are often missing in indoor-generated
particles, which makes particles less redox-reactive. For example, Di et al. reported lower
mortality hazard ratios in a large US-cohort after exposure to organic carbon, nitrates and
sulphates, but higher hazard ratios for all-cause mortality after exposure to particles containing
significant amounts of metals (Di et al., 2017). Similar conclusions could for example be drawn
by authors, who showed transition metals to be associated with inflammation, but not organic

compounds (Serensen et al., 2005).

In the EPIA-study, particles were dominated by organic carbon and nitrates, whereas metals
were almost negligible in proportion. The observed tendency of declining inflammatory marker
levels after indoor PM exposure could therefore be interpreted as a less redox reactive

environment through presence of comparatively less toxic particles inside the study chamber.

Furthermore, there is a direct physiological link between the perception of stress and the activity
of the hypothalamic—pituitary—adrenal axis and the sympathetic nervous system, resulting in
mediation of cortisol levels and eventually interleukins and acute phase proteins (Chrousos,

2009). In a review of 30 studies, authors could show a significant effect of psychological stress
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on CRP levels (Steptoe et al., 2007). The experimental setting of the exposure scenarios in the
EPIA study resulted in an environment that was designed to reduce sources of physical or
psychological stress to a minimum. Volunteers could follow a seated activity of their choice and
hence influence their subjective stress level. Thus, their stay in the exposure chamber and the
procedure of repeated measurements could have led to a downregulation of stress-related
hormone axes. The reduction of CRP serum levels, especially after the burning of candles, when
compared with room air, could thus be explained by a psychological effect during rest and

relief.

It should also be considered that the olfactory system can play a role in the central nervous
stress response, as it triggers endocrinological axes. Odours and subjective unpleasantness were
shown to induce a significant stress response under experimental conditions (Hirasawa et al.,
2019), whereas aromata such as aetheric oils were shown to reduce stress responses in healthy

individuals (Jung et al., 2013).

Aromata were omnipresent in our study design because volunteers and particle sources were
merged in a narrow chamber, and aromata were clearly noticeable during the whole exposure.
Although no information was collected on the volunteers‘ perception of the aromata in the
exposure scenarios, we could speculate that the olfactory contact with candle burning or food
preparation, could down-regulate the sympathetic nervous system and consecutively the

hypothalamic-pituitary-adrenal axis.

Another important factor for counterintuitive biomarker reactions after exposure to high
quantities of indoor PM might be the general fitness of the study cohort. Subclinical and null
findings were multiple times reported for healthy study cohorts. A large US cohort found a
stronger increase of biomarker levels after exposure towards PM 2.5 among people with
metabolic syndrome, comparing people with no cardiovascular risk factors (Dabass et al.,
2018). For healthy volunteers instead, Dabass found that CRP levels after PM exposure sunk
significantly. A study within a group of Chinese college students found only weak associations
between total PM levels and CRP-content in blood among healthy individuals (Wu et al., 2012).
Similar downregulations or null findings in healthy populations could be observed for SICAM
levels after exposure towards PM (Calderon-Garciduenias et al., 2008; Fang et al. 2010). The
EPIA cohort was healthy and cardiovascular risk factors led to exclusion. This could explain the

marginal total changes in biomarker levels.

Other authors have observed the tendency of nano-sized particles to suppress direct innate
immune reactions which would eventually lead to stronger infections (Nemmar et al., 2013). As
all particle sources emitted high amounts of UFP, this would provide another possible

explanation for a decrease in biomarkers at 24 hours after exposure.
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5.3 Interpreting the main analysis

Although total serum levels showed a decline when compared with room air, biomarker changes
for a fix increment of particle exposures could be calculated. This finding is in line with current
literature, as the association between intensive PM exposure and altered biomarkers has been
proved multiple times (European Environmental Agency, 2016). Recent literature suggests that
rising PM exposure has a strong influence on CRP levels. There is reviewed evidence of short
term CRP elevations after exposure to PM workplace concentrations similar to those in the
EPIA study (Li et al., 2012). Results of this work show a change in CRP and IL-8 levels when

increasing the exposure to CB and FS particles of the UFP size range.

A relevant short-term increase in NAL IL-8 was calculated after a strong increase in the fraction
of UFP-sized CB particles, whereas augmentation of other sources with a smaller fraction of
UFPs was not associated with IL-8 changes in NAL. Among the tested sources, CB with the
highest particle number concentration is associated with the clearest short term reaction in the
airways. This is in line with other authors, for example (Sigsgaard et al., 2000), who reported
that excessive nasopharyngeal particulate stimuli upregulated IL-8 expression in serum and

NAL.

