UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

The role of flame retardants in allergic responses to house dust mite

Canbaz, D.

Publication date
2017

Document Version
Final published version

License
Other

Link to publication

Citation for published version (APA):
Canbaz, D. (2017). The role of flame retardants in allergic responses to house dust mite.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:12 Oct 2026


https://handle.uba.uva.nl/personal/pure/en/publications/the-role-of-flame-retardants-in-allergic-responses-to-house-dust-mite(f9cce104-c46c-488a-adec-10ebd84a6214).html

1))
i
g
< O
o e
=W
£ 28
v c =
e

232 =
S KA O
b <
M~ 9 o >
w By @ .
o = w A
I L T
A o
v
=
=

The Role of Flame Retardants in Allergic Responses to House Dust Mite Derya Canbaz




The Role of Flame Retardants in
Allergic Responses to
House Dust Mite

Derya Canbaz



The research presented in this thesis was financially supported by European Union, Seventh
Framework Program, no: 264600: “INFLAME”.

ISBN: 978-94-6182-787-6

Cover photo: Orange smoke on black background and dance power (shutterstock.com)
Cover design: Derya Canbaz and Off Page

Layout: Derya Canbaz

Printing: Off Page, www.offpage.nl

Copyright © 2017 by Derya Canbaz. All rights reserved. No part of this publication may be
reproduced or transmitted in any form or by any means without permission of the author or the

publishers of the included scientific papers.

The printing of this thesis was financially supported by Longfonds, Stichting Astmabestrijding (SAB)

and Academic Medical Center.



The Role of Flame Retardants in
Allergic Responses to
House Dust Mite

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof.dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde commissie,
in het openbaar te verdedigen in de Agnietenkapel

op woensdag 31 mei 2017, te 12:00 uur

door

Derya Canbaz

geboren te Istanbul, Turkije



PROMOTIECOMMISSIE:

Promotor: Prof. dr. R. van Ree

Copromotor: Dr. ir. L.S. van Rijt

Overige leden: Prof. dr. W.J. Fokkens
Prof. dr. W.M.C. van Aalderen
Dr. R. Lutter
Prof. dr. J. de Boer
Dr. R.H.H. Pieters

Prof. dr. E.C. de Jong

Faculteit der Geneeskunde

AMC-UvA

AMC-UvA

AMC-UvA
AMC-UvA
AMC-UvA
Vrije Universiteit Amsterdam

Universiteit Utrecht

AMC-UvA



“Hayatta en hakiki mursit ilimdir...”
“Science is the most reliable guide in life...”

Mustafa Kemal
ATATURK






CONTENTS

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Appendix

General introduction 9

IL-33 promotes the induction of immunoglobulin 35
production after inhalation of house dust mite extract in

mice

Indoor pollutant hexabromocyclododecane has a 57
modest immunomodulatory effect on house dust mite

induced allergic asthma in mice

Indoor pollutant hexabromocyclododecane enhances 83
house dust mite-induced activation of human

monocyte-derived dendritic cells

Exposure to organophosphate and polybrominated 103
diphenyl ether flame retardants via indoor dust and
childhood asthma

Immunotoxicity of organophosphate flame retardants 137
TPHP and TDCIPP on murine dendritic cells in vitro

General discussion 157
Summary 181
Nederlandse samenvatting 185
List of publications 191
PhD portfolio 193
Biography 197

Acknowledgements 199






General Introduction






General Introduction

Introduction

Allergic respiratory diseases such as asthma and allergic rhinitis have become one
of the most common health problems in the world, especially in Western countries,
with an increasing prevalence over the past decades !-2. The reason for this increased
prevalence has not been elucidated yet, although many risk factors have been
revealed. The underlying mechanisms for these immune system disorders are
complex and the risk factors are multiple, but contribute in one way or another to
an aberrant immune response to a harmless allergen 4. The genetic predisposition
is important for susceptibility to allergic diseases 5 but this alone is not sufficient to
explain the observed increase. The short time frame does not allow a significant
change in the gene pool and also does not explain the large variation in prevalence
between countries. Instead, our environment has changed dramatically in the last
00 years. The “westernized” lifestyle (e.g. diet, cigarette smoke, increased air
pollution in the outdoor and indoor milieu, and improved hygiene status), is likely
to have contributed to the observed increase but also to the increased severity of
diseases ©. In 1989, David Strachan proposed the hygiene hypothesis which stated
that children who encounter less pathogens and microbes are more prone to
develop allergic diseases because of an altered development of the immature
immune system 7. However, in contrast to our pathogen- and microbe-low
environment, many different man-made chemicals have been introduced into the
indoor environment and our environment has become more polluted compared
with 60 years ago. Epidemiologic and animal studies have suggested an increased
risk for the induction of allergies and asthma after exposure to allergens in the
presence of chemical pollutants, such as perfluorooctanesulfonate and phthalates
which reside in indoor air and dust. This association has been demonstrated
especially for children 8 % 10.11,12,13 Since the 1960s, flame retardants (FRs) have
become a major indoor pollutant. Flame retardants are chemicals which are added
to many consumer goods to delay flammability. The combination of improved
thermal isolation of houses and the presence of more IR treated consumer goods
in the indoor environment, due to the increased fire safety legislation, have both
contributed to the emergence of this indoor pollutant. An important route of
exposure to FRs is via inhalation of house dust '4. This implies that house dust mite
allergens are often inhaled in the presence of indoor pollutants. Environmental co-

exposure of allergen and air pollutants has been implicated to play a role in skewing
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Chapter 1

the immune system towards an inflaimmatory immune response against harmless
allergens breaking inhalational tolerance!® 1°. House dust mite allergy and exposure
to indoor air pollutants have both been associated with the development of
respiratory allergic diseases, like asthmal” 18.19.20, In this thesis, we investigated the
hypothesis that flame retardants might alter the immune response to house dust
mite allergens. This is important for the assessment of the potential risk for flame
retardants and has been investigated very scarcely. In this introduction, we will
discuss the characteristics of the flame retardants investigated in this thesis, the
underlying immunological mechanism in house dust mite allergy and allergic
asthma, and the possible interference of flame retardants herein. We will conclude

with the outline of the thesis.

What are flame retardants?

The introduction of flame retardant materials goes back to about 450 BC when the
Egyptians already used alum to reduce the flammability of wood 2!-22. The first
approach to identify the scientific principles of fire retardancy was made in 1821 by
Gay-Lussac who protected theater fabrics from fire by treatment with mixtures of
ammonium phosphate, ammonium chloride, and borax based upon his knowledge
about chemistry 22. The development of polymer industry over the past 60 years has
led to the increasing use of flammable materials such as plastics, textiles, electronics
and construction materials. In order to meet fire safety regulations, chemical
additives (FRs) are applied to these combustible materials to increase their fire
resistance 2. Although the mechanisms of action of FRs during combustion are
complex and difficult to identify, their fire retardancy occurs primarily by two
reactions: reaction in the gas phase by eliminating radicals required for propagation,
and in the solid phase, by denaturation of the polymer creating a char layer and

thereby preventing oxygen to feed fire 23.

Characteristics, production and use

Over 175 different FRs are on the market today and are mainly divided into four
major chemical groups: inorganic, halogenated organic (brominated or chlorinated),
phosphorus-based and nitrogen-based compounds 2-24, The global demand for FRs
has increased significantly, up from 465000 tons in 2006 2* to 2 million tons in 2013

and is expected to expand to a volume of 2.8 million tons in 2018 6. Since the 1960s,
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General Introduction

brominated flame retardants (BFRs) have been used in high volumes in numerous
types of polymers and resins commonly found in furniture, insulation foam and
clectronics such as computers and televisions due to their low cost and high
performance efficiency. The five major classes of BFRs are the three commercial
mixtures of polybrominated diphenyl ethers (penta-, octa- and deca-BDEs),
hexabromocyclododecane (HBCD), and tetrabromobisphenol A (TBBPA). The
chemical structures of HBCD and PBDEs are shown in Figure 1. They are used as
additive or reactive components in polymers. While reactive BEFRs, such as TBBPA,
are chemically bonded into plastics, additive BFRs including PBDEs and HBCD
are simply blended with polymers, and are more likely to leach out of their products
into the environment 2!-2427. BFRs can be released into the environment through
volatilization or dust formation from BIR-containing products in the indoor
environment, and from emissions during manufacture, waste disposal and BFR-
containing product recycling 25. Many of these substances have proven to be
persistent in the environment (air, dust, water, sediment etc.), being bio-

accumulative and toxic to animals and humans 29 30,31,

Br
Br

Br

O
Brm-- O O --Brn Br Br

Br
PBDEs HBCD

Figure 1. General chemical structure of PBDEs and HBCDs which are studied in this thesis. Adapted
from (32).

HBCDs

HBCDs, brominated aliphatic cyclic hydrocarbons, are widely used as additives in
extruded high-impact polystyrene foams which are used as thermal insulation of
building materials, upholstery textiles, and a lesser extent in electronics. In 2001,
HBCD was the second most frequently used BFR in Europe, following TBBPA 2.
The global production of HBCD rose from 16700 tons in 2001 to 21951 tons in
2006 33. Technical grade HBCD mixtures are produced by bromination of 1,5,9-

cyclododecatriene isomers. Six stereogenic centers at positions 1,2,5,6,9, and 10 are
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Chapter 1

formed, which leads to possible 16 stercoisomers of 1,2,5,6,9,10-HBCD. The
commercial mixtures mainly consist of y-HBCD (75—89%), while «-HBCD and §-
HBCD are present in lower amounts (10—13% and 1—12%, respectively) 3. HBCD
is highly lipophilic, has a low vapor pressure and a low water solubility 3. Since
HBCD migrates from its products into the environment, it has been detected in a
variety of environmental media and in human biological matrices 2% 3% 36,37, This has
raised concerns because of its adverse health impacts in laboratory animals 3! 3%, 3,
40,41, Due to its persistence, bioaccumulation and toxic characteristics, HBCD was
listed in Annex A by the Conference of the Parties (COP) of the Stockholm
Convention (SC) on persistent organic pollutants (POP) in 2013 33 37, This
international treaty aims to protect human health and the environment from the
harmful effects of POPs. The production and use of chemicals on annex A must be

eliminated unless there are specific exemptions 42,

PBDEs

Commercial PBDEs are produced by bromination of diphenyl ethers resulting in
209 possible congeners, varying in both number and position of bromination and
divided into 10 congener groups from mono- to deca-BDE. They are numbered
according to the International Union of Pure and Applied Chemistry (IUPAC)
nomenclature. PBDEs are manufactured mainly in three technical mixtures: Penta-
, Octa- and Deca-BDE 21 24 4. The major congeners used for the PBDEs
formulations are BDE-47,-99, -100, -153 and 154 (PentaBDE mix), and BDE-153,
-183, -196, -197 and -207 (OctaBDE mix). The DecaBDE mix is composed of
primarily BDE-209 and made up 83.3% of the 2001 PBDE global market demand,
followed by Penta- 11.1% and Octa- 5.6% #. Like HBCD, PBDEs are persistent,
ubiquitous in the environment and bioaccumulate in human and animal tissues. In
response to the growing concern about the potential adverse health effects of
PBDEs, the production and use of the Penta- and Octa-PBDE  technical mixtures
have been phased out in the US 253744 banned in Europe 4> and they were added
to the list of POP under the Stockholm Convention in 2009 2. The use and
production of Deca-BDEs has been phased out in some states of US 37-4 and is
restricted in Europe 46 but it is still used in electrical and electronic equipment,

textiles and fabric backings in other parts of the world. The Penta-BDE and Octa-
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General Introduction

BDE formulations have been mainly used in polyurethane foams (PUF) and plastic

housing and office equipment, respectively 47.

PFRs

Removal of PBDEs from U.S. and European markets has resulted in an increased
demand for alternative FRs in order to maintain the flame resistance of consumer
products. Due to their technical characteristics, organophosphate flame retardants
(PFRs) have been identified as possible substitutes for BFRs 4. Although, PFRs
have been used worldwide for several decades, their use has increased rapidly in
recent years due to the phase-out of PBDEs #. In 2006, PFRs were responsible for
20% of the FR consumption in Europe with a sharp increase from 58000 tons in
1998 to 91000 tons in 2006 2> 30, PFRs are mostly used as additives, stabilizers and
plasticizers in a wide range of materials including polyvinyl chloride (PVC) plastics,
PUF, polymers, textile coatings, paints, latexes, lacquers, hydraulic fluids and
varnishes 2> 51, Organophosphate esters are commonly used as PFRs which are
derivatives of phosphoric acid that can be divided into three groups: trialkyl-, triaryl
and aryl-alkyl phosphates 2. The names, abbreviations, structures and applications

of PFRs studied in this thesis are given in table 1.

Table 1. Acronyms, structures and applications of the studied PFRs. Modified from (25, 50, 52).

Chemical name Abbreviation Structure Application
9 FR, plasticizer,
0-P-0 o
Triphenylphosphate TPHP Q o @ hydraulic QUIdS,
@ lacquer, paint
<l
(=} <
Tris(1,3-dichloro-2- TDCIPP c /’lo f-,é.".g o FR, plastici'zer,
propyl) phosphate | FJ\’ - lacquer, paint, glue
\R IR, plasticizer,
Tris(2-butoxyethyl) TBOEP ] floor ﬁmSh.’ Wax,
\L lacquer, paint, glue,
phosphate 0 antifoam agent
AR AGAA g
0
cl
Tris (1-chloro-2 TCIPP FR, plasticizer
propyl) phosphate a o P
g o ™"
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Table 1. (Continned)

Chemical name Abbreviation Structure Application

& i a FR, plasticizer,

| P
Tris(2-chloro-ethyl) TCEP SER0r £O7 e lacquer, glue,
5 industrial processes
phosphate
Ci

@ o Plasticizer,

2-Ethylhexyldiphenyl EHDPHP 0-?’-0’\f\/\cr hydraulic fluids

o
phosphate @ =

- TMMP: plasticizer,
Meta, meta, para- mmp-TMPP @EO,,'L‘__ > polyvmylchlgndq
. o hydraulic fluids,
tricresyl phosphate Q\ T S

oils, transmission

fluids

Indoor contamination, human exposure and health risks of
FRs

In the “westernized” world, the increasing time spent indoors such as homes,
offices and schools >3 combined with the abundant usage of diverse indoor
chemicals led to concerns about the potential link between the exposure to indoor
contaminants and human health effects!2 18, 20,54,

Since FRs are not chemically bound in consumer products, they are likely to leach
out and to pollute the indoor environment . Many studies reported that indoor
concentrations of FRs exceeded outdoor levels 3>%. A recent review by Fromme et
al. summarized the reported levels of HBCD and PBDEs present in indoor air and
dust, and their relevance for human exposure. However, measured concentrations
of FRs vary greatly by location and environmental matrix 37. For example, the
median concentration of HBCDs detected in indoor air ranged from 2 pg/m? in
Sweden®’ to 180 pg/m? in the U.K. 14, while PBDEs showed median concentrations
of 13.5 pg/m3, 762 pg/m3, and 3200 pg/m? in studies conducted in Germany 58,
UK 5 and USA. %, respectively. The median indoor household dust
concentrations of HBCDs in studies performed in Europe, North America, and
Asia revealed a concentration range of 9-640 ng/g 37 with an exception of a relatively
higher concentration of 1300 ng/g in a UK. study . The dust concentrations of
PBDEs detected in U.S.A. are considerably higher than in Europe . It is often
suggested that due to the high production of PFRs after the ban of PBDEs use, the
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General Introduction

reported concentrations of PFRs in indoor air and dust are at least 2 orders of
magnitude higher than of PBDEs 2>. However, in our own study with dust samples
which were collected in 1995 before PBDEs were banned, a similar ratio was
observed. An explanation might be that PFRs have been used for several purposes
(as plasticizer and for flooring) for decades before they were considered as an
alternative flame retardant>. The exposure routes of FRs for humans are mainly via
diet and, via unintended ingestion and, via inhalation of indoor dust 4 35 01,62, 63,
Many studies have attempted to assess the levels of human exposure to FRs by
estimating human exposure based on their concentrations in indoor environments
or food and the influence of this exposure on the body burden by human
biomonitoring. Table 2 shows a glance of estimated exposure levels of adults to FRs

via inhalation and unintended ingestion of indoor dust and via diet.

Table 2. Examples of estimated levels (ng/day) of human exposure to FRs.

Country  Statistical FR Indoor Indoor Diet Total Ref.
parameter Air Dust

U.K. average YHBCDs 5 131.5 413 549.5 14
U.K. median ¥PBDEs 0.3 1.2 88.2 89.7 37
Germany median YPBDEs 0.1 0.8 724 733 37
U.S.A. median YPBDEs 26.7 57.9 88.2 172.8 37
Sweden average XPFRs 3864* 1962.1% 1400  6467.7 64, 65
U.K. average >PFRs - 3449.2% - = 66

The indicated levels were calculated for adult weights of 70 kg.

¥The values are calculated here according to the average of XPFRs levels detected in dust of homes (living rooms) in
Sweden and U.K. stndy and inhalation and ingestion rates of an adult were taken as 0.24 n? kg bw “day’ and 1.03
mg kg bw -1 day’!, respectively as defined in the Sweden study?.

The intake rates of FRs for children and toddlers reported in these exposure
assessments were higher than the rates for adults 14 3763, Recently, total intake of
chlorinated PFRs such as TDCIPP via inhalation has been estimated to exceed
intake via dust ingestion ¢7.

Since they are persistent and bioaccumulative in the environment, lipophilic
FRs tend to accumulate in the fatty matters of the human body. Therefore, several
studies have determined the concentrations of BFRs in adipose tissue, blood and

breast milk 27-36. 68,69 HExposure of HBCD and PBDEs via house dust has been

correlated with the observed concentrations in human matrices, like serum 70. PFRs
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are metabolized in human body and excreted rapidly and therefore the
concentrations of their metabolites in human urine have been used to determine
exposure ’!. The concentration of TDCIPP in house dust correlates with its
metabolite concentrations in human urine 72.

Due to the exposure and bioaccumulation of FRs in humans, concerns about
the health effects of these chemicals were raised. In animal studies, exposure to
BFRs have shown a diversity of possible health threats, like endocrine disrupting
effects, developmental neurotoxicity in neuron cells, and disruption of lipid
metabolism 31 3% 40,41 However, only limited animal studies have investigated the
immunological effects of PBDEs and HBCD 73 7. Toxicological studies have
revealed health threats of PFRs such as neurotoxic effects of TPHP, adverse effects
of TPHP and TDCIPP on reproduction, and carcinogenicity of TDCIPP 2575, The
phosphate backbone is an important characteristic of PFRs, which they share with
organophosphate-based pesticides that have been associated with exacerbations in
allergic asthma 76.77.78, Interestingly, a recent epidemiological study in Japan revealed
an association between increased concentrations of PFRs in house dust with allergic

disorders such as allergic asthma, allergic rhinitis and atopic dermatitis 7.

Increased prevalence of allergic asthma:
risk factors?

Asthma is a chronic inflammatory disease of the airways characterized by
bronchoconstriction, airway hyperresponsiveness, mucus hypersecretion, and
eosinophilic airway inflammation leading to clinical symptoms such as recurrent
episodes of wheezing, dyspnea, chest tightness and coughing ®. The severity of
asthma can vary (from mild to severe) depending on the frequencies of the
symptoms and lung function 8! which significantly affect personal life quality and
lead to severe morbidity and even mortality 82.

According to the global asthma report in 2014, the number of people suffering
from asthma was estimated as high as 334 million and 14% of the world’s children
experienced with asthma symptoms 3. The prevalence of asthma and allergies has
increased sharply worldwide since 1960s, with a higher trend for the prevalence (up
to >20 %) in westernized countries -2 84, In the Netherlands, the incidence rate of
asthma for children has been reported as 6.71 per 1000 person year over the period
2000-2012 and increased from the year 2000 to 2008 %°. The explanation for this

18



General Introduction

increase has not been elucidated. Allergic asthma is triggered by an aberrant immune
response after inhalation of airborne allergens such as dust mite, molds and pollens
80 but after establishment of the disease also non-allergic stimuli, like cold air, can
evoke asthmatic responses of the airways 87.

However, the etiology of this disease development is complex and multiple
factors such as genetic susceptibility °, environmental factors including, microbial
burden %, cigarette smoke %%, indoor- 1% % and outdoor air pollution % %2, and
lifestyle + were significantly associated the increased incidence of allergic disease

development and severity (Figure 2).

- Causal factors: Allergens
Indoor (e.g. dust mites)
— Outdoor (e.g. pollen) e
- E Occupational (e.g. latex) .~ -

I

[ Allergic sensitization J |:> { Allergic airway diseases ]

" Hostfactor: - =— Contributing factors:——-
- Tobaccosmoke
Air pollutants
Chemicals
 Infections

3 :_ Genetic atopy — >

Figure 2. Risk factors affecting the allergic sensitization and progression to allergic airway diseases.

Genetic susceptibility is a strong risk factor for asthma and allergies and the
heritability has been estimated as high as 95%. To date, genome wide association
studies have identified more than 100 susceptibility genes and many of them such
as 1L-4, 1L-33, 1L-13, HLA-DRA, are involved in the (allergic) immune response %3.
However, the rapid increase in the prevalence of asthma in the last decades cannot
be explained by genetic factors alone as genetic alterations require a longer time
period over multiple generations before it can have a population-wide impact.

House dust mite (HDM) allergy is a strong risk factor for the development of
asthma. HDM is globally ubiquitous present in human indoor environment and 1
% to 2 % of the world’s population is suggested to be affected by HDM allergy 4.

The underlying mechanism in the misinterpretation of the harmless proteins derived
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from HDM feces by the immune system has not yet been elucidated 5. Thus,
inhalation of environmental contaminants such as indoor air pollutants that may
cause adverse effects on respiratory health and co-exposure of these airborne
pollutants and house dust mite allergens may enhance the sensitization to those
allergens. In concordance, many studies have revealed a possible association
between exposure to indoor airborne pollutants and development of asthma and

allergies 9 9%,

Immune response to inhaled house dust mite
allergens

In HDM allergy, inhalation of harmless HDM results in a T-helper 2 (Th2) type
allergic sensitization defined by a HDM allergen specific immunoglobulin E (IgE)
response ?7 and can progress in the induction of airway eosinophilic inflammation,
excess mucus production and bronchoconstriction in susceptible individuals for
allergic asthma 8.

The first barrier that an inhaled allergen encounters on its way to sensitization
is the mucosal epithelial layer. This epithelial barrier function is maintained by tight
junctions which contribute to the impermeability of the epithelium. Proteolytic
activity of inhaled allergens can cause dysfunction of the epithelial junction,
resulting in epithelial cell signaling and a decreased barrier for incoming allergens .
When allergens are inhaled, many surface receptors on epithelial cells such as Toll-
like receptors (TLR), C-type lectin receptors (CLR), and protease activated
receptors (PAR) can be activated. This leads to epithelial production of pro-T helper
2 (Th2) cytokines like thymic stromal lymphopoietin (TSLP), granulocyte-
macrophage colony stimulating factor (GM-CSF), and interleukins 33 and 25, as
well as chemokines that attract dendritic cells (DCs) to the lung 1. 101 TL.R4
signaling in ECs by lipopolysaccharide (LPS), originating from the gastrointestinal
tract of the HDM, has been demonstrated to contribute to activation of DCs in
mice!%2. DCs are recognized as the most potent antigen presenting cells forming a
network underneath the airway epithelium and sense antigens by their extensions
across the airway epithelium. Thus, inhaled allergens are taken up by these cells and
migrate to the lung draining lymph nodes, where they present their antigen to naive
CD4* helper T cells. After antigen recognition, T cells differentiate into specific
subset of effector T cells and undergo proliferation. In HDM allergy, naive T cells
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are skewed towards Th2 cells which control the adaptive immune responses to

allergens by secreting interleukin (IL)-4, -5 and -13 103.104.105 (Figure 3).

House dust mites
dad P
@ 0 @
o

Goblet cells

Airway
epithelium

Eosinophils

B cells =Ce Tyl e >
— i —
= o ‘:.__H: :.:::’TI:_____\:‘HHO -

Bronchial hyperreactivity

Figure 3. Summary of Th2 type sensitization by DCs and subsequent roles of effector Th2 in
inflammatory immune response to inhaled HDM. Adapted from (106).

Th2 cells migrate to the B cell zone in the draining lymph node and they induce
immunoglobulin class-switching in B cells from IgM to IgG1, IgA and IgE by
secretion of IL-4 and II.-13 and ligation of suitable co-stimulatory molecules
(CD40-CDA40 ligand and CD80 or CD86-CD28). IgE is released in the blood and
is distributed systemically. In the periphery, IgH binds to the high-affinity receptor
for IgE (FceRI) on mast cells which will secrete histamines, prostaglandins and
leukotrienes upon the re-exposure to the same allergen, responsible for the “early”
phase of the allergic response. The rapidly secreted mediators induce

bronchoconstriction, vasodilation, increased vascular permeability and increased
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mucus production by goblet cells. The “late” phase of the allergic response occurs
hours after allergen challenge, leading to recruitment of innate and adaptive immune
cells such as eosinophils, neutrophils, basophils and lymphocytes. IL-5 released by
Th2 cells mediates the development, proliferation, activation and recruitment of
eosinophils to the site of inflammation where they secrete numerous inflammatory
cytokines and chemokines 17, In addition to Th2 cells, an innate cell population
named type 2 innate lymphoid cells (ILC2) is capable of producing substantial
amounts of Th2 cytokines IL-5 and IL-13. These innate cells seem to play an
important role in both the initiation as well as the maintenance of Th2 type allergic
responses 100108 Jn severe forms of asthma, an elevated level of Th17 cell type
derived IL-17A has been associated with increased neutrophilic inflammation and

airway hyperreactivity 109 110,111,

The central role of DCs in sensitization to inhaled allergen

The mucosal respiratory surfaces constantly encounter complex mixtures of foreign
antigens such as pathogens and allergens, often in the presence of environmental
pollutants. Among these various antigens, the immune system must discriminate
between innocuous substances that can be tolerated by the host and harmful
pathogens that require a rapid immune response for clearance. Airway mucosal DCs
act as sentinels that continuously sample inhaled air for incoming antigens and
control innate and adaptive immune responses to achieve homeostasis and host
defense. Misinterpretation of a harmless allergen can lead to induction of allergic
sensitization and inflammation which are characteristic for allergic disorders 12,
DCs are capable of sensing endogenous (produced by the organism) and
exogenous (pathogens, allergens or toxic chemicals) danger signals via several
pathways 3. DCs, like epithelial cells, can recognize pathogen associated molecular
patterns (PAMPs) via specialized pattern recognition receptors (PPRs) such TLRs,
PARs and dectin 2 expressed on their surface 4. Either directly (by allergen) or
indirectly (by innate mediators of epithelium) activated DCs undergo phenotypic
changes and functional maturation. During this process, these cells increase the
expression of C-chemokine receptors CCR7 and CCRS8 allowing them to migrate to
the draining lymph nodes via afferent lymphatics. Maturation of DCs leads to

upregulation of required mediators to interact and differentiate naive Th cells into
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effector Th cells in the draining lymph nodes 1%, DCs also re-stimulate and recruit
effector T helper cells on the site of inflammation during allergen challenge 1%,

The fate of naive Th cells is determined by three signals provided by DCs. Signal
1 is the antigen presentation that is mediated through ligation of T cell receptor
(TCR) with major histocompatibility complex class II (MHCII)-associated peptides
processed from antigens after internalization. This determines the antigen-
specificity of the response. However, antigen presentation alone is not enough. To
stimulate and differentiate towards a specific T cell response, the right co-
stimulation provided by costimulatory molecules expressed by DCs is required
(signal 2). Although the Th2 instructing costimulatory molecules are still under
debate, stimulation via CD86 and OX40L has been associated with Th2
differentiation. Absence of co-stimulation will result anergy of naive T cells. A third
signal is provided by the expression of selective sets of pro-inflammatory cytokines
by DCs > (Figure 4).

* # signal 3: cytokine secretion
°
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Th effector cell
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signal 2: co-stimulatory signal

Figure 4. Dendritic cells instruct naive Th cells towards effector Th cells by three signals. Adapted
from (110).

Besides these three signals, the dose of the antigen and the type of DC
interacting with the naive T cells are involved to determine the type of effector Th
cells differing in their immune function '%-118 (Figure 5). The key role of DCs in
instructing naive T cell toward Th2 type cells after inhalation of HDM was
demonstrated in an elegant mouse study 194 Transgenic mice which had been
depleted of CD11c* DCs were not capable of mounting Th2 responses to inhaled
HDM, or to develop HDM-induced airway eosinophilia and lymphocytosis,
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whereas the adoptive transfer of CD11ct/MHCII* cells obtained from HDM

exposed mice to naive mice was sufficient to induce Th2 cell immunity 9.

IL-4,-10, -6 ) IL-4 Allergy,
> ) == IL-5  a=pm | eosinophilia,
IL-13 IgE, 1gG1
\ TNFa
) IL-10, TGF-B IL-10 Anti-inflammatory,
€ TéF—ﬁ === | profibrotic
IL-8, TGF-B A IL-17 Autoimmunity,
> /== | o2 == | antifungal,
/ neutrophilia
IL-12, IFNy \ IFNy Cell-mediated
> | == TNFa =t immunity,
/ IL-2 lgG2a

Figure 5. Activated DCs can determine the type of immune response by instructing naive T cells.
Adapted from (100, 120).

Remarkably, DCs derived from peripheral blood monocytes from HDM allergic
patients have been shown to preferentially upregulate costimulatory molecules
CD86 and CD83, and produce cytokines 1L.-6 and tumor necrosis factor (TNF)-a
after incubation with Der p 1, a major allergen of HDM. Co-culture of DCs with
autologous T-cells resulted in increased IL.-4 production by autologous T-cells
derived from HDM-sensitized patients while no effect on interferon (IFN)-y
production was observed, indicating this phenotype favored a Th2 response. In
contrast, DCs derived from healthy donors up-regulated CD80 and produced a
lesser extent of IL-6 and TNF-a, but did not induce 1L.-4 production by autologous
T-cells — yet significantly increased IFN y production — outcomes associated with a

Th1 response 121
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Influence of airtborne chemicals on allergic immune
responses

Many studies have tried to identify risk factors for allergic respiratory diseases which
could explain the increased incidence. Epidemiological studies have suggested a role
of airborne chemical pollutants such as diesel exhaust particles and phthalates in the
development of asthma and allergic airway symptoms % 10:92, Several mouse models
have contributed to the risk assessment of environmental pollutants with potential
adjuvant effects on allergic sensitization '>. Simultaneous administration of the
outdoor pollutant DEP (diesel exhaust particles) and HDM directly to the airways
of mice exacerbated HDM induced airway hyperreactivity, inflammation and
allergen sensitization by promoting a mixed Th2/Th17 response 6. In another
study, adjuvant effects of indoor pollutant mono-2-ethylhexyl phthalate (MEHP)
have been demonstrated by promoting a Th2 type cell response to inhaled
ovalbumin (OVA, model allergen) and an increase in OVA specific- IgG1
production in serum 122,

During the last decades, FR chemicals have become a major indoor pollutant
which accumulates in indoor dust and the inhalation of FRs is one of the important
exposure routes. Thus, inhalation of dust may lead to co-exposure to house dust
mite allergens and FRs. This implies the importance of investigating the risk
assessment of FRs for the development of allergic immune response to inhaled
HDM.
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Aim and outline of this thesis

In this thesis, we aimed to investigate whether there is a contribution of FRs to the
development of the allergic immune response to house dust mite allergens with a
focus on the following research questions:
1. Is there an immuno-modulating effect of FRs on house dust mite pulsed dendritic
cells, 7n vitro?
2. If there is, what are the consequences of this effect in the immune response to
inhaled house dust mite, 7z vivo?
3. Is there an association between FR exposure and development of asthma in
children?

In order to address the first two questions, we developed an 7 vifro assay to test
the functional and phenotypic changes of murine and human DCs by the exposure
to FRs and a DC-driven mouse model to explore the outcome of FR exposed DCs

in the immune response to inhaled HDM (Figure 06).

, HOM +f- FR )

BMDC phenotype
BMDC cytokines
In vitro

-
Adoptive transfer
Day 0

b\ & &./: m_h-““\/—‘/ Lymph nodes
I~

In vivo R ._ T -
gs
& Challenge ~—p - BAL

109 1X HOM S

Figure 6. Schematic illustration of the used 7 vitro and 7 vivo methods in this study.

In Chapter 2, we compared the respective roles of DCs and 11.-33 in sensitization
to HDM and demonstrated that I11.-33 is needed to induce humoral response after
a single inhalational challenge to HDM. Besides the direct activation of DCs by
HDM allergens, the interplay between DCs and epithelial cells is involved in the
induction of the HDM specific immune response. The innate cytokine 11.-33 is
produced by the HDM allergen exposed airway epithelium and has crucial roles in

the development of allergic response. We used a DC-driven murine model in which
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HDM pulsed DCs were adoptively transferred into the airways without direct
contact between HDM allergens and the epithelium. HDM pulsed DCs were able
to drive a strong Th2-mediated airway inflammation to HDM, but, surprisingly, the
allergen specific humoral response was completely absent. Administration of
additional 11.-33 was sufficient to restore the immunoglobulin response.

In Chapter 3, we tested the possible immunomodulating effect of the flame
retardant HBCD on the HDM induced allergic immune response in mice. We
showed that exposure to HBCD has a mild immune-modulating effect by enhancing
the inflammatory cytokine production in the lung draining lymph nodes after
exposure to HDM. First, we explored the phenotypic and functional changes of
murine bone marrow derived DCs (BMDCs) by co-exposure of HDM and HBCD.
HBCD increased the production of HDM induced pro-inflammatory cytokines via
the induction of oxidative stress. Adoptive transfer of co-exposed BMDCs into
mice airways induced a Th17 cell immune response to inhaled HDM, while direct
exposure of airways to HDM and HBCD resulted in an enhanced Th17 or Th2 cell
response, dependent on the HDM extract used.

In Chapter 4, we analyzed the potential immunomodulatory effect of HBCD
on skewing human monocyte derived DCs towards a pro-inflammatory phenotype
in response to HDM allergens. We demonstrated that simultaneous exposure of
HDM and HBCD enhanced HLA-DR, CD86 and IL-8 expression of human DCs
compared with HDM exposed DCs.

In Chapter 5, we explored whether there is an association between the
concentration of FRs in indoor dust and development of asthma by a longitudinal
nested case-control study. 110 children who developed allergic asthma and their
matched controls were selected from a large prospective birth cohort in Sweden.
We determined the levels and profiles of PFRs and PBDEs flame retardants in
mother’s mattress dust and investigated the relationship with the development of
childhood asthma.

In Chapter 6, we determined the immunotoxic effect of PFRs on murine
BMDCs on viability, the expression of costimulatory molecules and the production
of cytokines, at steady-state and during exposure to HDM allergens.

In Chapter 7, the main findings of the previous chapters from this thesis are

summarized and discussed in the context of relevant literature.
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Chapter 2

Abstract

Background: The initial immune response to house dust mite (HDM) is
orchestrated by an interplay between epithelial cells (ECs) and dendritic cells (DCs).
Innate cytokines released by HDM-exposed ECs activate airway DCs and effector
inflammatory cells, which together induce a HDM-specific Th2 cell response. Here,
we investigate the respective roles of DCs and 11.-33 in sensitization to HDM.
Method: Balb/c mice were exposed via the airways to different HDM extracts,
differing in at least endotoxin levels [Lotox (LT) and HiTox (HT)]. Alternatively,
HDM-pulsed DCs in the presence or absence of additional LT-HDM, or
administration of LT-HDM plus recombinant 11.-33, were intratracheally (i.t.)
administered to induce allergic airway inflammation. Eosinophil recruitment,
cytokine production, serum immunoglobulins, and airway histology were analyzed.
Results: Direct exposure of airways with HT-HDM induced an eosinophilic airway
inflammation, Th2 cytokine production, and an increase in total IgE and HDM
IgG1, while LT-HDM was not able to do so. In contrast, i.t. instillation of LT-
HDM-pulsed DCs induced a similar airway inflammation, mucus production, and
cytokine production, but Ig or HDM IgG1 was not induced. Administration of
HDM-pulsed DCs together with LT-HDM, to supply B cells with unprocessed
antigen, was not sufficient to induce antibody production. Simultaneous
administration of recombinant I1.-33 with LT-HDM induced an antibody response,
besides a cellular immune response.

Conclusion: These results demonstrate that HDM-pulsed DCs were able to drive
a Th2 response but that I11.-33 was needed to induce a humoral immune response

to a single inhalational challenge to HDM.
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Introduction

Allergic asthma is a Th2-driven disease, which causes bronchoconstriction, airway
hyper-responsiveness, mucus cell hyperplasia, elevated IgE production and
eosinophilic airway inflammation. Exposure to allergens derived from house dust
mite (HDM) is a risk factor for this severe lung disease. It is estimated that 10-20%
of the population is allergic to HDM . The underlying immunological mechanisms
which are involved in the development of house dust mite induced airway
inflammation have been the focus of many recent studies.

The interplay between dendritic cells (DCs) and epithelial cells (ECs) has been
shown to be crucial for the initial immune response to HDM 2. TLR4 signaling in
ECs by lipopolysaccharide (LPS), originating from the gastro-intestinal tract of the
HDM, has been demonstrated to contribute to Th2-type adaptive immune
responses via activation of mucosal DCs 2 3 4. Activation of ECs by exposure to
HDM results in the release of innate cytokines such as 1L.-33, TSLP, GM-CSF, and
IL-25 2. Recent evidence demonstrated that I11.-33 is crucial for development of
allergic airway inflammation to HDM?> 67,8910, 1].-33 has a superior ability to induce
maturation and up-regulation of the Th2 skewing costimulatory molecule OX40L
on DCs 8. 1L-33-activated DCs were shown to be more potent in inducing
eosinophilic airway inflammation and mucus production in an OVA DC-driven
asthma model !'. However, I1.-33 is a pluripotent cytokine, which activates other
inflammatory cells, such as eosinophils, mast cells, basophils, Th2 cells, and expands
type 2 innate lymphoid cells (ILC2s), which are able to secrete IL-5 and 1L.-13 via
ST2 receptor signaling 12,

Interestingly, administration of I1.-33 is sufficient to induce eosinophil
recruitment, mucus production, and airway hyper-reactivity in an immune system
without T and B cells . Genomewide studies investigating asthma-associated alleles
identified only eight alleles, which includes 11.-33 receptor, 11.-33 and 1L-13 13.14,
Increased levels of 1L.-33 are found in the plasma of asthma patients and in the lungs
of allergic mice '>1¢, The respective roles of DCs and IL.-33 in the immune response
to inhaled HDM still need to be further elucidated.

Here we compared a DC-driven immune response to HDM with an I1.-33-
driven immune response in a mouse model for HDM-induced allergic airway

inflammation. We demonstrate that a DC-driven immune response induced a clear
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Th2-mediated airway inflammation, but that IL.-33 was needed to induce a humoral

immune response after a single HDM inhalational exposure.

Materials and methods

Mice

Female Balb/c mice (6-8 weeks; Harlan, Horst, The Nethetlands) were housed
under specific pathogen-free conditions at the animal care facility of the AMC. All

experiments were approved by the AMC Animal Ethics Committee, The
Netherlands.

HDM extracts

A spent mite medium extract (Dermatophagoides pteronyssinus, LoTox™ LTN-
DPE-4, lotnr 33019; INDOOR Biotechnologies, Carditf, UK) and a crushed whole
body HDM extract (Dermatophagoides pteronyssinus, XPB82D3A2.5, lotnr
136401, Greer Laboratories; Lenoir, NC, USA) were used. The first extract will be
refetred to as LoTox HDM (LT-HDM) with an endotoxin level of <0.061 EU/pg
Der p 1 and the second will be referred to as HiTox HDM (HT-HDM) containing
1.2 EU endotoxins/pg Der p 1, according to the manufacturet’s. In all experiments,
1 pg Der p 1, which is equivalent to 6.1 ug protein of LT-HDM and 31 pg protein
of HT-HDM, was used.

Generation, HDM pulsing and phenotyping of bone

marrow-derived DCs

Bone marrow-derived DCs were obtained as described eatlier 7. On day 9 of
culture, cells were pulsed overnight with 31 pg protein/ml HT-HDM or 6.1 ug
protein/ml LT-HDM (equivalent to 1 pg Der p 1/ml for both extracts). At day 10
of DC culture, cells were stained with MHCII-FITC, CD11c-APC, in combination
with PE-labeled CD80, CD86, CD40, OX40L or Rat IgG2a and Ham IgG
(eBioscience Inc, San Diego, CA, USA). To prevent non-specific antibody binding,
anti-FcRyII/III antibody (2.4G2; provided by Louis Boon, Bioceros, Utrecht, The
Netherlands) was added to the monoclonal antibody mixture. Propidium iodide
(Sigma Aldrich Corp. St. Louis, MO, USA) was used to distinguish between live and
dead. Airway DCs were phenotyped as described before 8. Expression of
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costimulatory molecules were analyzed using FlowJo software (Tree Star Inc,
Ashland, OR). IL-6 and IL-10 production by HDM pulsed DCs was determined in
supernatants obtained at day 10 (stored at -20°C) by ELISA (Ready-SET-Go ELISA

KIT, eBioscience, San Diego, CA) according to manufacturer’s instructions.