The interquartile range approach could show that changes in innate immunity markers are
mainly associated with particles of the ultrafine size range, whereas larger particles were weakly
associated with biomarker changes. One could therefore speculate that the fraction of UFP and
the particle number concentration might be more relevant for specific health signals than the
fraction of PMo and mass surrogates in general. In concordance with these findings, other
authors could show that associations are clearer when calculating the amount of inhaled

pollutants by number per cm? rather than by mass only (Lanzinger et al., 2016).

However, the mere existence of elevated UFP fractions cannot fully explain biomarker
augmentation, as UFP from TB did not show the same signals. Given that all particle sources
emitted an extensive amount of particles with a comparable chemical composition, the
heterogeneous results of the statistical analysis cannot fully answer the question, which property

makes a particle especially reactive.

It should be noticed that by direct comparison of the sources, the most reactive ones (CB and
FS) are combustion sources. Burning scented candles might be similar to a fossil fuelled
combustion source. Through extremely hot surfaces and incomplete combustion of organic

material during the frying process, FS might also be interpreted as a combustion of organic
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matter, whereas TB is less of a combustion. Indoor use of fossil fuels and cooking on indoor fire
places was multiple times associated with adverse health outcomes and subclinical biomarker

changes (Dutta et al., 2012; World Health Organisation, 2015).

5.4 Clinical relevance / Practical implications

Results show that a relevant particle pollution in indoor air is reached through use of regular
consumer goods. Choosing usual household activities as exposure sources, this study puts a
focus on an often overseen exposure field. The strong particle exposure in our experimental
setup might provide a useful database to model air quality in closed rooms. It also highlights,
that a correct individual quantification of particle exposures is only possible if indoor particle

exposure is included in measurements.

Furthermore, it could be shown that household particle sources lead to biomarker alteration in a
healthy population. As a consequence, this study is relevant for individuals in the proximity of
such sources. The experimental setup resembles occupational settings. It is probable, that in the
food industry, in gastronomy and in various jobs of the service sector, working conditions can
lead to exposures as high as in our study. The results provide good reasons for assessment of

workplace air pollution and to evaluate the need for additional regulation.

Study results are also relevant for individuals who frequently operate potential household
particle sources. The results could lead to more awareness and a conscious use of potential
particle sources in households and closed environments, acknowledging that air quality is a
good that can be managed on the very individual level. Individuals should be encouraged
through these findings to actively manage room climate, for example through filter technologies

or ventilation habits.

Results should be of special interest for individuals at risk for adverse cardiovascular or
cardiopulmonary health outcomes. We could show that indoor air pollution can affect the same
markers and pathways that are associated with adverse health effects in the (pre-)diseased.
Lowering the individual indoor pollution exposure is therefore likely to be beneficial for
diseased subgroups. Results could lead to a more conscious design of living habits, for example
in healthcare facilities, where people at risk for adverse health effects are gathered in small

volumes of indoor air.
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5.5 Strengths and limitations

A strength of the EPIA study was the efficient and continuous exposure of volunteers to high
amounts of indoor particles, when comparing the exposure to real world data (Morawska et al.,
2017; He et al., 2007). We could show that in mass units and particle number, indoor particle
sources can easily compete with outdoor exposures in street canyons or roadsides.
Furthermore, the microenvironment we created in the EPIA study is comparable with many
modern room climates. The comparatively low air exchange rate inside the exposure chamber
might effectively mimic modern low energy constructions, where ventilation is reduced to save

energy costs.

Another strength of this work is that results were calculated from 4 particle sources on 2 levels
of intensity, 10 PM size categories and 4 outcome parameters at 3 time points measured, which
leads to a great amount of temporarily consistent data. Also, the controlled exposure scenarios

were operated under atmospherically stable conditions. This created a stable and

interindividually comparable microenvironment, thus reducing confounding factors.

Chemical and physical properties of PM were screened precisely. One of the most remarkable
aspects of particle measurement in the EPIA study is the quantification of size categories in the
ultrafine range. To our knowledge, this is one of very few controlled human exposure studies
that quantified particles from daily household activities in a range down to 10 nm. The vast
majority of research on PM and health effects is found with PM;o or PM> 5 or addresses UFP as
a summarized size category, ignoring that it can be subdivided into further size categories. The
study and this work try to elucidate effects of single particle metrics in the UFP range, thus
trying to gain information on the most relevant particle fractions among the heterogenous group

of UFP.