Mouse models of HDM induced eosinophilic airway

inflammation

Mice were intra-tracheally (i.t.) exposed at day O to 31 pg (protein) HT-HDM or 6.1
ug (protein) LT-HDM (equivalent to 1 ug Der p 1 in both extracts) and challenged
intra-nasally (i.n.) at day 10 with the same concentration HDM extract. As a control,
mice received i.t. PBS at day 0 and 31 pg HT-HDM or PBS at day 10 (Figure 1A).
Alternatively, mice were instilled i.t. with 1x10¢ in-vitro HT-HDM (Figure 1B) or
LT-HDM pulsed DCs (Figure 1C) or as a control un-pulsed DCs at day 0. One
group received additionally to LT-HDM pulsed DCs, 6.1 pg LT-HDM i.t. (Figure
1C). To investigate the effect of 11.-33, mice received i.t. either (i) LT-HDM pulsed
DCs + LT-HDM, (i) LT-HDM pulsed DCs + LT-HDM + 0.5 pg IL-33
(eBioscience, San Diego, CA), (iii) LT-HDM +0.5 pug I1.-33 or (iv) PBS (Figure 1D).
At day 10, all mice were challenged i.n. with 31 ng HT-HDM or 6.1 ug LT-HDM,

accordingly to the extract used for sensitization. At day 13, mice were sacrificed.

Collection and analysis of cells and tissues

Bronchoalveolar lavage fluid
Bronchoalveolar lavage fluid inflammatory cells were obtained by airway lumen
lavage with 3x1 ml PBS supplemented with 0.1 mM EDTA. Cell differentiation was

made by flow cytometric analysis as described earlier 1.

Ex-vivo restimulation of lung-draining lymph node cells

Lung draining lymph node cell suspensions were plated in 96 well round bottom
plates at a density of 2x10° cells per well and were restimulated for 4 days with 31
ug/ml HT-HDM or 6.1 pg/ml LT-HDM (equivalent to 1 pug Der p 1/ml).
Supernatants were analyzed for IL-4, IL-5, IL-13, IFNy and 11.-17A production by
ELISA (Ready-SET-Go ELISA KIT, eBioscience, San Diego, CA) according to

manufacturet’s instructions.

39



Chapter 2

A Sensitization Challenge
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Figure 1. Study designs to investigate the immune response to house dust mite (HDM) after (A)
inhalation of HT-HDM (crushed whole-body extract) or LT-HDM (spent mite medium extract), (B)
after adoptive transfer into the airways of HT-HDM pulsed BMDCs, (C) after adoptive transfer of
LT-HDM pulsed BMDCs with or without additional LT-HDM extract and (D) adoptive transfer of
LT-HDM pulsed BMDCs with additional LT-HDM extract with or without I1.-33 in comparison with
inhalational exposure to LT-HDM and I1.-33 or with PBS as a control. In all models, mice were
challenged with the corresponding HDM extract at day 10 and sacrificed at day 13.

Serum immunoglobulins
Serum was analyzed for the level of total and HDM specific IgE and IgG1 by
ELISA (Opteia; BD, San Diego, CA, USA). A standard curve of murine IgE or

IgG1 was used as a quantitative reference 2.
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Airway histology
Frozen sections (5 wm) were stained with periodic acid Schiff’s reagent (Sigma-
Aldrich). Degree of inflammation and mucus producing goblet cells were semi-

quantified as described earlier 18,

Real Time PCR on lung tissue
Mice were exposed i.t. to HT-HDM, LT-HDM, HT-HDM pulsed DCs or PBS and
24 hours later lung tissue was macerated in Trizol (Invitrogen Life Technologies,
Carlsbad, CA, USA) to isolate total RNA. After the synthesis of cDNA using
RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Vilnius, Lihuania), real-time PCR was performed using SYBR Green PCR Master
Mix (Applied Biosystems, Warrington, UK) and 200 nM of each primer:

IL-33 FW: 5’>CTGCTTGCTTTCCTTATGCACACGT3’;

IL-33 RV: ’AAGAACCAAAGAAGGGGCAGAAGCT3

HPRT FW: ’AGTCCTGTGGCCATCTGCCTAGT3’;

HPRT RV: 5 CTGGGGACGCAGCAACTGACAZ).

All reactions were performed in optical 96-well reaction plates using StepOne
Plus RealTime PCR System (Applied Biosystems, US). IL-33 mRNA concentrations
from each sample were calculated based on the standard curve as previously

described and were normalized to the concentration of the housekeeping gene
HPRT 21,

Protein detection in lung tissue

Mice were exposed i.t. to HT-HDM, LT-HDM (equivalent to 1 pg Der p 1 of both
extracts), 1x10¢ HT-HDM pulsed DCs or PBS and 24 hours later lungs were
harvested and lung homogenate was lysed by adding 1 ml Greenberger’s buffer (300
mM NaCl, 15 mM Tris HCI, 2 mM MgCl2, 2 mM, Triton (X-100), pepstatin A,
leupeptin, aprotinin (all 20 ng/ml), pH 7.4) after 30 min incubating on ice. Then,
the lysate was centrifuged at 500xg rpm for 10 min and the supernatant was stored
at —20°C until further use. The concentration (mg/ml) of total lung protein was
measured by using BCA Protein Assay Kit according to manufacturer’s instruction
(Pierce-Thermo Scientific, N. Meridian Rd., Rockford, USA). 1L-33 protein
concentration (ng/mg total protein) was measured by ELISA (Ready-SET-Go
ELISA KIT, eBioscience, San Diego, CA).
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Statistical analysis

For statistical analysis, the Mann-Whitney U-test was performed using GraphPad
Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA). All experiments
were performed at least 2 times with 4-6 animals per group. Differences were

considered to be significant at a P value of <0.05.

Results
Differential capacity of HDM extracts to induce an immune

response after inhalational challenge

The immune response of Balb/c mice upon inhalation of two different HDM
extracts was compared. A crushed whole body extract (HT-HDM) and a spent mite
medium extract (LT-HDM) were used at an equal concentration of Der p 1 (1 ug)
but HT-HDM contained a 20-fold higher endotoxin level. As shown by us and
others before 2, mice exposed at day O (i.t.) and 10 (i.n.) to HT-HDM (HT/HT)
developed cosinophilic airway inflaimmation, Th2 cytokine production, mucus
production and elevated levels of HDM specific 1gG1, total IgE and HDM specific
IgE production, although the last did not reach significance (Figure 2). In contrast,
exposure of the airways to LT-HDM (LT/LT) induced a milder inflammation
(Figure 2) without visible peribronchial inflammatory infiltrates, and no detectable
IL-4 or antibody production. I1L.-5 and I.-13 production, eosinophil recruitment
and mucus production were detectable, but significantly less compared with HT-
HDM exposure. A single airway exposure (i.n.) to HT-HDM at day 10 (PBS/HT)
induced a limited recruitment of eosinophils to the BAL compartment, induced IL-
4, IL-5 and IL-13 production and increased IFNy production. PBS/HT did not

result in inflammatory infiltrates, nor in mucus and antibody production (Figure 2).
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Figure 2. Mice were exposed via the airways to HT-HDM (HT/HT), LT-HDM (LT/LT) or as a
control to PBS (PBS/PBS) at day 0 and 10 or as an additional control to a single intranasal exposure
to HT-HDM (PBS/HT). At day 13 the recruitment of eosinophils to the BALF compartment was
analysed (A), production of Th2 cytokines II.-4, IL.-5, IL.-13 and IFNy was determined in supernatants
of ex vivo restimulated lung-draining lymph node cells with HDM (B). Lung slides were stained with
PAS to determine petibronchial inflaimmatory infiltrates and mucus production (C). Peribronchial
infiltrates (left graph) and mucus production (right graph) was quantified (D). Total IgE, HDM IgG1
and HDM IgE were determined in serum by ELISA (E). Data are presented as means £ SEM. B.d.:
below detection limit, ¥*P<0.05, **P<0.01 vs PBS/PBS.
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Different capacity of HDM extracts to activate BMDCs

To determine the role of DCs in the immune response to inhaled HDM, 7 vitro
HDM pulsed bone marrow-derived DCs (BMDCs) were administered i.t. to mice.
First, we determined expression of co-stimulatory molecules by BMDCs after
pulsing with HT-HDM or LT-HDM. The expression of the costimulatory
molecules CD80, CD86, CD40 and to a lesser extent OX40L, was increased in both
LT-HDM-pulsed and HT-HDM-pulsed BMDCs compared with unpulsed
BMDCs. The induction by LT-HDM was however less pronounced than seen in
HT-HDM-pulsed DCs (Figure 3A, B). In concordance, LT-HDM pulsed DCs
produced 13-fold less 1L-6 and 30-fold less I1L-10 compared with HT-HDM DCs
(Figure 3C).
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Figure 3: Bone marrow derived DCs were pulsed overnight at day 9 with two different HDM extracts
HT-HDM and LT-HDM and were analysed on day 10 for the expression of costimulatory molecules
CD80, CD86, CD40 and OX40L (A). The concentration 1L-6 and IL-10 was determined in the
supernatant by ELISA (B). Data ate presented as means £ SEM. *P=0.05, **P=<0.01 vs unpulsed
DCs and LT-HDM pulsed DCs.
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Exposure of HDM pulsed DCs induced a cellular but not a

humoral immune response to HDM
Next, we administered HT-HDM-pulsed BMDC, LT-HDM-pulsed BMDCs or, as

a control, unpulsed DCs to the airways of naive Balb/c mice to induce an immune
response to HDM. After 10 days, mice were challenged with a single i.n. exposute
with the corresponding HT-HDM or LT-HDM extract.

As shown before by Zhang et al. and Plantinga et al.2223, i.t. administration of
HT-HDM-pulsed BMDCs followed by a single in. challenge with HT-HDM
recruited more eosinophils to the bronchoalveolar compartment compared to mice
instilled with un-pulsed DCs (Figure 4A, left panel). In concordance, 11.-4, IL-5, IL-
13 and IL-17A production in lung-draining lymph node cells was increased (Figure
4B, left panels) and airway histology analysis showed an increase in mucus
production and peribronchial inflammatory infiltrates (Figure 4C and D (upper
panels)).

Although i.t. administered DCs pulsed with LT-HDM were less mature and
produced less inflammatory cytokines (Figure 3), a clear eosinophilic recruitment,
mucus production and IL.-4, IL-5, I1.-13 and I1.-17A production was observed after
a single 1.n. challenge with LT-HDM (Figure 4 A-D).

Although exposure of LT-HDM DCs or HT-HDM DCs both induced a strong
IL-4 production, the induction of total IgE, HDM specific IgE (data not shown) or
HDM specific IgG was completely absent (Figure 4E), in contrast to mice sensitized
through direct airway exposure to HT-HDM extract (Figure 2E). To investigate
whether the absence of soluble unprocessed HDM, needed by B cells to be activated
towards antibody production, could explain the lack of an antibody response, we
co-administered LT-HDM with LT-HDM-pulsed DCs. Exposure to unprocessed
soluble LT-HDM did, however, not result in induction of HDM-specific IgG1,
increase of total IgE (Figure 4E) or induction of HDM specific IgE (data not
shown). The immunological parameters that were induced by LT-HDM-pulsed
DCs such as eosinophils and Th2 cytokines were not affected by the addition of
soluble LT-HDM (Figure 4A-D).
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Figure 4. Mice were intratracheally instilled with HT-HDM pulsed or LT-HDM pulsed BMDCs. To
investigate their potential to induce an immune response to inhaled HDM, mice were challenged with
respectively HT-HDM or LT-HDM at day 10. The need for free HDM for immunoglobulin induction
was investigated by the simultaneous administration of LT-HDM and LT-HDM pulsed DCs at day 0.
Eosinophil recruitment to the airways was examined at day 13 (A). Production of Th2 cytokines I11.-4,
IL-5, IL-13 and IL-17A was determined in supernatants of ex zivo restimulated lung-draining lymph
node cells with HDM (B). Lung slides were stained with PAS to determine peribronchial inflaimmatory
infiltrates and mucus production (C). Peribronchial infiltrates (left graph) and mucus production was
quantified (right graph) (D). Total IgE and HDM IgG1 were determined in serum by ELISA (E). Data
are presented as means £ SEM. *P=<0.05, **P=<0.01 vs unpulsed DCs.

46



1.-33 and antibody response to HDM

IL-33 promotes a humoral immune response to HDM

Activation of airway epithelium by HT-HDM has been reported to induce IL-
33 3, a central innate cytokine for the development of HDM induced inflammation
23, As airway epithelium is not directly exposed to HDM by instillation of HDM
pulsed DCs, we compared 1L.-33 release upon exposure to HT-HDM to HT-HDM-
pulsed DCs, to LT-HDM or to PBS. Only exposure of airway epithelial cells to
soluble HT-HDM enhanced IL-33 mRNA expression and IL-33 protein
production in lung tissue. Neither HT-HDM-pulsed DCs nor LT-HDM did affect
IL-33 expression (Figure 5A).

To investigate whether the lack of an I11.-33 response could explain the absence
of an antibody response, we investigated whether simultaneous administration of
IL-33 together with soluble LT-HDM (L'T/IL.-33) or with LT-HDM-pulsed DCs
plus soluble LT-HDM (LTDC/LT/IL-33) would result in the induction of an
antibody response. Exogenously administered 11.-33 together with LT-HDM pulsed
DCs (LTDC/LT/IL-33) induced HDM IgG1 and total IgE (but not HDM IgE,
data not shown), which was accompanied by an enhanced IL-4 production,
increased recruitment of eosinophils, more severe peribronchial infiltration and
mucus production, in compatison with LTDC/LT sensitized mice (Figure 5B-F).
Unexpectedly, LTDC/LT sensitized mice had an increased total IgE compared to
PBS control mice (Figure 5F, left panel), but not in comparison to mice which
received unpulsed DCs (Figure 4E, lower left panel). This indicates that the adaptive
transfer of DCs, independent of pulsing with HDM, was capable of inducing total
IgE. However, HDM specific IgG1 was not induced in LTDC/LT sensitized mice
compared with PBS control mice. Remarkably, simultaneous administration of 1L-
33 and LT-HDM, without administering LT-HDM-pulsed DCs, was as efficient in
inducing HDM IgG1 and total IgH, although IL-4, 1L.-5, IL.-13 production and
airway inflammation were lower than induced by a LTDC/LT/IL-33 sensitization
(Figure 5C-E).

Finally, we investigated whether the IL-33-facilitated immunoglobulin
responses upon exposure to LT-HDM would be mediated via maturation of airway
DCs. Mice were exposed it. to HT-HDM, LT-HDM, LT-HDM/IL-33 or as a
control to PBS. Twenty-four hours later, airway MHCIIMCP11<CD3-CD19-DCs wete

analyzed for CD80, CD86, CD40, and OX40L. In airways exposed to HT-HDM,
all measured costimulatory molecules, except OX40L, were upregulated on airway
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Figure 5. Mice were exposed intratracheally to PBS, LT-HDM, HT-HDM or HT-HDM pulsed DCs
and after 24 hr., IL-33 mRNA expression and protein concentration were analyzed in the lung tissue
by real-time PCR and ELISA, respectively (A). Mice were exposed at day 0 by 1) PBS, 2) LT-HDM
pulsed DCs with additional LT-HDM (LTDC/LT), 3) LT-HDM pulsed DCs with additional L'T-
HDM and IL-33 (LTDC/LT/IL-33) or 4) LT-HDM and IL-33 (LT/IL33). All mice wete challenged
in. at day 10 with LT-HDM. Eosinophil recruitment to the airways was examined at day 13 (B).
Production of Th2 cytokines I1.-4, IL-5 and II.-13 was determined in supernatants of ex ivo
restimulated lung-draining lymph node cells with HDM (C). Lung slides were stained with PAS to
determine mucus production and peribronchial inflaimmatory infiltrates (D). Mucus production was
quantified (left graph) and peribronchial infiltrates (right graph) (E). Total IgE and HDM IgG1 were
determined in serum by ELISA (F). Data are presented as means = SEM. *P=0.05, **P=<0.01 vs PBS.

48



1.-33 and antibody response to HDM

DCs, while DCs in LT-HDM and in LT-HDM/IL-33-exposed lungs were not
different from PBS-exposed airways (Figure 6A). However, the percentage of DCs
of total lung cells was increased after exposure to LT-HDM/IL-33 in a similar
degree as seen after HT-HDM exposure but not in LT-HDM or PBS exposed lungs

(Figure 0B).
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Figure 6: Mice were exposed intratracheally to PBS, LT-HDM (LT), LT-HDM with I1L.-33 (LT/IL-
33) or HT-HDM (HT) and 24 hours later, airway DCs were analysed for expression of costimulatory
molecules CD80, CD86, CD40 and OX40L (A) and the percentage of airway DCs of total lung cells
was determined (B). Data are presented as means = SEM. “P=0.01 vs PBS.

Discussion

In the present study, we report an important role for I11.-33 in the induction of
immunoglobulin responses upon inhalation of HDM. An I1.-33 driven, but not a
HDM DC driven, immune response resulted in increased levels of IgH and HDM-
specific IgG1.

Recently, much progress has been made in understanding the underlying
mechanisms for 11.-33 in the development of an allergic response 2. Several reports
have shown a role for IL.-33 via recruitment and activation of DCs 8 11, It was
therefore of interest to investigate whether DCs were sufficient to induce a humoral
immune response or whether I1.-33 was needed.

Our study revealed that HDM pulsed DCs were capable of inducing a Th2
mediated airway inflammation, as seen after direct exposure to HDM, but this was
not accompanied by HDM-specific IgG1 and total IgE. Intratracheal administration
of HT-HDM-pulsed DCs bypasses the direct interaction of ECs with HT-HDM.
In contrast to direct exposure to HT-HDM, no I1.-33 was detected in lung tissue
after exposure to HT-HDM-pulsed DCs (Figure 5A). House dust mite-pulsed DCs

were also not likely to be a source for IL.-33 because 11.-33 could not be detected in
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either LT- or HT-HDM pulsed DC culture supernatants (data not shown). We
demonstrated that simultaneous exposure to 11.-33, one of the innate cytokines
secreted by the epithelium after exposure to HT-HDM 2, elevated total IgE and
HDM IgGT1 in serum.

Other groups have demonstrated that HDM pulsed bone marrow or lymph
node-derived DCs are able to induce Th2 immunity and in several studies, this was
accompanied by a humoral immune response. However, in most of these studies,
mice were exposed to multiple mucosal challenges ¢ 22 23, 24,25, 26,27 The repeated
stimulation of airway epithelium might have induced secretion of inflammatory
cytokines, like IL-33, which was sufficient to induce an antibody response.
However, Zhang et al.??> showed an increase of total IgE after HDM-pulsed DC
sensitization followed by a single HDM challenge but they did not investigate
HDM-specific IgG1 levels 2!. Interestingly, we observed that transfer of LT-DCs
was able to increase the level of total IgE compared to PBS transferred mice but
not in comparison to mice which received un-pulsed DCs (Figure 4E and 5F). This
indicates that a ‘natural’ (not HDM related) IgE response was boosted by the DC
transfer itself. We speculate that recruitment/activation of IL-4 producing innate
cells, such as basophils, by release of chemokines by the transferred DCs might have
been involved. However, sensitization with HDM-pulsed DCs did not result in a
HDM-specific IgG1 response in compatison to unpulsed DCs or in comparison to
PBS control mice.

The absence of an antibody response after DC transfer could not be explained
by the lack of free antigen, which is needed to stimulate B cells via their Ig-receptors.
Simultaneous administration of LT-HDM and LT-HDM pulsed DCs did not
facilitate a humoral immune response, despite a strong I1.-4 production. We chose
LT-HDM extract, because by itself it does not induce sensitization nor 11.-33
production in the lung upon mucosal exposure. In contrast, HT-HDM is capable
of doing both without pulsed DCs, making it impossible to establish whether B cells
require free allergen in combination with pulsed DCs for being activated (Figure
5A).

Several reports are in support of a direct role of 11.-33 in antibody production®
8,28,29,30, 31 Interestingly, blockade of I11.-33 signaling in our direct exposure model
at the time of sensitization, but not during challenge, did not affect immunoglobulin

production (Figure S1). A difference with our study is that in confirmative reports,
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weaker stimuli were used, compared to our direct exposure model in which we
challenged mice with a high concentration HDM (100 g dry weight HDM extract
equivalent to 1 ug Der p 1). In these studies, either OVA was used, an innocuous
protein without proteolytic activity, or a much lower dose (1 pg) of HDM was
administered. Another difference is that in some studies, 1.-33 signaling was
blocked during sensitization and challenge by anti-11.-33 or that soluble ST2 (I1L.-33
receptor) was used. However, our data indicate that upon exposure to high
concentrations of HDM, the antibody response is not exclusively regulated by IL.-
33. A high dose of HDM might have activated complementary pathways that
compensate for the loss of IL.-33 signaling, but it cannot be excluded that our
protocol to block I1.-33 may have played a role in the observed discrepancy with
previous reports.

1L-33 has been described to affect the inflammatory milieu in many ways, like
recruitment and activation of airway DCs potentiating Th2 help for B cells 8 11,
Simultaneous exposure of 11.-33 and LT-HDM induced an increased recruitment of
DCs to the airways and enhanced 1L-4 production compared to exposure to LT-
HDM alone. This might have contributed to the induction of the humoral immune
response by IL-33. As an adoptive transfer of HDM pulsed DCs was not sufficient
to induce a humoral immune response, despite a strong 1L-4 production, 11.-33
might have activated an additional pathway. 11.-33 has also been described to
increase CD40L expression on CD4+ T cells which could have contributed to the
induction of immunoglobulin production by B cells 32. An alternative pathway for
IL.-33 enhanced Th2 help for B cells, could be via I11.-33 recruited and activated
innate cells, like 1LC2s, eosinophils and mast cells, which can provide a soutrce of
IL-4 and in case of ILC2s can interact with B cells via ICOS-ICOSL expression %
32.33.34 The rapid immune response that we observed after a single exposure to HT-
HDM suggests that the epithelial release of several chemo attractants 35, such as IL-
33, recruited innate inflammatory cells which might have been crucial for the
induction of immunoglobulins during the secondary immune response to inhaled
HT-HDM. The involvement of innate cells in the immunoglobulin production by
B cells will have to be elucidated in future experiments.

In conclusion, our data indicate that a DC mediated Th2 response was not able
to induce a humoral immune response after a single HDM exposute but that 11.-33

was sufficient.
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Figure S1. Mice were treated at day 0, with 50 g anti-IL.-33 (or isotype control; both R&D Systems
Europe, Abingdon, UK) i.p. 30 min before i.t. administration of 100 pg HT-HDM together with 10
ng anti-11.-33 (or isotype control).
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Chapter 3

Abstract

Hexabromocyclododecane (HBCD) has been recognized as an indoor pollutant.
HBCD is added as a flame retardant to many consumer products and leaches from
the products into house dust. HBCD might be potentially hazardous to the airways
because of inhalation of house dust. Sensitization to house dust mite (HDM) is a
risk factor for the development of allergic asthma. In this study, we examined
whether HBCD can affect the immune response to HDM allergens. Bone-marrow-
derived dendritic cells (BMDCs) were exposed simultaneously to HBCD and HDM
in vitro. HBCD enhanced oxidative stress in HDM-pulsed BMDCs, which was
accompanied by a higher production of Interleukin (IL)-6 and -10. Adoptive
transfer of HDM/HBCD-exposed BMDCs into naive mice resulted in enhanced
levels of IL-17A after inhalational challenge with HDM. Direct mucosal exposure
to HBCD during HDM inhalation enhanced I1.-4 or IL.-17A production, depending
on the HDM extract used, but did not aggravate the ecosinophilic airway
inflammation or airway hyper-reactivity. Our results indicate that exposure to
HBCD can have a mild immune-modulating effect by enhancing the inflammatory

cytokine production in response to inhaled HDM in mice.
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Introduction

Allergic asthma is a chronic inflammatory airway disease of which the prevalence
and severity has increased sharply since the 1970s 1-2 3. During the last decades,
many chemicals have been introduced into the indoor environment.
Epidemiological studies point to a possible correlation between exposure to
chemical pollutants, such as perfluorooctanesulfonate and phthalates present in
indoor air and dust, and asthma in children 45,

During the last decades, flame retardants have become a major indoor pollutant
that accumulate in indoor dust and coexist with allergens ¢ 7. Inhalation of dust
exposes the airways to allergens in the presence of these chemicals. The airways ate
covered with a network of dendritic cells (DCs) that sample inhaled air continuously
for incoming invaders in order to initiate an appropriate immune response. DCs are
capable of sensing endogenous (produced by the organism) and exogenous danger
signals (pathogens, allergens, or toxic chemicals) 8, which will induce upregulation
of costimulatory molecules and secretion of cytokines in order to differentiate naive
T cells into a specific subset of effector T cells. In allergic asthma, an aberrant T
helper 2 (Th2) response is induced against a harmless antigen. Th2 cells control the
allergenic response by secreting the cytokines interleukin (IL)-4, -5 and -13 %10, In
severe forms of asthma, an aberrant production of Th17-derived cytokine 1L-17A
has been associated with increased airway hyper-reactivity and neutrophil levels.
Th17 cells are another subset of T helper cells'’>- 1213, The possible mechanisms
involved in the misinterpretation of the antigen by the immune system have to be
elucidated '*. Simultaneous exposure to the outdoor pollutant DEP (diesel exhaust
particles) and house dust mite (HDM) has been demonstrated to promote a mixed
Th2/Th17 tesponse in mice, which is associated with increased airway hypet-
reactivity 1>, indicating that pollutants can interfere with the allergic immune
response.

Hexabromocyclododecane (HBCD) is a cyclic, aliphatic, brominated flame
retardant (BFR) widely used as an additive in thermal insulation of building
materials, textiles, and electronics to delay flammability. In 2006, HBCD was the
second most frequently used BFR in BEurope, following tetrabromobisphenol A
(TBBPA)¢. Flame retardants, including HBCD, leach from products and several

studies have shown its presence in house dust. Exposure of HBCD via house dust
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has been correlated with its concentrations in human serum, breast milk, and
adipose tissue 71718, 19,

On the basis of its persistence, bioaccumulation, and adverse health effects in
laboratory animals, HBCD has been placed on the list of “substances of very high
concern” by the European Chemicals Agency and under Annex A of the Stockholm
Convention on Persistent Organic Pollutants. Animal studies have shown a diversity
of possible health threats, like endocrine-disrupting effects, developmental
neurotoxicity in neuron cells and disruption of lipid metabolism 20. 21, 22, 23, 24,
However, only limited animal studies have investigated the immunological effects
of HBCD, and no study has investigated the potential effect of HBCD on the
immune response to inhaled HDM 25 26,

HBCD has been shown to affect cell proliferation in human hepatocytes via
induction of oxidative stress?’-28, Oxidative stress has been shown to mature DCs,
resulting in an enhanced proliferation and differentiation of allergen -specific CD4*
-expressing T helper cells 2-30. In this study, we aimed to investigate whether HBCD
could induce oxidative stress in dendritic cells and to determine its subsequent effect

on the induced immune response to inhaled HDM allergens in mice.

Materials and methods

Mice

The 6—8-week-old female Balb/c mice (Harlan, Horst, The Netherlands) were
housed under specific pathogen-free conditions at the animal care facility of the

AMC. All experiments were approved by the AMC Animal Ethics Committee, The
Netherlands.

In vitro exposure to HBCD of bone marrow derived DCs

BMDCs were obtained as described earlier 31. Briefly, BM cells were isolated from
Balb/c mice. After red blood cell lysis, BM cells wete cultured for 10 days with 20
ng/mL granulocyte-macrophage colony stimulating factor (GM-CSF, a gift from
Prof. K. Thielemans, VUB, Brussels, Belgium). On day 9 of culture, cells were
exposed to 100 pg HDM/mL (equivalent to 1 pug of Der p 1 (peptidase variant 1 of
mite Dermatophagoides pteronyssinus)/mL, one of the major allergens in HDM) (D.
preronyssinus, XPB82D3A2.5, Greer Laboratories; Lenoir, NC) with or without 10
uM HBCD (technical mixture (TM) from Dead Sea Bromine Group, Beer-Sheva,
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Israel) overnight (Figure 1A). Alternatively, cells were incubated with or without 1
mM N-acetyl-L-cysteine (NAC) (Sigma -Aldrich Corp., St. Louis, MO) for 30 min
before the exposure to HDM = HBCD at 37 °C in 5% COs. The concentration of
HBCD (10 uM) was determined on the basis of a dose-response assay (0, 0.1, 1 or
10 uM HBCD with 100 pg/mL HDM or 10 uM HBCD) on DC activation and
survival [(Figure S1, Supporting Information (SI)]. Since HBCD was dissolved in
DMSO, controls received 0.4% DMSO to match the final concentration achieved
in the culture medium. This concentration did not affect cell survival and/or
activation of BMDCs compared with untreated BMDCs (Figure S1, SI).

BMDC phenotyping and cytokine production

At day 10 of BMDC culture, cells were stained with antibodies against
MHCII(FITC), CD11c(APC), in combination with PE -labeled antibodies against
costimulatory molecules (cell surface proteins) CD80, CD86, CD40, ICAM-1, and
ICOS-L, or isotypes rat IgGG2a and Armenian hamster IgG (eBioscience Inc., San
Diego, CA). To prevent nonspecific antibody binding, anti-FcRyII/III antibody
(clone: 2.4G2, provided by Louis Boon, Bioceros, Utrecht, The Netherlands) was
added to the monoclonal antibody mixture. Propidium iodide (Sigma -Aldrich
Corp., St. Louis, MO) was used to distinguish between living and dead cells.
Expression of costimulatory molecules were analyzed with FlowJo software (Tree
Star Inc., Ashland, OR). IL-6, I1L-10, IL-18 and TGF-8 production by BMDC was
determined in culture supernatant by ELISA according to the manufacturer’s
instructions (Ready-SET-Go ELISA kit, eBioscience, San Diego, CA).

Real -Time PCR (RT-PCR) on BMDCs
To determine oxidative stress induced by HBCD, the level of mRNA coding for

heme-oxigenase-1 (HO-1), a protective antioxidant enzyme used as a marker for
oxidative stress 32, was determined by RT-PCR. Cultured BMDCs were exposed to
HDM/HBCD, HDM/DMSO, or DMSO alone for 7 h before BMDCs were
macerated in Trizol (Invitrogen Life Technologies, Carlsbad, CA, USA) for total
RNA extraction according to the manufacturer’s recommendations. After synthesis
of the complementary DNA (cDNA) using a First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Vilnius, Lithuania), RT- PCR was performed in a 10 pulL
reaction volume that included 5 uL. of SYBR Green PCR Master Mix (Applied
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Biosystems, Warrington, UK) and 1 uM of FW and RV primers (Table 1). All
reactions were performed in optical 96-well reaction plates using a StepOne Plus
RealTime PCR System (Applied Biosystems, Warrington, UK). HO-1 mRNA
concentrations from each sample were calculated on the basis of the standard curve
as previously described and were normalized to the concentration of the

housekeeping gene HPRT 33.

Table 1. Primer sequences used for RT-PCR

name sequence (5 — 3%)

HPRT Fw: GTC CTG TGG CCA TCT GCC TAG TA
HPRT Rv: AAG TCT GGG GAC GCA GCA ACT
HO-1Fw: AGC AGA ACC CAG TCT ATG CCC CA
HO-1Rw: TGC CAG TGA GGC CCA TAC CAG AA

In vivo exposure to HBCD in different asthma models

Mice were instilled intratracheally (i.t.) with 1x10¢ in vitrto HDM/HBCD -exposed
BMDCs. As a control, mice received HDM/DMSO -pulsed BMDCs or DMSO
pulsed BMDCs at day 0. At day 10, mice were challenged intranasally (i.n.) with 100
ng HDM. At day 12 airway hyper-reactivity (AHR) to the inhaled
bronchoconstrictor metacholine (0, 3.125, 6.25, 12.5, 25, and 50 mg/ml. for 3 min)
was measured by whole body plethysmography (EMKA Technologies) as described
previously.’* The enhanced pause (PenH) is an index of AHR that is derived from
the equation:

PenH = (peak expiratory flow / peak inspiratory flow)

x [(Expiratory time - time for expiring 64%

volume)/ time for expiring 64% volume]
One day later, mice were sacrificed (Figure 1A). To investigate the direct effect of
HBCD, we exposed mice with two different HDM extracts containing an equal
amount of one of the major HDM allergens Der p 1 (1 pg) together with HBCD.
Mice were exposed to 100 ug HDM (D. pteronyssinus, XPB82D3A2.5, Greer
Laboratories; Lenoir, NC) or 8.2 ug HDM with low endotoxin levels (D.
preronyssinus, LoTox LTN-DPE-4, INDOOR Biotechnologies, Cardiff, UK; referred
to as LT-HDM) together with 5.2 ug HBCD on day 0 i.t. and challenged with either
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HDM/HBCD or LT-HDM/HBCD i.n. on day 7. As control groups, mice received
HDM/DMSO or LT-HDM/DMSO or DMSO at day 0 and 7. AHR was measured
on day 8 (Figure 1B).

Day9
+ HDM extract (100 pg/ml) Harvested/
+/- HBCD (10 pM] washed 3 BMDC phenotype
= +20ng) T r———_ (10days) ERCeythine
Balb/c ng/m Y
1x108 HDM pulsed BMDCs
Jit
Yy
Balb/c
Sensitization Challenge
it i.n. AHR T
DC driven model | Day 0 'T° 12 13
A. DMSO pulsed BMDCs HDM extract
B. HDM/DMSO pulsed BMDCs (100 pg/ml)
C. HDM/HBCD pulsed BMDCs
B Sensitization Challenge
it in. AHR T
HDM driven model Day 0 - 5 )
A.PBS/DMSO PBS/DMSO
B. HDM (100 pg/mouse)/DMSO HDM/DMSO
C. HDM/HBCD (5.2 pg/mouse) HDM/ HBCD
LT-HDM driven
model Day ; ; 8 9
A. PBS/DMSO PBS/DMSO
B. LT-HDM (82 pg/mouse)/DMSO  LT-HDM/DMSO
C.LT-HDM/HBCD (5.2 pg/mouse)  LT-HDM/ HBCD

D. HBCD

HBCD

Figure 1. Study designs to investigate the effects of HBCD exposure to HDM -induced immune
response after (A) the adoptive DC transfer model, i.c., administration of HDM + HBCD -pulsed
BMDCs or unpulsed (DMSO -pulsed) BMDCs in the airways at day 0. Mice were challenged with
HDM extract at day 10. (B) HBCD exposure during initiation immune response and subsequent HDM
challenge. Inhalation of HDM or LT-HDM (HDM with only trace levels of endotoxin) £ HBCD at
day 0 and 7, followed by airway hyper-reactivity measurement. All control groups received the same
volume of DMSO (solvent of HBCD) instead of HBCD.
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Collection and analysis of cells and tissues

Bronchoalveolar lavage fluid
Bronchoalveolar lavage fluid inflammatory cells were determined by airway lumen
lavage with 3x1 mL PBS supplemented with 0.1 mM EDTA. Cell differentiation

was made by flow cytometric analysis as described earlier 5.

EXx vivo re-stimulation of lung-draining lymph node cell

Lung draining lymph node cell suspensions were plated in 96 well round bottom
plates at a density of 2x105 cells per well and were re-stimulated for 4 days with 100
ug/ml HDM or 8.2 pg/ml LT-HDM (both concentrations ate equivalent to 1 pg
Der p 1/mL). Supernatants were analyzed for I1.-4, IL-5, I1.-13, IFNy, and IL-17A
production by ELISA (Ready-SET-Go ELISA KIT, eBioscience, San Diego, CA)
according to manufacturer’s instructions. To detect intracellular cytokine
production, cells were cultured with 100 ug/ml HDM and 1 ul/ml brefeldin A for
12 h. Then, cells were first stained for T (helper) cell marker CD4-FITC and
activation marker CD25-APC (eBioscience, San Diego, CA) and then for the
intracellular cytokine production with anti-mouse IL-17A-PE (eBioscience, San
Diego, CA) using BD Cytofix/ Cytoperm™ Plus Fixation/ Permeabilization Kit
(with BD GolgiPlug™ protein transport inhibitor containing brefeldin A) (BD
Biosciences, San Jose, CA, USA) according to manufacturer’s instructions. The
stained cells were analyzed with a flowcytometer FACSCalibur (BD Biosciences,
San Jose, CA).

Serum immunoglobulins
Serum was analyzed for the level of total IgEl and HDM specific IgG1 by ELISA
(Opteia; BD, San Diego, CA). A standard curve of murine IgE or IgG1 was used as

a quantitative reference.

Statistical analysis

For statistical analysis, the Mann-Whitney U-test was performed using GraphPad
Prism 5 software (GraphPad Software Inc., La Jolla, CA). In vitro experiments were
performed with 1-6 simultaneous cultures and repeated 2-6 times. All experiments
were performed 2-3 times with 4-6 animals per group. Data from repeated
experiments were pooled for statistical analysis. Differences were considered to be

significant at a P value of <0.05.
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Results

HBCD enhanced oxidative stress and cytokine production
of BMDCs

An initial dose- response experiment showed that BMDCs which were exposed to
0, 0.1, 1, and 10 uM HBCD together with HDM had an enhanced 1L-6 and 1L-10
production at the highest dose of 10 uM HBCD while survival was not affected
compared with HDM/DMSO exposure. Exposure to 10 uM HBCD in the absence
of HDM showed a slight decrease in viability and a small increase in 1L.-6 compared
to DMSO or medium control, while the phenotype was not affected (Figure S1, SI).
To investigate whether 10 uM HBCD induced oxidative stress in HDM presenting
BMDC:s, cells were pulsed 7 vitro with HDM and simultaneously exposed to 10 pM
of HBCD or the solvent DMSO (Figure 1A). DMSO exposed BMDCs were used
as a control. Expression of the protective antioxidant enzyme HO-1 was used as a
marker for oxidative stress 2. Exposure of BMDCs to HDM induced HO-1
mRNA, but this was not significant. Simultaneous exposure to HBCD and HDM
increased the level of HO-1 significantly (Figure 2A).

Next, we investigated whether this enhanced oxidative stress in the HDM
pulsed BMDCs boosted expression of costimulatory molecules and cytokine
production involved in T cell differentiation. As expected, exposure to HDM
(HDM/DMSO) increased strongly the expression of the costimulatory molecules
CD80, CD86, CD40, and ICAM-1 and not of ICOS-L compared with unpulsed
BMDCs (DMSO) 36, However, simultaneous addition of HBCD and HDM to the
BMDC culture did not enhance the expression of the costimulatory molecules of
BMDC s or the percentage of the cells expressing these costimulatory molecules
compared to HDM/DMSO-exposed BMDCs (Figure 2B and S2A, SI). Although
the costimulatory molecule expression was not affected, HBCD increased
significantly the production of the cytokines II.-6 and II.-10 by HDM exposed -
BMDCs (Figure 2C, left panel). Pretreatment of BMDCs with the antioxidant NAC
a potent ROS scavenger, significantly decreased the production of both cytokines
by HDM/HBCD -exposed BMDCs (Figutre 2C, right panel). Importantly, exposute
to HBCD did not lower viability of BMDCs (Figure S2B, SI).
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Figure 2. Activation of BMDCs following overnight exposure to HDM/DMSO, HDM/HBCD, or
DMSO as a control. (A) mRNA expression of antioxidant enzyme heme oxigenase-1 (HO-1) in
BMDCs. (B) Expression of costimulatory molecules CD80, CD86, CD40, ICAM-1, and ICOS-L on
BMDCs. C) Production of pro-inflammatory cytokines IL-6 and IL-10 by BMDCs in the presence or
absence of ROS scavenger NAC. Data are presented as means = SEM; *P=0.05, “P=0.01, ***P=<0.001
vs DMSO -exposed BMDCs. ns =not significant.

HBCD enhanced IL-17A cytokine production in DC driven

asthma model

To explore whether the induced oxidative stress and increased pro-inflammatory
cytokine production by HBCD would have an effect on the differentiation of naive
T cells iz vivo, we adoptively transferred HDM/HBCD exposed BMDCs by
intratracheal instillation in the airways of naive Balb/c. As a control, mice received
HDM/DMSO pulsed BMDCs or PBS/DMSO pulsed BMDCs. All mice were
challenged with HDM via a single intranasal exposure. As expected, HDM/DMSO-
exposed BMDCs induced all the characteristics of allergic eosinophilic airway
inflammation as seen in allergic asthma.?” The mice developed AHR and recruited
more eosinophils to the bronchoalveolar compartment compared with mice
instilled with unpulsed (DMSO-exposed) BMDCs (Figure S3A,B, SI). In
concordance, 11.-4, IL.-5, 11.-13 and IL.-17A production by lung-draining lymph

node cells was increased (Figure 3), and the scores of mucus production and
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peribronchial inflammatory infiltrates were increased (Figure S3C, SI). Although
total IgE levels were increased, HDM- specific IgG1 (HDM IgGl) was not
enhanced by HDM/DMSO -pulsed BMDCs compared with unpulsed (DMSO-
exposed) BMDCs (Figure S3D, SI). Mice transferred with HDM/HBCD-exposed
BMDCs showed a similar eosinophilic inflammation, Th2 cytokine production, and
serum level of total IgE and HDM IgG1 as mice transferred with HDM/DMSO -
exposed BMDCs (Figures S3, parts B-D and A, SI). Remarkably, production of I.-
17A was increased. The percentage of activated Th17 cells (identified as CD4*
CD25% 1L-17A%) was increased in the lung -draining lymph nodes of
HDM/HBCD-exposed BMDC transferred mice compared with HDM/DMSO
exposed-BMDC transferred mice (Figure 3B). However, the increase of IL-17A
production by HBCD did notlead to an enhancement of AHR in these mice (Figure
S3A, SI).