Another strength of this work is that it examines not one but various parameters of the innate
immune response. Although an almost uncountable number of biological parameters can give
information about the innate immune status of an individual after an environmental stimulus, we
think to provide a set of biomarkers that could be seen as a sequence in the pathway of
inflammation. By using highly-sensitive ELISA tests, subclinical findings in a healthy
population could be detected. This helps to better understand the possible health impacts in a

diseased individual without exposing it to the danger of potential adverse health effect.

Last but not least, our study cohort was screened very thoroughly, thus reducing possible
confounders to a minimum. By observing a physically healthy cohort without medical
preconditions or medication intake, we increase the probability that measured biomarkers have a

causal relation with the experimental setup.
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In contrast, some limitations of the study have to be discussed. One limitation is the
comparatively low number of volunteers. To some degree, this was compensated by repeated
measurements and an experimental setup where a single volunteer was repeatedly exposed and
acted as their own control exposure. Yet measured effects can still be the cause of chance due to

low numbers of volunteers.

Another limitation to the results is the limited time of post-exposure surveillance, which was
reduced to 24 hours. It might be possible, that physiological changes have a longer latency, thus

not being recognized by the time points of post-exposure measurements.

Another limitation is given by the short stay of the volunteers inside the exposure chamber and
the consecutive period of the day which was not monitored under experimental conditions. The
exposure of particles in the chamber was high and probably contributed the majority of total
number of particles uptaken by a volunteer during the study day. Yet we cannot tell for certain
which other exposures were also relevant for volunteers after exiting the study facility.
Repeated measurements and the source-dependent alterations of biomarker levels increase the
probability that the experimental exposure was responsible for biomarker changes. Yet it is still
possible that a confounder, located outside the study centre, is responsible for changes of
biomarkers 24 hours after exposure. For example, commuting to the study centre could have
been an artificial and singular event that exposed volunteers to more or less particles in
comparison to normal workdays. Also, volunteers were only asked to restrain vigorous physical
activity but were not asked to explicitly protocol their activities afterwards. It is possible that for
example the extra monetary income of a study day and the free time after the end of a study day
might have changed the course of a normal volunteers’ workday to a degree that influences

biomarkers in subclinical ranges.

Another limitation of the study is the selection of volunteers. By focussing on healthy
individuals, we cannot foresee the clinical implication of a particle exposure in the diseased. It
is moreover possible that by focussing on a healthy population, we completely excluded
individuals at risk for adverse effects through particle exposure and that particles in this

subgroup would be associated with different kinetics in biomarkers.

Study results must be handled with care because particle generation took place under
comparatively stable conditions. Particle sources were operated without scorching, sooting or
overheating the products. It is hard to tell, if the same degree of exposure is reached in a real-
life exposure scenario. On the one hand, particle forming events could be more drastic (e.g.
burning of food remains, using overheated oils, burning wax additives), on the other hand they
could be less intensive through correct use of exhaust hoods, room air filters or constant

ventilation. A generalizable conclusion can therefore not be drawn from the study results.
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6 Conclusion

6.1 Summary of results, gain of knowledge

A qualitative and quantitative analysis of indoor air pollution sources was performed. It could
be shown that indoor sources create a relevant particle exposure in terms of particle number and

particle mass concentration.

The tested sources showed varying associations with biomarkers, indicating that different
particle sources have individual implications on human health. The most relevant sources in this

study were Frying Sausages and Candle Burning.

It could be shown that an increase of certain indoor pollutants is associated with biomarker
changes in healthy individuals. When calculating fixed increments of pollutants, short-term

increases for CRP and IL-8 in NAL were discovered.

Amongst the whole range of particle size fractions, an interquartile range increase of particle
fractions revealed that particles smaller than 100 nm in diameter were consistently associated
with biomarker changes. In comparison to larger particles, they were identified to be the most

relevant particle group in the association with biomarker changes.

6.2 Research outlook

Further research is needed in the field of indoor particle exposure. It is very challenging to
gather information on long term health effects of indoor particle exposure. A next step could
therefore be to extend the post-exposure follow-up, for example to days or weeks. Another
approach could be to extend the stay in the exposure scenario to eliminate potential confounding

through commuting and other unintended individual exposures.

Another important aspect should be to create similar exposure studies with chronically diseased
individuals and find out more about their innate immune answer to indoor PM. It might be an
effective prevention strategy to identify groups at risk and actively manage their

microenvironments in terms of air pollution.

Also, it could be of special interest to isolate fractions of particulate matter of the ultrafine
particle spectrum and perform separate controlled exposure studies. This would create a more
differentiated picture of possible health effects. More research is needed to understand which
fraction of particles has to be primarily eliminated from the spectrum of pollutants and how we

could manage an effective pollutant control in households.
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