>

[ pmMsO [ HDM/DMSO HB HDM/HBCD

Figure 3. Mice were intratracheally instilled with HDM/DMSO-, HDM/HBCD- or DMSO -exposed
BMDCs. To investigate their potential to induce an immune response to inhaled HDM, mice were
intranasally rechallenged with HDM at day 10. (A) Production of Th2 cytokines 1.4, IL.-5, IL.-13, and
IFN-y in supernatants of ex zivo restimulated lung-draining lymph node cells with HDM. (B)
Production of IT-17A (left panel) and the percentage of CD4+ CD25* IL-17A* of CD4 cells in lung-
draining lymph node cells (right panel). Data are presented as means = SEM; *P=0.05, **P=0.01,
##+P=0.001 vs DMSO. ns =not significant.
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Mucosal exposure to HBCD and HDM increased IL-4 or

IL-17A depending on the strength of the HDM stimulus.

The above -described experiments showed that HBCD exposure of HDM pulsed
BMDCs boosted the Th17 response but did not show that direct exposure to
HBCD via the airways would have an immune-modulatory effect. In a new
experiment, mice were challenged simultaneously with HDM and HBCD into the
airways at days 0 and 7 (Figure 1B, upper experiment). Inhalation of HDM/HBCD
resulted in a significant increase in Th2 cytokine 1L.-4 but not in IL.-5, I1.-13 or 1L
17A production by lung -draining lymph nodes compared by HDM/DMSO
exposed mice (Figure 4A). This increase was accompanied with a trend for an
increased level of HDM -specific, Th2 -associated IgG1 but not of total IgE in
serum (Figure 4B). HBCD did not aggravate HDM induced AHR or airway
inflammation (Figure S4A-C, SI).
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We hypothesized that the strong immune response induced by the HDM allergy
model, might overpower a possible effect of HBCD. HDM extract is a complex

mixture of HDM allergens but also of endotoxins, which are derived from the
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microbial flora of the HDM. Especially the lipopolysaccharide (LPS) present in the
outer membrane of Gram-negative bacteria is a strong stimulus for the immune
system. Therefore, we used a HDM extract containing trace amounts of endotoxin
(LT-HDM), which induces a much milder immune response compared with regular
HDM extract 3. This allowed us to investigate whether HBCD can provide an

additional ‘danger signal’ to enhance the HDM induced immune response.
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Figure 5. Direct effect of HBCD in the immune response to HDM containing trace amounts of
endotoxin (LT-HDM). Mice wete exposed via airways to PBS/DMSO, LT-HDM/DMSO, LT-
HDM/HBCD or HBCD alone on days 0 and 7. Production of Th2 cytokines IL.-4, IL-5, IT.-13, IFN-
y, and Th17 cytokine 1L-17A was determined in supernatants of ex zvo restimulated lung-draining
lymph node cells with HDM. Data are presented as means = SEM; *P=<0.05, **P=<0.01, ***P=0.001
vs PBS/DMSO).

Similar to the previous experimental protocol, we sensitized and challenged
mice with LT-HDM in the presence or absence of HBCD on days 0 and 7, referred
to as LT-HDM/HBCD or LT-HDM/DMSO tespectively. As a control, mice were
exposed with HBCD alone or PBS/DMSO. As described before 37, exposure to
LT-HDM/DMSO was not sufficient to induce AHR, eosinophil rectuitment, peti-
bronchial inflammatory infiltrates or an immunoglobulin response (data not
shown). However, LT-HDM/DMSO did induce IL.-4, -5, -13, and -17A cytokine
production by lung draining lymph nodes after ex vivo restimulation with LT-HDM
compared with PBS/DMSO control mice. In concordance with the DC transfer
model, an additional exposure to HBCD induced an increased 1L-17A production,
while IL-4, -5, or -13 was not affected, although HBCD alone induced a small but
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significant increase in both 1L.-4 and IL-17A (Figure 5). The increase in IL-17A was
not accompanied by an aggravation of any other inflammatory parameter (data not

shown).

Discussion

The effect of HBCD on the allergic immune response has been investigated very
scarcely. HBCD and HDM allergens are encountered together by the immune
system when dust is inhaled. Here, we show that HBCD can increase HDM induced
IL-6 and IL-10 production by BMDCs, by enhancing oxidative stress. Transfer of
HDM/HBCD exposed BMDCs in the airways of naive mice increased production
of IL-17A, but not of Th2 cytokines, after inhalation of HDM. The increase in IL.-
17A production was also observed after direct administration of HDM and HBCD
to the airways but only when a HDM extract was used with a low level of
endotoxins. HBCD together with a HDM extract with endotoxins showed an
increase in IL.-4 production. Recently, IL.-17A has been implicated in more severe
asthma, but in our study this increase was not sufficient to enhance AHR.

HBCD has been reported to induce ROS formation in the human hepatocyte
102 cells ?7. Oxidative stress can enhance inflammation by increasing expression of
costimulatory molecules and pro-inflammatory cytokine 1L-6 production in
BMDCs, leading to enhanced proliferation of allergen specific T helper cells 0.
Koike et al. demonstrated that HBCD accelerates BMDC differentiation when
added for 6 days during culture but the role of HBCD in relation to allergen -
induced maturation was not clucidated.?> In this study, the increase in IL-6
production after exposure to HBCD alone was negligible compared with the level
induced after HDM/HBCD exposure, suggesting a strong synetgistic effect of
HBCD on HDM -induced IL-6 (Figure S1A, SI). IL-6 is a pro-inflammatory
cytokine that has been associated with an increase in Th17 differentiation in T cells
(Figure 3B) 13 38,39 Other Th17 related cytokines like TGF-§ and IL-18, were
produced by BMDCs, but the production was not enhanced by HBCD exposure
(Figure S5, SI). Zhou et al. demonstrated that 1L-6 in the presence of TGF-j
programs Th17 differentiation 4. Sensitization to HDM via adoptive transfer of
HDM/HBCD exposed BMDCs in airways of naive mice, resulted in a higher IL-
17A production and an increased number of Th17 cells in the lung draining lymph

nodes after subsequent inhalational challenge with HDM. In concordance, direct
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exposure of HBCD and HDM allergens to the airways boosted the IL-17A
production as well, but only when a HDM extract was used which was low in
endotoxins, like LPS (Figure 5). When mice were exposed to a commonly used
HDM extract which contains endotoxins, simultaneous exposure to HBCD did not
increase 1L-17A but instead increased the Th2 cytokine IL.-4, which was
accompanied by a higher trend of HDM IgGT1 levels in serum. It is important to
note that the endotoxin LPS, which is present in the commonly used HDM extract,
is a strong danger signal that can convey a possible effect of HBCD. A driving role
for LPS has been described both for IL-17A and Th2 cytokine production in the
immune response to allergens 3% 41, Further research is needed to elucidate the
differential effect of HBCD on Th2- or Th17- mediated immune responses to
inhaled HDM allergens, but this might depend on the presence of endotoxins in the
HDM extract used.

Increased levels of IL-17A have been associated with the more severe
phenotypes of asthma, which are characterized by increased neutrophil infiltration
and airway hyper-reactivity!-42. However, in our study, the increase in IL-17A levels
with HBCD exposure was not sufficient to enhance AHR or to induce neutrophilia
[Figure 3, Figures S3 and S4 (SI), and data not shown].

A potential weakness of our study is the experimental high dose of HBCD (5.2
ug) used in our model, considering that humans are continuously exposed to a low
dose via inhaled air (5 ng day"! in UK homes). The total exposure to HBCD via
unintended dust ingestion, diet, and air was estimated to be 549 ng day! (average)
up to 2022 ng day! (for high exposure) 43. However, as we wanted to investigate the
immune response to inhaled HDM, we chose to expose exclusively via the airways.
Preliminary data indicated that a high dose was needed to show an effect. A
preliminary experiment with a 52 -fold lower concentration of HBCD (100 ng) did
not affect the outcome of the measured immunological and clinical parameters
(Figure S6, SI). Also, in vitro effects were only observed when HDM -pulsed DCs
were exposed to the highest concentration of 10 uM HBCD. Together, this
indicates that an experimental high exposure was needed to demonstrate the
immuno-modulatory effect of HBCD in this model. These experimental data might
support further investigation of the respiratory health effects of HBCD in human.

In conclusion, the present study demonstrates that simultaneous exposure to

HBCD during inhalation of HDM allergens can have a mild immune-modulating
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effect on the subsequent immune response. In different murine models for HDM
allergy, exposure to HBCD increased either IL-17A production or 1L-4 production.
However, HBCD exposure did not increase airway hyper-reactivity or recruitment
of inflammatory cells. These data suggest that although the overall effect is very
modest, HBCD can act as an unwanted danger signal that might contribute to the

aberrant immune response that is induced in HDM allergy.
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Figure S1. Determination of HBCD concentration based on a dose response assay. Cultured BMDCs
were exposed overnight (0o/n) to DMSO (0.4%), HBCD (10 uM), HDM (100 pg/ml)/DMSO ot
HDM together with 0, 0.1, 1 or 10 uM HBCD. A) Concentration of IL.-6 in supernatant (left panel)
and IL-10 (right panel). B) Expression of co-stimulatory molecules CD80, CD86 and CD40. C)
Percentage of alive DCs after o/n exposure. *P<0.05.
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Figure S2. A) Percentage MHCII+/CD11c+ DCs expressing co-stimulatory molecules CD80, -86,
-40, ICAM-1 ot ICOS-L after overnight exposute to DMSO, HDM/DMSO or HDM/HBCD. B)
Percentage alive PI- BMDCs after exposure. *P<0.05, **P<0.01 vs DMSO exposed DCs.
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Figure S3. Mice were intratracheally instilled with HDM/DMSO, HDM/HBCD or DMSO exposed
BMDCs. To investigate their potential to induce an immune response to inhaled HDM, mice were
intranasally rechallenged with HDM at day 10. A) AHR (airway hyperreactivity) at day 12. B) Absolute
cosinophil numbers in bronchoalveolar lavage fluid at day 13. C) Peribronchial infiltrates (left graph)
and mucus production (right graph) D) Concentrations of total IgE and HDM specific IgG1 in serum
by ELISA. Data are presented as means £ SEM. *P=0.05, “P=0.01, ***P=0.001 vs DMSO.

77



Chapter 3

5, * PBS/DMSO-= HDM/DMSO =+ HDM/HBCD

2.0x10° ..
4
T & 15408
c 3 w
[ w ek
o ) I 1.0x10°
@
2 4
1 o 2 sox0
0 T T T T T T 0
Q >3 “ 3] \3 ) (o] O Q
U K v k ° © &
ays 6.’\0 “‘\o @
C Metacholine (mg/ml) & * *
35 1.0 2.0
< o 5
© 0.8 2
g ) S1s
® 06 5
c 9 1.0
S 04 @
© 3
E 0.2 508
© ’ =
=
£ 00 0.0
&0 X &
&
6\0 ss\0 @s\
L * *® &

Figure S4. Mice were exposed via airways with PBS/DMSO, HDM/DMSO or HDM/HBCD on day
0 and 7. A) AHR at day 8. B) Absolute eosinophil numbers in bronchoalveolar lavage fluid. C)
Peribronchial infiltrates (left graph) and mucus production (right graph). Data are presented as means
+ SEM. *P<0.05, “P<0.01 vs PBS/DMSO.
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Figure S5. Concentration of IL-18 and TGF-§ in supernatants of DCs exposed overnight to DMSO,
HDM/DMSO or HDM/HBCD. **¥P<0.001.
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Figure S6. Effect of 100 ng HBCD exposure on the HDM induced allergic airway inflammation. (A)
HDM driven inflammation model. Mice were exposed i.n. to 100 ug HDM or PBS at days 0,7,14 to
induce sensitization and at days 21,22 to induce inflammation. At days 23 and 24, mice were in.
exposed to HDM +/- 100 ng HBCD or to PBS as a negative control, followed by AHR measurement
at day 25 and analysis at day 26. (B) Allergic hallmarks of the immune response to HDM: i. AHR (left
graph) and absolute eosinophil numbers in bronchoalveolar lavage fluid (right graph), ii. production
of Th2 cytokines I1.-4, IL.-5, IT.-13 and Th1 cytokine IFN-y and Th17 cytokine IL-17A in supernatants
of ex vivo re-stimulated lung-draining lymph node cells with HDM, iii. peribronchial infiltrates (left
graph) and mucus production (right graph) and, iv. concentrations of total IgE and HDM specific
IgG1 in serum by ELISA. Data are presented as means = SEM. *P=0.05, **P=0.01, **P=<0.001 vs
PBS.
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Abstract

The indoor pollutant hexabromocyclododecane (HBCD) has been added as flame
retardant to many consumer products but detaches and accumulates in house dust.
Inhalation of house dust leads to exposure to house dust mite (HDM) allergens in
the presence of HBCD. Activation of dendritic cells is crucial in the sensitization to
HDM allergens. The current study examined whether exposure to HBCD affected
activation/ maturation of HDM-exposed human dendritic cells (DC). Human
monocyte-derived DC (moDC) were exposed simultaneously to HDM and a
concentration range of HBCD (0.1-20 puM) in vitro. HDM exposure of moDC
induced expression of co-stimulatory molecule CD80 and production of pro-
inflammatory cytokines interleukin (IL)-6, IL-8, and tumor necrosis factor (TNF)-
o. However, simultaneous exposure of moDC to HBCD and HDM enhanced the
expression of antigen presenting molecule HLA-DR, co-stimulatory molecule
CD86 and pro-inflammatory cytokine IL-8 depending on the dose of HBCD. Our
results indicate that simultaneous exposure of HDM and HBCD can enhance the

antigen presentation and maturation/activation of DC.
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Introduction

The sharp increase in many inflammatory diseases, like allergic disorders and auto-
immune diseases, over the past 60 years has resulted in many studies aiming to
elucidate the risk factors in our changed life style and hygiene status. The underlying
mechanism for these immune system disorders are multiple and complex '-2. One
of the most common allergies is induced by allergens from the house dust mite.
During the last decades, flame retardants (FR) have become a major indoor
pollutant which leach from the products into house dust. Although inhalation of
house dust was determined as one of the routes of human exposure to FR 3, the
possible effect of these chemicals in the immunological health of the respiratory
system remains to be established. Epidemiological studies have revealed a possible
association between exposure to indoor pollutants such as phthalates and
development of asthma 456

The mucosal immune system is continuously exposed to inhaled antigens and
provides protection against invaders by moderating appropriate humoral and
cellular immune responses. Airway dendritic cells (DC) play a crucial role as antigen
presenting cells in the initiation of an appropriate immune response to inhaled
antigens. DC are able to recognize antigens via several pathways. Certain pathogen
associated molecular patterns (PAMP) can be recognized through pattern
recognition receptors (PRR) such as Toll-like receptors (TLR). Activation of PRR
triggers phenotypic changes and functional maturation of DC 7 8. Mature DCs
acquire up-regulation of MHC (major histocompatibility complex) class 11
molecules (HLA-DR, human leukocyte antigen-D related), co-stimulatory
molecules and pro-inflammatory cytokine production which are required to interact
and differentiate naive T-cells into a specific subset of effector T-cells 5.

Differentiation and activation of T-cells depends on several factors including
the type and dose of antigen, type of DC involved in the interaction with the naive
T-cells, expression pattern of co-stimulatory molecules on the DC surface and
secretion pattern of pro-inflammatory cytokines by DC 10.11.12, In house dust mite
allergy, an aberrant T-helper 2 (Th2) cell response is induced against a harmless
protein derived from the house dust mite feces '3 4. This response is designed to
fight extracellular pathogens, like parasites '>. The underlying mechanism in the
misinterpretation of the allergen by the immune system has not yet been elucidated

16, Remarkably, dendritic cells derived from peripheral blood monocytes from
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allergic patients have been shown to preferentially up-regulate co-stimulatory
molecules CD86 and CD83, and produce cytokines interleukin (IL)-6 and tumor
necrosis factor (INF)-a after incubation with Der p 1, a major allergen of house
dust mite (HDM). Co-culture of DC with autologous T-cells resulted in increased
IL-4 production by autologous T-cells derived from HDM-sensitized patients while
no effect on interferon (IFN)-y production was observed, indicating this phenotype
favored a Th2 response. In contrast, DC derived from healthy donors up-regulated
CD80 and produced a lesser extent of IL-6 and TNFa, but did not induce 1L-4
production by autologous T-cells - yet significantly increased IFNy production -
outcomes associated with a Tyl response 1.

In the study reported here, it was hypothesized that presence of the FR
hexabromocyclododecane (HBCD) might affect activation and phenotype of DC
while processing HDM allergens. Our laboratories recently showed that 7z vitro
exposure of bone marrow-derived murine DC (BMDC) to HBCD and HDM
increased production of IL-6 and IL-10. Adoptive transfer of these DC into the
airways of naive mice promoted development of a Tul7 cell response after
inhalation of HDM, while direct exposure of airways to HDM and HBCD enhanced
either Tn17 or Tu2 cell responses - depending on strength of the HDM stimulus 7.
However, no study has investigated the potential effect of HBCD on skewing

human DC towards a pro-inflammatory phenotype in response to HDM allergens.

Materials and methods

Generation of human monocyte-derived DC from peripheral
blood

Peripheral blood mononuclear cells (PBMC) from seven healthy male volunteers
(from Academic Medical Center, Amsterdam, the Netherlands, see Table 1) were
isolated from freshly drawn peripheral blood using density centrifugation over
Lymphoprep (Axis-Shield PoC AS, Oslo, Norway). Subsequently, monocytes were
isolated by Percoll (GE Healthcare, Zeist, the Nether-lands) gradient (34%, 47,5%
and 60% of standard isotonic Percoll) separation. Monocytes were plated in 24-well
flat-bottom culture plates (Corning Inc., Corning, NY) at 5 x 10> cells/well and
purified by a 45-min adherence step by incubation at 37°C in 5% COz. To

differentiate monocytes into immature dendritic cells (moDC), cells were further
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cultured in Iscove's Modified Dulbecco's Medium (IMDM, Gibco Life
Technologies, Paisley, UK)/5% fetal bovine serum (FBS Gold, PAA, Pasching,
Austria) supplemented with 50 pg/ml gentamicin (Gibco), in the presence of 50
ng/ml recombinant human granulocyte-macrophage colony-stimulating factor
(GM-CSF, R&D Systems, Minneapolis, MN) and 10U/ml IL-4 (Sanquin,
Amsterdam, the Netherlands) for 6 days with a refreshing of the cell culture medium
at Day 3 18,

Table 1. Donor characteristics

Donor 1 2 3 4 5 6 7
Symbol [ u A v L 4 O O
Age 25 37 46 57 24 37 32
Sex M M M M M M M
Self-reported HDM allergy no yes no no no no no

In vitro exposure of moDC with HBCD

On Day 6, moDC were exposed for 24 h to 0, 0.1, 1, 10, or 20 uM HBCD (T'echnical
mixture from Dead Sea Bromine Group, Beer-Sheva, Israel) with or without 80 pg
(protein) of HDM extract/ml, containing 1 pg Der p 1/ml, a cysteine protease and
one of the major allergens of Dermatophagoides pteronyssinus HDM (12,3 EU/mg dry
weight, XPB82D3A2.5, Greer Laboratories; Lenoir, NC). Since HBCD was
dissolved in DMSO, controls contained 0.1% DMSO to match the final

concentration achieved in the culture medium.

moDC surface marker analysis

At the end of the exposure (i.e., Day 7), moDC were harvested, washed in FACS
buffer (0.25% BSA, 0.05% sodium azide, 0.5 mM EDTA), and stained for 30 min
at 4°C in 96-well plates with 45 pl FACS buffer/well containing specific
fluorochrome—conjugated monoclonal antibodies for cell surface markers (at
manufacturer recommended concentration for staining). The antibodies employed
were: anti human Alexa 700-conjugated anti-CD3 (eBioscience Inc., San Diego,
CA), allophycocyanin-Cyanine 7 (APC-Cy7)-anti-HLA-DR, fluorescein isothio-
cyanate (FITC)-anti-CD80, phycoerythrin (PE)-anti-CD86, PE-Cy7-anti-CD40
(BD Biosciences, San Jose, CA), and APC-conjugated anti-CD83 (Invitrogen,
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Carlsbad, CA). Flow cytometry was then performed using a FACS CANTO II (BD
Biosciences) and all data was analyzed with FlowJo software (Tree Star, Ashland,
OR). In the assays, moDC were identified as forward scatter'ov, side-scatterbish CD3-
/HLA-DR* expressing CD83, CD80, CD86 or CD40. The geometric mean (GM)
of the mean fluorescent intensity (MFI) of HLA-DR, CD83, CD80, CD86 and
CDA40 staining were determined. 2 pg propidium iodide/ml (PI, Sigma, St. Louis,
MO) was added to distinguish between living (PI) and dead (PI*) cells. In all cases,

a minimum of 10,000 events/sample was acquired.

Cytokine production assay

On Day 6, moDC were harvested from 24-well cell culture plates, washed three
times in IMDM supplemented with 1% FBS, and seeded at a density of 3.5 x 10*
cells/well in IMDM /5% FBS in 96-well plates. Cells were then exposed to HBCD
0, 0.1, 1, 10, or 20 uM) = HDM or DMSO as a control for 24 hr. Two of the seven
volunteers did not yield sufficient cells to perform the assay with 0.1, 1, 10, and 20
uM HBCD without HDM; for all other conditions samples from the seven
volunteers could be used. Each exposure was performed in triplicate. 11.-6, 1L-8,
TNFa, IL-10, and IL-12 production by the moDC was determined by evaluation of
the culture supernatant using commercial ELISA kits, according to manufacturer
instructions (PeliKine compact ELISA kit, Sanquin, Amsterdam, the Netherlands
or Ready-SET-Go ELISA kit, eBioscience, San Diego, CA). The level of sensitivity
of the kits was 0.2 pg IL-6/ml, 1.0 pg IL-8/ml, 1.0 pg TNFo/ml, 2.0 pg IL-10/ml,
and 4.0 pg IL-12/ml.

Statistical analysis

All experiments were performed with PBMC from seven volunteers (except where
noted above). Conditions for a normal distribution wetre not met because of the
limited number of samples. Therefore, all outcomes were rank transformed prior to
the analysis. Per outcome, a linear mixed effect model (repeated ANOVA) was used
to estimate the effects of HDM, dose (categorical) and their interaction, assuming a
compound symmetry covariance structure to correct for relatedness of the samples.
To correct for the eight parameters tested, a Bonferroni corrected significance
threshold of 0.006 (0.05/8) was used for the overall effect. In case of a significant

outcome (except for IL-8), a Wilcoxon signed rank test for matched pairs was
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applied for comparison of experimental exposure versus control exposure of moDC
from the same volunteer. For IL-8, the repeated ANOVA analysis did not reach
significance after the Bonferroni correction (after correction p=0.007). However,
Wilcoxon signed rank test was performed for IL-8 because correlation analysis
(Spearman) showed significant correlations with HLA-DR, CD80, IL-6 and TNF-
o, indicating the Bonferroni correction being too strict. All analyses were carried out
using IBM SPSS Statistics 22 software (IBM Corp., Armonk, NY).

Throughout all graphs the same symbol is used for each donor (Table 1).
Differences were considered significant at a p-value < 0.05 for Wilcoxon signed

rank test.

Results

HDM increases CD80 expression and cytokine production

Monocyte derived DC from seven healthy volunteers (donor characteristics in Table
1) were exposed to HDM extract for 24 h and analyzed for expression of phenotypic
cell surface markers (co-stimulatory molecules) and cytokine production, each
involved in T-helper cell differentiation. Exposure of the isolated cells to HDM
(HDM/DMSO) increased significantly the expression of the co-stimulatory
molecule CD80 and not of CD83, CD86, CD40 and, HLA-DR (antigen-presenting
molecule) compared with that by untreated (DMSO) controls in samples from all
volunteers (Figure 1A). In addition to increased expression of CD80, HDM induced
production of pro-inflammatory IL-6 (5/7 volunteers), TNFa (7/7), and 1L-8 by
the moDC (6/7) (Figure 1B). Exposure to DMSO did not affect HDM induced
maturation of the DC (data not shown). Despite great variability in the strength of
the MFI signal of individual membrane markers, the overall phenotype of the
untreated (DMSO) DCs between donors was similar. Individual histograms of all
markers of each donor at baseline (DMSO) are shown in Supplementary Figure 1
(S1).

Effects of HBCD exposure on moDC phenotypes
Next, we examined whether exposure of moDC to HBCD affected the expression
of the phenotypic cell surface markers which are essential for antigen presentation

or T-cell instruction. Cultured moDC were exposed to incremental concentrations
of HBCD (0-20 pM) in the absence of HDM. Exposure of moDC to all
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concentrations of HBCD (0.1-20 uM) had no significant effect on cell viability as
compared to the control DMSO (Figure 2A). Interestingly, exposure of moDC to
HBCD enhanced significantly the expression of CD86 at concentrations of 10 and
20 uM compared to the solvent DMSO-exposed moDC with samples from all
volunteers (7/7), whereas exposure of the DC to HBCD at lower concentrations
did not induce a significant effect (Figure 2B). In addition, at 10 pM and 20 uM
HBCD the percentage of CD86 positive HBCD was increased, although 20 pM did
not reach significance (10 uM p=0.018 and 20 uM p=0.063) (Supplementary Figure
2). Expression of CD80, CD83, CD40, or HLA-DR, nor the percentage of CD80,
CD83, CD40 positive DCs was enhanced by HBCD (Figure 2C and data not

shown).
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Figure 1. Activation of moDC after 24-h exposute to HDM/DMSO or DMSO control. (A)
Expression of co-stimulatory molecules CD80, CD83, CD86 and CD40 as well as the antigen-
presenting molecule HLA-DR. Mean fluorescence intensity (MFI) for each co-stimulatory molecule
and HLA-DR is indicated for all individual donors/experimental condition. (B) Production of pro-
inflammatory 1L-6, IL-8 and TNFa by moDC. *p<0.05 vs. DMSO-exposed moDC. NS: not
significant.
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Figure 2. Cell viability and phenotypic cell markers were measured after 24 h exposure of cultured
moDC to HBCD (0.1-20 uM) and compated with DMSO control. (A) Percentages of alive (PI-) and
dead (PT*) moDC. Data are presented as meanst SEM. No significant differences in viability seen
between HBCD- and DMSO-exposed moDC. Expression of (B) CD86 or (C) HLA-DR on moDC.
*p<0.05 vs. control (0 uM).

After simultaneous exposure to HBCD (0.1-20 uM) and HDM, the viability of
cells was not affected. Further, expression of CD86 was increased with an exposure
to 10 or 20 pM HBCD (cells of 6/7 volunteers) compared with that by
HDM/DMSO-exposed moDC (as seen with HBCD alone; Figures 3A and 3B). In
addition, exposure to 10 or 20 pM HBCD remarkably enhanced expression of
HLA-DR on HDMe-exposed moDC (7/7 cases) compated to that by
HDM/DMSO-exposed moDC (Figure 3C). The HBCD dose effect on the increase
in CD86 expression was similar in moDCs exposed to HDM or not (p=0.308).
Besides an increase in the expression also the percentage of CD86 positive DCs was
increased at 10 uM HBCD (p=0.018) but not at 20 uM (p=0.091; Supplementary
Figure 2 [S2]). Simultaneous exposure to HDM and HBCD did not affect
expression of CD80, CD83, or CD40 or the percentage of positive DCs, compared
with HDM/DMSO-exposed moDCs (data not shown).
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Figure 3. Cell viability and phenotypic cell markers were measured after 24 h simultaneous exposure
of cultured moDC to HDM and HBCD (0.1-20 uM) and compared with HDM/DMSO-exposed
control cells. (A) Percentages of alive (PI) and dead (PI*) moDCs. Data are presented as means
+SEM. No significant differences in viability are seen between HDM/HBCD- and HDM/DMSO-
exposed moDC. Expression of (B) CD86 or (C) HLA-DR on the moDC. *p<0.05 vs. control (0 pM).

Effects of HBCD exposure on cytokine production by
moDC

After exposure of moDC to incremental concentrations of HBCD (0-20 uM) in the
presence or absence of HDM, the level of pro-inflaimmatory cytokine production
was analyzed in the culture supernatant. HBCD exposure of moDC did not enhance
the production of pro-inflammatory cytokines I1L.-6 and TNFa, while a trend for an
increased production of I1L.-8 was observed with doses of 10 and 20 uM HBCD
(4/5 cases: only 5 volunteers yielded sufficient number of cells to analyze effect of
HBCD alone) compated with the DMSO control (Figure 4A). HDM/DMSO
exposure induced 1L-6, TNFa, and 1L-8 (6/7 cases) compared with DMSO alone
(Figures 4A vs. 4B). Simultaneous exposure of HBCD and HDM to moDC
significantly increased production of IL-8, but not of IL-6 or TNFa«, at
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concentrations of 1 (7/7 cases) and 10 uM (7/7 cases) and a trend was observed at

20 uM HBCD (5/7 cases) compared to HDM/DMSO-exposed moDC (Figure 4B).
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Figure 4. Production of pro-inflammatory I1.-6, IL-8 and TNFa by moDC. (A) Cytokine levels after
24-h exposure of moDC to 0.1, 1, 10 or 20 uM HBCD compared to DMSO-exposed moDC. (B)
Production levels after 24-h moDC exposure to HDM and HBCD (0.1, 1, 10 or 20 uM) compared to

HDM/DMSO-exposed moDC. *p<0.05 vs. control (0 uM).

Discussion

Inhalation of house dust exposes the airways to allergens in the presence of indoor
pollutants. Hence, indoor pollutant HBCD may modulate the immune responses
evoked by inhaled HDM allergens. In this study, the effect of HBCD exposure on
the immune response of human moDC to HDM allergens was analyzed. Exposure

of moDC to HBCD increased expression of CD86, an outcome that has been
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associated with an allergic DC phenotype 1. Interestingly, exposure of HDM-pulsed
DC to HBCD increased the expression of not only CDD86 but also of HLA-DR and
enhanced IL-8 cytokine production compared with that seen with HDM/DMSO-
exposed DC. Interestingly, HLA-DR molecules are needed to present HDM
allergens to T-cells while IL-8 is pro-inflammatory. Together, these results
suggested to us that HBCD might skew HDM-presenting DC towards a pro-Tn2
inflammatory phenotype.

Hammad et al. 19 and Charbonnier et. al. 1 observed that DC stimulation with
Der p 1, a major HDM allergen, induced an increase in CD86 in house dust mite
allergic patients, whereas there was increased expression of CD80 in healthy donors
without differences in HLA-DR expression. Increases in CD86 or CD80 expression
have been associated with over-production of IL-10 or 1L-12, respectively . The
absence of 1L-12 and presence of 1L-10 has been associated with a Tn2-biased
response %20, In concordance, in this study with moDC from healthy volunteers,
HDM exposure induced up-regulation of CD80 in all donors but did not affect
production of IL-10 and IL-12 (Figures 1A and S3A, B). However, simultaneous
exposure of moDC to HDM and HBCD increased expression of CD86 and
increased IL-10 and I1.-12 production (Figures 3B and S3C). Still, the levels of IL-
10 and IL-12 were very low compared with the those of IL-6, TNFa, and 1L.-8 in
the culture supernatants. Hammad et al. 10 also showed there was a greater and long-
lasting production of pro-inflammatory IL.-6 and TNFa« by Der p 1-exposed moDC
from allergic patients compared with that by moDC of healthy donors. In the
present study, moDC that were exposed to HDM in the presence of HBCD induced
an increase in I1.-8, but not of 1L.-6 or TNFa, production. It is important to note
that in the current study, a crushed whole-body HDM extract instead of Der p 1
was used so as to mimic the exposure to other biochemical activities and
components of HDM, including chitin/chitinases, 3-glucan, and lipopolysaccharide
(LPS), besides Der p 1 21. The endotoxin LPS, present in the gastrointestinal tract
of mites, is a strong inducer of DC activation that can (partly) convey the possible
enhancing effect of HBCD on the production of these cytokines 22

The up-regulation of HLA-DR and CD86 and increased production of IL-8 by
the HDM/HBCD-exposed moDC might result from oxidative stress induced by
the HBCD exposure. We have previously shown that HBCD can induce oxidative

stress which led to enhanced IL-6 production by mouse DC !7. Likewise, oxidative
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stress has been shown to up-regulate expression of HLA-DR, CD86, and CD40 2
and increase production of IL-8 by human DC 2. Remarkably, IL.-8 production was
increased at 1 and 10 uM HBCD in the presence of HDM while HLA-DR and
CD86 expression were increased at 10 and 20 uyM HBCD/HDM. 11-8 production
has been recognized as one of the earliest signs of DC activation 2. Although the
underlying mechanism needs to be elucidated, a similar mechanism might be
involved in the higher sensitivity for a lower concentration of HBCD in the 1L-8
production in comparison with membrane markers.

In contrast to our previous observation that HBCD did not affect co-
stimulatory molecule expression on cultured murine BMDC in the absence of HDM
7. here it did increase expression of CD86 on cultured human moDC. This
discrepancy might be due to a difference in maturation state between cultured
BMDC and moDC. BMDC have a mature state after 10 days of culture while human
moDC are still in an immature state with a low expression profile of co-stimulatory
CD80, CD86, and CD83 molecules . In support of this, Koike et al. 20
demonstrated that HBCD was able to increase expression of CD80 and CD86 on
murine BMDC when it was added for 6 days during BMDC differentiation.

The present study was not able to determine the outcome of the differentiation
of HDM-specific naive T-cells after co-culture with HDM-pulsed DC. Hammad et
al. 10 showed that co-incubation of autologous T-cells with Der p 1-pulsed moDC
from dust mite-allergic donors or healthy donors favored a Tu2 or Tx1 response,
respectively. However, naive T cells need three signals to differentiate into a Tn2
cell. The first signal comprises interaction with the allergen-specific T-cell receptor
with the allergen presented on a MHC-II molecule. In addition, the T-cells need
appropriate co-stimulation and a presence of certain cytokines, although the specific
crucial co-stimulatory molecules and cytokines are still under debate. However, the
number of HDM specific T-cells in healthy controls are very low. Michaud et al. 27
was not able to identify HDM-specific T-cells in non-allergic children. The number
of naive HDM-specific T-cells in PBMC was therefore not sufficient to study the
endpoint of differentiation by HBCD-exposed moDC.

Still, in a mouse model, we were able to show that simultaneous exposure to
HDM and HBCD induced a stronger 11.-17A or 11.-4 response, depending on the
level of LPS in the HDM extract, while adoptive transfer of HDM/HBCD-pulsed

DC in the airways induced a Ti17 response 7 vivo 1. 11-17A has been associated in
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mice and human with a more severe airway hyper-responsiveness in asthma 2% 29,
Although the effect of the HBCD exposure on the phenotype of moDC was
consistently found in the cells from the seven independent donors here, the
experimental dose needed to induce an effect (10 uM = 6,417 pug/ml HBCD) was
quite likely to exceed an environmentally- relevant dose, i.e., humans are estimated
to be exposed to 5 ng/day in UK homes via inhaled air 3. Further research is cleatly
needed to confirm the effect of HBCD in humans for the endpoint of
differentiation of naive HDM-specific T-cells by HDM-pulsed DC.

Conclusions

The present study demonstrated that exposure to HBCD modulated activation and
cytokine production of HDM-pulsed human DC. While exposure to HDM extract
induced expression of CD80 and pro-inflammatory cytokines by the moDC,
addition of HBCD enhanced expression of antigen-presenting molecule HLA-DR,
the co-stimulatory CD86 molecule, and the pro-inflammatory 11.-8 cytokine. Taken
together, these data suggest that HBCD enhances the maturation and activation of
HDM exposed DCs. The contribution of HBCD in the development of allergic
immune responses to HDM allergens in human needs to be established in future

studies.
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Figure S1: Phenotype of moDCs at baseline (0 uM HBCD, no HDM) of each individual donor. Flow
cytometry plots showing the moDC gate and histograms for the presented markers HLA-DR, CD86,
CD80, CD40 and CD83. Plots show expression per donor (red histogram) versus unstained cells (blue
histogram). FSC, forward scatter; SSC, side scatter.
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Abstract
Although the ubiquitous detection of polybrominated diphenyl ether (PBDE) and

organophosphate flame retardants (PFRs) in indoor dust has raised health concerns,
only very few epidemiological studies have assessed their impact on human health.
Inhalation of dust is one of the exposure routes of FRs, especially in children and
can be hazardous for the respiratory health. Moreover, PFRs are structurally similar
to organophosphate pesticides, which have been associated with allergic asthma.
Thus, we investigated whether the concentrations of PFRs and PBDEs in indoor
dust are associated with the development of childhood asthma. We selected 110
children who developed asthma at 4 or at 8 years old and 110 matched controls
from a large prospective birth cohort (BAMSE — Barn, Allergy, Milieu Stockholm
Epidemiology). We analyzed the concentrations of 7 PFRs and 21 PBDEs in dust
collected around 2 months after birth from the mother’s mattress. The abundance
rank in dust was as follows: TBOEP>>TPHP>mmp- TMPP>EHDPHP~
TDCIPP>TCEP~TCIPP~BDE-209>>BDE-99>BDE-47>BDE-153>BDE-183
>BDE-100. There was no positive association between the FRs in mattress dust
and the development of childhood asthma. In contrast, dust collected from
mattresses of the mothers of children who would develop asthma contained
significant lower levels of TPHP and mmp-TMPP. This study provides data on a
wide range of PFRs and PBDEs in dust samples and development of asthma in

children.
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Introduction

Many studies have tried to find explanations for the increase in the incidence of
asthma since the 1960s '-2. Indoor pollution has been recognized as a risk factor for
the development of asthma 3. Exposure to indoor pollutants has changed
tremendously since the 1950s, both in kind as in concentrations 4. Flame retardants
have become widespread environmental pollutants. Its use has increased greatly
since the 1960s to meet fire safety legislation to delay flammability of consumer
goods. Penta- and octa-polybrominated diphenylethers (PBDEs) were
precautionatily banned by the European Union in 2004, since they raised health
concerns because of their persistence and bio-accumulation in both animals and
humans > 9. The global use of organophosphate flame retardants (PFRs) is rapidly
increasing as these compounds are often proposed as alternatives for the banned
PBDEs 7-8. Remarkably few epidemiology studies have investigated health effects
of exposure to PBDEs and PFRs ¢ 10, 11,12,13,

Flame retardants are frequently present as additives rather than chemically
bound to diverse materials resulting in an easy release to environmental matrices
like house dust. Inhalation of house dust is one of the routes of human exposure to
PBDEs and PFRs and raises concerns for respiratory health 3 14151617 PFRs are
structurally similar to organophosphate pesticides which have been associated with
developing or exacerbating asthma '8 19, Prevalence of asthma is higher among
children compared with adults. It is estimated that toddlers have a higher exposure
to PFRs and PBDEs via dust compared to adults because of their increased contact
with dust, by crawling over the floor and by mouth-hand-object contact 71> 17. A
recent cross-sectional study in 182 homes in Japan found increased odds ratios for
increased concentrations of organophosphate flame retardant “tributyl phosphate”
and “tris (1,3-dichloroisopropyl) phosphate” (TDCIPP) in house dust with allergic
disorders like asthma, allergic rhinitis and atopic dermatitis of the inhabitants of the
houses in which the dust was collected 9. The scarce studies investigating health
effects of PBDE exposure have been focused mainly on their potential endocrine
disrupting effects and on developmental neurotoxicity rather than on respiratory
health effects.

In a longitudinal nested case control study, we determined the levels and
profiles of PFR and PBDE flame retardants in mother’s mattress dust and
investigated the relationship with the development of childhood asthma. We
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selected a subset of 110 children who developed asthma at 4 or at 8 years old from
a large prospective birth cohort (BAMSE) in Sweden and matched controls on sex,
atopic background of parents and socioeconomic status 20. In mother’s mattress
dust, which was collected two months after birth, the levels of 7 commonly used
PFRs and 21 PBDEs were examined.

Materials and Methods
Study population

The details of the birth cohort have been reported previously 2. Briefly, from
February 1994 until November 1996, 4089 new born children (2065 boys and 2024
girls) in predefined areas of Stockholm, were included in a prospective study. Data
on background characteristics of the parents, housing and mattress characteristics
were requested in questionnaires filled out by the parents when the child was around
two months old (median age). At that time mother’s mattress dust was collected.
Asthma at 4 or 8 years was defined based on at least two of the following three
criteria, 1) >1 episode of wheeze in the last 12 months, 2) a doctor’s diagnosis of
asthma, 3) asthma medicine prescribed occasionally or regularly over the last 12
months 22. Asthmatic children from whom dust samples were available were
included in this study. Controls were matched on sex, atopic background of the
parents and socioeconomic status. Atopic background was defined as mother
and/or father with doctor’s diagnosis of asthma and asthma medication and/or
doctor diagnosed hay fever in combination with furred pets- and/or pollen allergy
at the time of questionnaire. Socioeconomic status was defined according to
dominance order in three classes; “Blue collar worker” or “White collar worket”
(incl. liberal professional practician with university graduate jobs) or “Other”
(student, housewife/man, unemployed). The asthmatic children and their matched
controls did not differ significantly from each other or from the BAMSE cohort for
background characteristics like sex, age of the mother (<25 years), any parent born
outside Sweden, atopic background parents, socioeconomic status or smoking at
baseline (Table S1). However, children in this study cohort tended to receive more
often exclusive breastfeeding for at least 4 months compared to the complete cohort
(83.6% vs 79.5%, P=0.027) but cases and controls were not different (Table S1).

Mothers of asthmatic children smoked more often during pregnancy compared with

106



Flame retardants in dust and childhood asthma

the controls (16.2% vs 6.3%, p=0.032). At the age of 4 and 8 years, sensitization
(20.35 kU/L serum) to common allergens was determined [(Phadiatop: Cat, dog,
horse, timothy, birch, mite, mugwort, mold (Cladosporium)]. Controls were selected
as never asthmatic and not sensitized at 4 and 8 years. Children with asthma at 4
years but not at 8 years old who were not sensitized to any of the common allergens
were excluded from the study to limit the number of children that were

misdiagnosed as asthmatic during a viral infection (Table 1).

Table 1. Characteristics of the study population selected from the BAMSE (Barn, Allergy, Milieu
Stockholm Epidemiology) cohort

Never Transient Late Persistent Total
asthma  asthma asthma asthma asthma
(n=110) (0-4 years)  (4-8 years) (0-8 years) (n=110)

Sex

Female 48 11 18 19 48

Male 62 20 28 14 62
Parental atopy

No 63 15 28 63

Yes 47 16 18 13 47
Socio-economic status*

Blue-collar 21 2 10 9 21

White-collar 89 29 36 24 89
Sensitised at 4 years

No 88 11 30 26 67

(Missing  values) (22) (8) 5) 1)

Yes 0 12 11 6 29
Sensitised at 8 years

No 99 1 25 24 50

(Missing values) (11) o)

Yes 0 29 21 9 59

“Blue collar worker, white collar worker (incl. liberal professional practician with university graduate
jobs), or other (student, house wife/man, unemployed)** .

Dust samples

Dust samples were collected as described previously 2. Briefly, dust samples have
been collected when the children were about two months old. The parents were
asked to vacuum the mattress of the mother’s bed with their own vacuum cleaner
for 2.5 min in a standardized way. They were requested not to vacuum clean the

bed for 14 days before collection. A small disposable filter bag (Allergy Control
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Products Inc., Ridgefield CT, USA) was inserted at the front hose of the vacuum
cleaner, before attaching the nozzle for vacuuming textiles. After collection, the
filter bags were sealed in plastic bags and stored at -20°C until extracted, and levels
of TCEP, TCIPP, TDCIPP, TBOEP, TPHP, EHDPHP, mmp-TMPP and PBDE-
28, -47, -49, -66, -71, -77, -85, -99, -100, -119, -126, -138, -153, -154, -150, -183, -
184, -191, -196, -197 and -209 were determined (See Table 2 for acronyms and
applications).

Table 2: Acronyms and applications!” of the studied FRs

TCEP Tris(2-chloro-ethyl) phosphate PR, plasticizer, lacquer, glue,
industrial processes
TCIPP Tris(1-chloro-2 propyl) phosphate IR, plasticizer

TDCIPP Tris(1,3-dichloroisopropyl) phosphate  FR, plasticizer, lacquer, paint,

glue

TBOEP Tris(2-butoxyethyl) phosphate IR, plasticizer, floor finish, wax,
lacquer, paint, glue, anti-foam
agent

TPHP Triphenylphosphate FR, plasticizer, hydraulic fluids,
lacquer, paint

EHDPHP  2-Ethylhexyldiphenyl phosphate Plasticizer, hydraulic fluids

mmp- meta, meta, para-tricresyl phosphate TMMP: plasticizer,

TMPP polyvinylchloride, hydraulic

fluids, cellulose, cutting oils,
transmission fluids

PBDE polybrominated diphenyl ether FRs in textiles, polyurethane
foam and various plastic
polymers, etc.

Measurement of indoor PFR levels

Briefly, the collected dust was placed in glass containers that had been pre-cleaned
with acetone (Baker, ultra-resi). Contaminants like visible fibers, feathers, hair and
sand were removed from dust samples with tweezers. Approximately 50 mg of each
dust sample was weighed in an acetone rinsed and air dried glass tube and internal
standards (TPHP-d15, BDE-58 and *C-BDE-209 (Sigma- Aldrich Chemie B.V.,
Zwijndrecht, The Netherlands) were added, followed by 5 ml of acetone. Samples
were vortexed for 1 min followed by ultrasonification for 15 minutes. The organic
phase was transferred to a new, acetone rinsed, glass tube. The dust samples were

re-extracted by adding 5 ml toluene (Fisher Chemicals, analytical reagent grade),
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vortexed for 1 min, followed by 15 min ultrasonification. The toluene fraction was
combined with the acetone fraction. This organic fraction was evaporated under a
gentle stream of nitrogen in a water bath (£ 35°C) until 1 ml. The sample was
quantitatively transferred on a Na,SO4 column to remove any co-extracted particles.
This column was pre-washed with 6 ml acetone/toluene (1:1 v/v). The PFRs were
eluted from the column with 8 ml of acetone/toluene (1:1 v/v). The volume was
reduced to 1 ml under nitrogen evaporation in a water bath before analyzing with
GC-EI-MS. After GC-EI-MS analysis of the PFRs, the sample was cleaned over a
silica impregnated HzSO4 column (40% concentrated HSO4 w/w) by 13 ml
Dichloromethane: hexane (1:3 v/v). The volume was reduced to 0.1 ml under
nitrogen evaporation in a water bath (+ 35°C) before analyzing with GC-EI-MS.

Gas chromatography methods and quality assurance have been described elsewhere
23

Quality control
Two control dust samples (50 mg of reference dust, SRM 2585, NIST,
Gaithersburg, MD, USA) and two laboratory blanks were included in each batch of
20 samples. In the blanks, TCEP, TCIPP, TDCIPP, TBOEP, TPHP, EHDPHP,
mmp-TMPP and all PBDEs were below detection limits (PFRs detected < 1.7 ng/g
dust, PBDEs detected< 0.24 ng/g dust). In two batches (out of 12), the BDE-209
analyses of the 20-corresponding case-control pairs were omitted from the study
because a high background level of BDE-209 was found in the blanks. Each
asthmatic case and matched control dust sample was analysed in the same batch to
prevent variation due to between-batch variation. The coefficient of variation of the
25 reference dust samples measured in 12 independent batches ranged on average
from 6.5% to 18% for the individual PFRs. The coefficient of variation for the
individual PBDEs ranged on average 11.0% to 26% (based on 24 reference dust
samples in 12 batches). Analysed values below the detection limits were replaced by
0.5 x limit of detection (LOD) for the purpose of statistics. The LOD was adapted
on the amount of analysed dust per sample because in some cases less than 50 mg
was available (<45 mg: n=15/220). Average LODs ate provided in Table 3, 4 and
Table S4.

Levels of PFRs and PBDEs flame retardants in standard reference material

2585 (Organic contaminants in House Dust-SRM2585) have been analysed. Our
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results showed similar levels as reported in other studies and for certified levels for
PBDEs (difference ranged from 2.1% to 37.6%) (Tables S2A and S2B).

Statistical analysis

Conditions for a normal distribution were not met for the concentrations of PFRs
and PBDEs in mattress dust. Therefore, non-parametric tests were applied for
univariate analysis of the data (Wilcoxon signed rank test for matched pairs for
comparison of FR levels between asthmatics and healthy controls). Mann-Whitney
U test was used to compare FR levels between different housing, mattress and
population  background  characteristics.  Bivariate  correlations  between
concentrations of individual FRs in dust were determined by Spearman’s rho
correlation coefficient. Distribution of background, housing and mattress
characteristics of asthmatic and control children were compared by Chi square Test.
FR profiles in dust were determined by multivariate analysis by K-means cluster
analysis on log transformed concentrations of PFR, PBDE or FR (PFR+PBDE).
The distribution of these profiles in the asthmatic and control group were analysed
by the Chi square Test. Multivariate linear regression analysis of log transformed FR
concentrations was used to adjust for housing, mattress or background
characteristics for comparison of FR concentrations between the two study groups.
IBM SPPS Statistics version 20 (IBM, Armonk, NY, USA) was used. P values <0.05

were considered to be significant.

Results
Comparison of FR levels in dust between asthmatic children

and matched controls

In a large prospective birth cohort study, dust was collected from the mother’s
mattress around two months after birth. Children who would develop childhood
asthma and matched controls were selected from this cohort. As higher amounts of
collected dust have been negatively associated with the development of allergic
sensitization 24, the amount of dust collected in both groups was compared but no
significant difference was observed (Table 3). We determined the concentrations of
PFRs and PBDEs in these dust samples (Table 3 and 4). All seven PFRs were

detectable in at least 81.8% of the dust samples. The abundance rank order was as
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follows: TBOEP>TPHP>mmp-TMPP>EHDPHP~TDCIPP>TCEP~TCIPP. In
comparison to dust collected in the control group, the concentrations of the two
most abundant PFRs besides TBOEP, TPHP (419 ng/g dust vs 613 ng/g dust,
p=0.007) and mmp-TMPP (192 vs 288 ng/g dust, p=0.026) were significantly lower
in the asthma group. There was no difference found in total amount of these seven
flame retardants in dust collected in the asthmatic group and in the healthy control
group. Further analysis in subgroups of our population based on sex, duration and
period of childhood asthma and sensitization to allergens, revealed a lower
concentration of TPHP and mmp-TMPP in the group of sensitized asthmatic
children (n=061) but not in non-sensitized asthmatic children (n=49) (Table S3). The
sample size of the subgroups might not have been sufficient to draw firm
conclusions, but analysis of subgroups did not show an association with higher
levels of FRs and development of childhood asthma.

Twenty-one PBDE congeners were compared in mother’s mattress dust
between the asthmatic group and the control group. Only six PBDEs, namely BDE-
47,-99, -100, -153, -183 and -209 were above the LOD in a considerable amount
(62.7-98.9%) of dust samples. BDE-28, -606, -77, -119, -1206, -138, -156, -184, -191
were detected in less than 5% of all dust samples, BDE-49, -71, -196 in less than
15%, and -85, -154, -197 were below the LOD in 25% (Table S4). The determined
concentrations of PBDEs are presented in Table 4, with the abundance rank order
as follows: BDE-209>BDE-99>BDE-47>BDE-153>BDE-183>BDE-100. There
were no significant differences in the concentrations of PBDEs between dust
samples collected in the asthmatic group in comparison to their matched healthy
controls. Analysis of PBDE concentrations in subgroups as performed for PFRs
(Table S3) did not yield any significant differences (data not shown).

Tables S5, S6 and S7 show correlations between individual FRs in mattress dust
samples which were collected before the use of some PBDEs were restricted. Strong
correlations were only found between major components of the Penta-BDE
formulation (at that time not banned); BDE-47, -99 and -100. The Rho correlation
coefficient was >0.902 for any of the three combinations with a p<0.01. All
significant correlations between PFRs and/or remaining PBDEs were low (Rho:
0.15-0.25) to moderate (Rho:0.25-0.4). Significant but moderate correlations were
observed for TCIPP and TDCIPP and BDE-47, -99, -100 (Rho>0.301-0.368,
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Different PFR and PBDE flame retardant profiles in dust
We investigated whether different PFR and PBDE profiles in dust could be

associated with the development of childhood asthma. A K-means cluster analysis
was performed to cluster dust samples based on similarities in concentrations for
individual FRs. K-means cluster analysis based on PFR concentrations identified 4
different PFR profiles (Fig. 1 and Table S8). The majority of the dust samples
(n1=196) could be clustered into two similar profiles with a relative low total amount
of PFRs with TBOEP being the most abundant one, followed by TPHP and either
mmp-TMPP (profile 4, n=85) or EHDPHP (profile 1, n=111). Two profiles with a
higher total amount of PFRs were found in only 24 samples with either TCIPP or
TCEP being the most abundant PFR followed by TBOEP and TPHP. However,
comparison of profiles observed in the asthmatic group in comparison to the
control group did not reveal an overrepresentation of a certain cluster in one group
(P=0.797 according to Pearson Chi square test on distribution frequency of profiles
over cases and controls). As expected, dust in the asthmatic group showed a trend
to match more often profile 1 (59 vs 52) while profile 4 was less prominent (39 vs
46) compared with matched controls. This is in accordance with the analysis based
on the individual concentrations of PFRs as profile 1 has lower concentrations of
TPHP and mmp-TMPP in comparison with profile 4 (Table S8).

K means cluster analysis based on concentrations of BDE-47, -99, -100, -153,
-183 and -209 identified 4 PBDE profiles (Fig 2, please note that median
concentrations can be deducted from the sum PBDEs and the relative distribution
of each PBDE depicted under each chart pie). Likewise to PFR, in the majority
(88%) of the samples a low level of PBDEs was detected (profile 2 and 3) and no
differences were observed in the distribution of the different profiles over the two
groups (Chi Square test: P=0.733). Likewise, a K means cluster analysis based on
both PFRs and PBDE concentrations did not show a different distribution over the

asthmatic group or control group (Table S9, Pearson Chi Square test P=0.800).

Relationship between FR concentrations and housing or

mattress characteristics

Analysis of associations between housing and mattress characteristics and FR

concentrations in all mother’s mattress dust samples is represented in Table 5
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(PFRs) and 6 (PBDEs). No significant differences in FR levels were found when
comparing houses on forced ventilation, aiting routines, air intake/draught in
master bedroom or formation of condensation (as an indicator of insufficient
ventilation). A higher frequency of vacuum cleaning (>10/month) significantly
decreased mmp-TMPP but not for other analysed FRs. A significantly higher
concentration of mmp-TMPP was observed in houses built before 1960.
Significantly lower levels of the Penta-BDE formulation BDE-47,-99 and -100 were
found in older mattresses (>5 years). Comparison of housing and mattress
characteristics between asthmatic and control children showed that more control
children lived in an older house (built before 1960) and had less forced ventilation
(Table S10). After adjustment for the age the house no significant difference was
observed anymore for mmp-TMPP between the asthmatic and control group.
Adjustment for the housing or mattress characteristics in the statistical analysis of
observed IR concentrations between the two study groups did not change the
outcome for the remaining FRs. TPHP was still higher in mother’s mattress dust of

controls while no differences were observed for the remaining PFRs and PBDEs.

profile 1 profile 2 profile 3 profile 4

>PFR: 2962 ngl/g Y PFR: 68909 ng/g >PFR: 57787 nglg >PFR: 6971 ng/g
59/52 6/6 6/6 39/46

Il TCEP B2 Tcipp EH TDCIPP O TBOEP HE TPHP EE EHDPHP HE mmp-TMPP

Figure 1. Distribution of identified PFR profiles in mother’s mattress dust samples of 110 children
who developed childhood asthma and 110 matched healthy controls. Pie charts depict the relative
proportion of each PFR within each profile (concentration levels visualized by different surface areas
of pie charts). Below each pie chart, the frequency of the number of dust samples of each study group
showing the corresponding profile is depicted: number of dust samples of asthmatic children vs.
number of dust samples of healthy controls. For this analysis, 220 samples were included (distribution
PER profiles: chi-squared test: P = 0.797)
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profile 1

YPBDE: 1411 nglg

19/16

3 1.10% BDE-4T7
B3 1.53% BDE-99
B 0.25% BDE-100
3 0.64% BDE-153
Bl 0.72% BDE-183

W 9576% BDE-209

profile 2

TPBDE: 88 nglg
45/46

[ 8.67% BDE-47
= 9.19% BDE-29
Em 1.94% BDE-100
[ 3.60% BDE-153
B 1.97% BDE-183
N 7462% BDE-209

profile 3

¢

YPBDE: 226 nglg
24125

[ 12.63% BDE-47
B 19.12% BDE-99
Ea 3.31% BDE-100
3 8.87% BDE-153
Hl 1.47% BDE-183
Em 54.60% BDE-209

profile 4

YPBDE: 11427 nglg

13

3 43.32% BDE-47
B3 43.01% BDE-99
B8 5.07% BDE-100
= 4.11% BDE-153
. 0.12% BDE-183
Wl 0.36% BDE-209

Figure 2. Distribution of identified PBDE profiles in mother’s mattress dust samples of 110 children
who developed childhood asthma and 110 matched healthy controls. Pie charts depict the relative
proportion of each PBDE within each profile (concentration levels visualized by different surface
areas of pie charts). Below each pie chart, the frequency of the number of dust samples of each study
group showing this profile is depicted: number of dust samples of asthmatic children vs. number of
dust samples of healthy controls. For this analysis, 40 samples had to be excluded because BDE-209
concentrations were missing (distribution PBDE profiles: chi-squared test: P = 0.733).

Environmental tobacco smoke is a risk factor for the development of asthma.
Although there was no difference at smoking by either the father and/or mother at
the time of birth, asthmatic children had significant more mothers who smoked
during pregnancy (Table S1). However, adjustment for this in a multivariate linear
regression analysis did not affect the outcomes seen in Tables 3 and 4 (data not

shown).

Discussion
This study investigated the possible association between increased concentrations

of PFRs and PBDE flame retardants in mother’s mattress dust and the development
of childhood asthma. All seven analysed PFRs could be detected in at least 81-100%
of the 220 dust samples while only 6 (of 21) PBDE congeners could be detected in
02.7-98.9% of the samples with the abundance rank as follows:
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Table 5. Relationship between housing and mattress characteristics and median concentrations
of otganophosphate flame retardants (ng/g dust)

n  TCEP TCIPP TDCIPP TBOEP TPHP EHDPHP mmp-TMPP

Construction house

Before 1960 107 94 115 139 3386 529 168 403

After 1960 112 113 (0477) 115 (0.776) 157(0.237)  3475(0.885) 487 (0.711) 180 (0.64) 157(<0.0001)
Daily aiting of residence in wintertime

Yes 149 96 112 160 3743 544 189 238

No 71 108 (0.632) 125(0.073) 140 (0.943) 2998(0.112) 479 (0.855) 154 (0.21) 259 (0.831)
Air intake/draught in master bedroom

Yes 113 11 13 3 7 3 100 273

No 97 12(0.870) 14 0.925) 30.998)  T(0.792)  2(0.051) 126 (0.61) 229 (0.300)
Condensation in the master bedroom in winter

Yes 2795 161 170 3910 473 143 233

No 187 107 (0.815) 98 (0.62) 151 (0.558) 3372 (043) 491 (0.234) 168 (0.703) 244 (0.785)
Frequency of vacuum cleaning per month

=10 times 194 99 118 151 3318 487 166 261

>10 25 174 (0.096) 87 (0.60) 239 (0.135) 4341(0.339) 566 (0.953) 204 (0.224) 125 (0.030)
Forced ventilation

yes 81 107 111 168 3329 479 173 184

no 98 112(0.592) 115 (0.871) 134 (0.224) 3240(0.928) 478 (0.308) 159 (0.529) 266 (0.342)
Type of bed

Foam/box spring 205 104 114 156 3415 491 165 184

Waterbed 13101 (0.840) 138 (0.328) 141 (0.854) 2667(0.434) 529 (0.618) 346 (0.02) 266 (0.342)
Age of mattress

<5 years 158  113.5 119 153 3333 499 173 274

>5 years 60 92.5(0.592) 108 (0.148) 160 (0.754) 3588(0.641) 481 (0.632) 142 (0.087) 193 (0.203)

P values were calculated using Mann-Whitney U-test and represented in italics.
Bold numbers represent significant differences between the two groups (P value < 0.05)

TBOEP>>TPHP>mmp-TMPP>EHDPHP~TDCIPP>TCEP~TCIPP ~BDE-
209>>BDE-99>BDE-47>BDE-153>BDE-183>BDE-100. Dust samples of the
asthmatic group contained lower concentrations of TPHP and mmp-TMPP
compared with samples of the matched control group while no differences could
be observed for the other analysed FRs.

Only scarce data are available to compare PFR and PBDE levels in mattress
dust observed in the present study but levels in floor dust have been reported for
several countries. In support for comparison with floor dust samples, a study in
New Zealand showed a similar PFR profile in mattress dust with corresponding
floor dust samples and similar concentrations of TPHP, TMPP and TCIPP.
TBOEP, TCEP and TDCIPP concentrations were different, but a positive
correlation was found for TBOEP. These results might indicate that certain PFRs
have a uniform occurrence, similar sources and behaviour in the indoor
environment 2> and that mattress dust might reflect indoor contamination for at

least certain PFRs. This relationship will have to be confirmed in other countries.
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Table 6. Relationship between housing and mattress characteristics and median PBDE levels
(ng/g dust)

n BDE-47 BDE-99 BDE-100 BDE-153 BDE-183 BDE-209

Construction house

Before 1960 107 11 13 2 7 3 151

After 1960 112 12 (0.309) 14 (0.716) 3 (0.333) 6 (0.451) 3 (0.549) 100 (0.11)
Daily airing of residence in wintertime

Yes 149 11 13 3 7 3 122

No 71 12 (0.344) 15 (0.135) 3 (0.364) 6 (0.536) 5 (0.019) 117 (0.816)
Air intake/draught in master bedroom

Yes 113 11 13 3 7 3 100

No 97 12 (0.870) 14 (0.925) 3 (0.998) 7 (0.792) 2 (0.051) 126 (0.61)
Condensation in the master bedroom in winter

Yes 27 13 15 3 10 3 157

No 187 11 (0.998) 13 (0.477)  2(0.771) 6 (0.091) 3(0.975) 118 (0.898)
Frequency of vacuum cleaning per month

<10 times 194 12 14 3 6 3 128

>10 25 10 (0.779) 15 (0.968) 2 (0.931) 9(0.195) 3 (0.566) 77 (0.127)
Forced ventilation

yes 81 12 13 3 6 3 105

no 98 11(0.653) 13 (0.939) 2 (0.576) 7(0.444) 3(0.823) 145 (0.125)
Type of bed

Foam/box spring 205 11 13 2 6 3 118

Waterbed 13 20 (0.065) 22 (0.225) 4 (0.146) 8(0.948) 9 (0.065) 197(0.250)
Age of mattress

<5 years 158 14 15 3 7 3 142

>5 years 60 9 (0.008) 12 (0.013) 2 (0.023) 5(0.168) 3(0.077) 90 (0.201)

P values were calculated using Mann-Whitney U-test and represented in italics.
Bold numbers represent significant differences between the two groups (P value < 0.05)

The PER levels found in mattress dust in the present study were compatable to
reported levels in mattress dust in New Zealand and to concentrations reported in
floor dust collected in Belgium and Eastern Romania (except for higher levels of
TCIPP in both countries) 26 4. However, much higher levels of PFRs are reported
in floor dust samples especially in Japan 02728 29 but also in the USA, Spain,
Germany and for settled dust in Sweden 2> 30,31, 32,35 (Table S11). PBDE levels
found in this study were similar to reported levels in floor dust collected in Denmark
3 and Kuwait 3> and settled dust in Sweden 3¢ but lower compared with dust
collected in Germany, USA, Canada and for floot/furniture dust in Sweden 37 3.
¥(Table S12). The higher FR concentrations in indoor dust samples reported before
in Sweden in comparison to our study, might be related to the source of dust.
Investigating the risk of exposure to FRs for development of childhood asthma

might have a different outcome in countries with a higher FR level in dust.
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However, our PFR results seem to be in line with the study by Araki et al, which
observed an association with TNBP in dust and asthma in Japan but not for the
other analysed PFRs 10,

Evaluation of mattress characteristics but also several housing characteristics
revealed a relation between the age of the house and frequency of vacuum cleaning
with the level of mmp-TMPP and the age of the mattress was negatively related to
the concentration of the Penta-BDE mix components BDE-47, 99 and 100. Houses
which were daily aired showed lower levels of BDE-183. As Penta-BDE mix is
mainly used in flexible poly-urethane foam in mattresses, it is not surprising that the
age of the mattress showed a negative correlation with the concentration of
components of the —at that time not-banned Penta-BDE mix BDE-47, -99 and -
100 but remarkably none of the other FR concentrations were correlated. These
Penta-BDE components were also the only FRs which were strongly correlated in
mattress dust. All other significant correlations between the analysed FRs were weak
to moderate, indicating a different behaviour of these FRs, contamination of
different sources and/or variable use of individual FRs added to mattress- foam and
—fabrics.

In two Japanese studies, it was observed that ventilation equipment use
increased TBOEP concentrations in indoor dust - 27 In our study, FR levels
(except for BDE-183) were not significantly different for houses with different
ventilation regimes or ventilation related characteristics. After adjustment for living
in a house built before 1960, the level of mmp-TMPP was no longer significantly
increased in the control group but the level of TPHP remained higher. Adjustment
for several housing and mattress characteristics did not change the outcome for the
comparison of FR (except for mmp-TMPP) concentrations between the asthmatic
and control group (data not shown). It is unlikely that the higher levels of TPHP
relates to behaviour of the parents of asthmatic children in relation to dust
management because controls were matched for atopic background of the parents
and there was no significant difference in the amount of dust collected or in
ventilation regime/ vacuum cleaning frequency between the asthmatic group and
the control group.

In our study, there was no association between development of childhood
asthma and higher levels of FR in mattress dust. It is important to note that the

contribution of exposure to FRs via mother’s mattress dust to the total exposure to
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FRs is not known in this study and no reports are available to make a valid
estimation. To provide a gross indicative value for exposure to the most abundant
PFR, TBOEP, found in this study, ingestion of mattress dust in a high dust
ingestion scenario (200 mg d-!) for a 12-kg toddler would be 52.3 ng kg! bw d..
This is based on 100% absorption of ingested mother’s mattress dust but is still
much lower compared to the RfD value of 15 ug kg! bw d-! (as proposed by Ali et
al. by dividing the chronic NOAEL by a factor of 1000%). Children have been
exposed via many more sources of FR (indoor and outdoor environment) and
routes (air, skin and diet) which might have dominated the contribution via
exposure to mattress dust 4% 4. In addition, dust contains a complex mixture of
chemicals, like phthalates, but also potential allergens and endotoxins which can all
be associated with the development of asthma 342 These and other factors in dust
might have influenced the analysis of the effect of FR exposure and could not be
adjusted for in our study.

One could argue whether another source of dust would have been more
relevant to study early exposure of FRs of children. Firstly, only mother’s mattress
dust was collected around time of birth within the longitudinal birth cohort
“BAMSE”, being the only available source of indoor dust at this time point.
Secondly, there is some evidence, albeit limited, that concentrations of certain PFRs
and BDE-209 in mattress dust correlate with levels in corresponding floor dust
samples ¥ 2>, However, we were not able to investigate these correlations in our
study cohort and in addition, there are no reports investigating the consistency of
these correlations over time. Thirdly, the observed PFR profile
(TBOEP>TPHP>mmp-TMPP>EHDPHP~TDCIPP>TCEP~TCIPP) seems to
be similar to reported values for floor dust in several countries which is in support
of the found correlation between floor dust and mattress dust (Table S11).

In conclusion, our study found a broad range of PFRs and PBDEs in 220
mother’s mattress dust samples which may be an important source for indoor
exposure to FRs. No associations were found between higher levels of FRs in dust
and the development of childhood asthma. In contrast, mmp-TMPP (related to age
of the house) and TPHP were found in lower concentrations in mothet’s mattress
dust of children who would develop childhood asthma in comparison with matched

controls.
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Table S1: Distribution of background characteristics in study population
compared to the birth cohort (Absolute number, percentage and p value)

Factor BAMSE cohort | Asthmatic children in | Asthmatic
(n=4089) vs study | BAMSE cohort (n=672) | children
cohort (n=222) vs study cohort (n=111) | (n=111) vs

healthy
controls
(n=111) in
study cohort

Sex (Male) 2065 (50.5%) vs 389 (57.9%) vs 63 (56.8%) vs
126 (56.8%) 63 (56.8%) 63 (56.8%)

0.081 0.905 7n.a.

Socioeconomic 695 (17.3%) vs 137 (20.8%) vs 22 (19.8%) vs

status (Low)

44 (19.8%)

22 (19.8%)

22 (19.8%)

0.319 0.991 n.a.

Parental history of | 1200 (29.7%) vs 281 (42.4%) vs 47 (42.3%) vs

allergic disease (Yes) | 94 (42.3%) 47 (42.3%) 47 (42.3%)
<0.001 0.140 n.a.

Mother’s age (<25 | 319 (7.8%) vs 75 (11.2%) vs 10 (9.0%) vs

years) 16 (7.2%) 10 (9.0%) 6 (5.4%)
0.847 0.610 0.436

Any parent born | 718 (21.1%) vs 115 (19.0%) vs 15 (13.5%) vs

outside Sweden (Yes) | 35 (15.8%) 15 (13.5%) 20 (18.0)
0.552 0.420 0.461

Smoking at baseline | 855 (21.0%) vs 175 (26.2%) vs 32 (28.8%) vs

(Yes) 52 (23.4%) 32 (28.8%) 20 (18.0%)
0418 0.617 0.081

Smoking mother | 506 (13.1%) vs 121 (18.0%) vs 18 (16.2%) vs

during pregnancy 25 (11.1%) 18 (16.2%) 7 (6.3%)
0.474 0.685 0.032

Breast feeding, excl | 3116 (79.5%) vs 184 | 498 (75.9%) vs 93 (83.8%) vs

(4 months or more) (83.6%) 93 (84.6%) 91 (82.0%)
0.027 0.038 0.859

p-Values were calculated using the Chi-Square test. N.a.: not applicable, matched

for this variable.
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Table S2A: Concentrations of PFRs in SRM 2585 reference dust material
(mg/kg as received) based upon 12 independent measurements in duplo.

This study | Fromme et | Bergh et | Alietal(Ali | Van den
(n=25) al.(Fromme et. | al.Bergh et | et al, 2012) | Eede et
al., 2014) n=3) | al. , 2012) | (n=06) al.(Van den
(n=7) Fede et. al.,
2011)
(n=11)
TCEP 0.8 0.7 0.8 0.8 0.7
TCIPP 0.8 1.0 0.9 0.8 0.8
TDCIPP 2.5 2.2 2.3 1.9 2.0
TBOEP 117 71 82 40 49
TPHP 0.9 0.7 1.1 1.1 1.0
EHDPHP 0.9
mmp-TMPP | 1.1

Table S2B: Concentrations of PBDEs in SRM 2585 reference dust material
(ng/kg as received) based upon 12 independent measurements in duplo.

This study Certified NIST (Stapleton et. al. , | (Ali et. al,
(n=25) (dry-mass basis) @ | 2006) 2012)(n=6)
(0=6)

BDE-28 37.816.6 46.914.4 47.2 385
BDE-47 417.1£49.1 497£46 539 412

BDE-49 33.414.0 53.514.2 49.3 NM
BDE-66 <25.3 29.5%6.2 323 NM
BDE-71 <3.7 <0.2 <9.2 NM
BDE-77 <22 NM NM
BDE-85 34.214.6 43.8+1.6 44.4 NM
BDE-99 717.7£94.9 8921+53 920 665

BDE-100 118.5%16.3 145+11 153 130

BDE-119 6.710.5 <0.2 <10.9 NM
BDE-126 2.940.4 NM NM
BDE-138 11.24£2.2 15.242.0 14.0 NM
BDE-153 127.0+22.8 119£1 117 114

BDE-154 59.4%9.5 83.512.0 82.1 95.0
BDE-156 <27 <0.2 <9.7 NM
BDE-183 4214114 43.0£3.5 44.1 33.5
BDE-184 <23 NM NM
BDE-191 <34 <0.3 <8.94 NM
BDE-196 23.0%5.2 NM 24.0
BDE-197 18.4%6.0 NM 17.5
BDE-209 2771. %6 2510+190 2380 2260

a ccoraing to Certificate o nalysis y . material contained a roximately Z. 0 moisture.
(a)According to Certificate of Analysis by NIST ial contained approximately 2.1% moi

127




Chapter 5

Table S3: Median difference (ng/g) between case and matched control in
concentrations of PFRs in mattress dust in subgroups of the study
population and p value

Sub TCEP | TCIPP | TDCIPP | TBOEP | TPHP | EHDPHP | mmp-
groups TMPP
(n)

Asthmain | 12.0 31.5 -59.0 -450.0 -143.5 8.5 49.5
males 0.208 0.648 0.145 0.011 0.046 0.321 0.088
N=62

pairs

Asthmain | -43.5 22.5 14.5 247.0 -163.0 -25.0 -16.0
females 0.158 0.364 0.285 0.926 0.071 0.270 0.147
N=48

pairs

Sensitized | 14.0 41.0 0.0 12.0 -192.0 7.0 -55.0
N=61 0.144 0.138 0.941 0.695 0.009 0.154 0.022
Non- -25.0 -110.0 -40.0 =702 -125 -16.0 -13.0
sensitized | 0.137 0.066 0.534 0.332 0.238 0.561 0.436
N=49

Transient | 10.0 38.0 8.0 720.0 -390.0 -30.0 -256.0
asthma 0.456 0.845 0.984 0.308 0.011 0.075 0.008
N=31

Late 7.0 6.5 -27.5 -6.5 -147.0 26.5 80.0
onset 0.533 0.658 0.413 0.747 0.05 0.694 0.619
asthma

N=46

Persistent | -27.0 17.0 14.0 -1164.0 92.0 -29.0 -80.0
asthma 0.174 0.933 0.688 0.288 0.993 0.662 0.037
N=33

p-Values were calculated using Mann-Whitney U test.
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Table S4: Concentrations (ng/g dust) of less frequently found PBDEs

Mother’s mattress dust from | Mother’s mattress dust| P

asthmatic children from matched controls
BDE | LOD | >LOD Min |25th [ median [75th |Max |>LOD min | 25th | median | 75th [ Max

(%) (%)
28 |4 3.6 1 2 2 2 18 3.6 2 2 2 2 117 [0.045
-49 |3 6.4 1 1 46 8.2 1 1 1 1 524 10.207
-66 |29 0.9 6 12 13 13 141 1.8 1 (12 |12 13 1420 [0.062
-1 3 12.7 1 1 1 1 255 13.6 1 1 1 1 190 [0.272
=77 |3 0.0 1 1 1 1 14 0.9 1 1 1 1 9 0.035
-85 |2 17.3 1 1 1 1 118 17.3 1 1 1 1 231710.455
-119 |8 0.0 2 3 3 3 37 0.9 3 3 3 3 64 0.066
-126 |2 2.7 0 1 1 1 11 3.6 1 1 1 1 255 10.076
-138 |3 0.9 1 1 1 1 65 3.6 1 1 1 1 586 10.195
-154 |4 18.2 1 2 2 2 290 16.4 1 1 1 1 7720 0.257
-156 |4 0.0 1 1 2 2 17 0.0 1 1 1 1 12 10.026
-184 |3 0.9 1 1 1 1 14 0.9 1 1 1 1 26 0.024
-191 |4 0.0 2 2 2 2 22 0.0 2 2 2 2 15 0.026
-196 |5 9.1 1 2 2 2 83 15.5 2 2 2 2 66 0.814
-197 |5 25.5 1 2 2 5 390 227 2 2 2 4 61 0.287

p-Values were calculated using Mann-Whitney U test.

Table S5: Correlations between individual PFR concentrations (ng/g) in
mattress dust

IFR TCEP | TCIPP | TDCIPP | TBOEP | TPHP | EHDPHP | mmp-
TMPP

TCEP 1 0.186** | 0.298** 0.240%* 0.106 0.143* 0.120
TCIPP 1 0.296%* 0.048 0.079 0.065 0.201**
TDCIPP 1 0.184** 0.142%+ 1 0.113 0.160%*
TBOEP 1 0.206%* | 0.192** 0.147*
TPHP 1 0.335%* 0.134*
EHDPHP 1 0.148*
mmp- 1
TMPP

Correlation coefficient values were calculated with Spearman’s rho, *P<0.05,
*P<0.01.
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Table S6: Correlations between individual PBDE concentrations (ng/g) in
mattress dust

PBDE -47 -99 -100 -153 -183 -209
-47 1.000 0.902%* 0.950%* 0.373%* 0.294+* 0.137
-99 1.000 0.940%* 0.397+* 0.328** 0.213%*
-100 1.000 0.395%* 0.287** 0.154*
-153 1.000 0.334%¢ 0.209%*
-183 1.000 0.182*
-209 1.000

Correlation coefficient values were calculated with Spearman’s rho, *P<0.05,

**P<0.01.

Table S7: Correlations between individual PFR and PBDE concentrations
(ng/g) in mattress dust

PFR TCEP | TCIPP | TDCIPP | TBOEP | TPHP | EHDPHP | mmp-
TMPP
BDE-47 0.145% 0.307%F 1 0.305%* 0.118 0.193%F | 0.244** 0.115
BDE-99 0.160* 0.301%F | 0.368** 0.156* 0.183%F | 0.223%* 0.111
BDE-100 | 0.188** | 0.308% | 0.360** 0.163* 0.187*% | 0.198** 0.143*
BDE-153 | 0.179** | 0.116 0.297** 0.217*%* 0.156* 0.113 0.163*
BDE-183 | 0.149** | 0.110 0.198** 0.092 0.155* 0.178** 0.116
BDE-209 | 0.086 0.111 0.156* 0.160%* 0.05 0.064 0.159%*

Correlation coefficient values were calculated with Spearman’s rho,

**P<0.01.

¥P<0.05,

Table S8: Profiles of PFRs in mattress dust; relative distributions of
individual PFRs and median PFR concentrations (ng/g dust)

% TCEP % TCIPP |% TDCIPP (% TBOEP |% TPHP % EHDPHP (% mmp-TMPP
Profile [ (median) (median) (median) (median) (median) (median) (median)
1 2.8 23 3.48 68.77 13.94 5.03 3.68
(83) (68) (103) (2037) (413) (149) (109)
2 0.45 91.25 1.7 5.02 0.94 0.22 0.42
(309) (62882) (1169) (3458) (648) (152) (291)
3 90.96 0.19 0.6 6.34 1.09 0.35 0.47
(52563) (108) (347) (3661) (629) (205) (274)
4 2.18 2.85 3.86 70.58 9.44 3.10 7.99
(152) (199) (269) (4920) (658) (2106) (557)
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Table S9: Median ng/g dust concentration and relative distribution (%) of
PFRs and PBDEs in 4 determined FR profiles and frequency of profiles in
the asthmatic group vs control group (n/n).

PFR/PBDE profiles:

1(46/45) 2 (36/36) 31/3) 4(6/6)
TCEP 65 (2,0%) 167 (2.7%) 66 (0.2%) 353 (0.6%)
TCIPP 75 (2.3%) 121 (1.9%) 232 (0.5%) 49454 (90.3%)
TDCIPP 101 (3.1%) 201 (3.2%) 17079 (39.3%) | 232 (0.4%)
TBOEP 2270 (68.6%) | 4385 (69.7%) | 6627 (15.2%) 3458 (6.3%)
TPHP 390 (11.8%) | 567 (9.0%) 4074 (9.3%) 567 (1.0%)
EHDPHP 147 (4.4%) 215 (3.4%) 144 (0.3%) 213 (0.4%)
mmp-TMPP 155 (4.7%) 287 (4.6%) 3843 (8.8%) 292 (0.5%)
BDE-47 8 (0.2%) 22 (0.3%) 4950 (11.4%) 22 (0.04%)
BDE-99 8 (0.2%) 31 (0.5%) 4915 (11.3%) 25 (0.05%)
BDE-100 2 (0.1%) 6 (0.1%) 1036 (2.4%) 5 (0.01%)
BDE-153 3 (0.1%) 13 (0.2%) 470 (1.1%) 11 (0.02%)
BDE-183 2 (0.1%) 5 (0.1%) 14 (0.03%) 2 (0.00%)
BDE-209 84 (2.5%) 276 (4.4%) 42 (0.1%) 130 (0.2%)

Profiles were determined by multivariate cluster analysis by K-means on log
transformed FR concentrations. No difference in frequency of profiles between the

two groups: Chi square test p=0.800).
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Table S10: Housing and mattress characteristics: asthmatics vs controls

Housing or mattress characteristic Asthmatics (n/N) | Controls P
(n/N)
Construction house 44/109 59/105 0.028
Before 1960 (vs after 1960)
Daily airing of residence in wintertime 76/110 72/110 1.000
Yes (vs no)
Air intake/draught in master bedroom 57/102 55/103 0.828
Yes (vs no)
Wall to wall carpeting 8/110 6/110 0.784
Yes (vs no)
Frequency of vacuum cleaning per month | 94/110 96/104 0.132
<10 times (vs >10)
Forced ventilation 47/86 31/88 0.015
_yes (vs no)
Type of bed 105/110 95/103 0.397
Foan/ box spring (vs waterbed)
Age of mattress 81/109 73/104 0.542
<5 years (vs >5 years)

P values were calculated by Chi square test comparing the frequency in the asthmatic
group vs control.
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Table S11: International comparison of median concentrations of PFRs in
indoor dust (ng/g)

Country Sample TCEP | TCIP | TBOE | TPH | TDCIP | TMP | Reference

size P P P P P
Sweden Homes 102 116 3138 419 141 192 Present
(mattress n=220 study
dust)
Sweden Homes 2100 1600 | 4000 1200 | 10000 n.a. Bergh et al.
(settled n=10 (2011)
dust)
New Homes 40 250 1550 240 110 160 Ali et al
Zealand n=16 (2012)
(mattress
dust)
New Homes 111 350 4020 600 230 120 Ali et al
Zealand n=34 (2012)
(floor dust)
Belgium Homes 230 1380 | 2030 500 360 240 Van de
(floor dust) | n=33 Eede et al

(2011)

Romania Homes 100 860 1500 800 80 800 Dirtu et al
(floot dust) | n=47 (2012)
Spain Homes 500 3800 9400 1900 | 120 n.a Garcia et al.
(floor dust) | n=8 (2007)
Germany Homes 600 400 n.a n.a n.a n.a Ingerowski
(floor dust) | n=216( et al. (2001)

TCIPP)

n=356

(TCEP)
USA* Homes na 570 na 7360 | 1890 na Stapleton et
(floor dust) | n=50 al. (2009)
USA* Homes 348 3440 | 2730 na n.a na Stapleton et
(floot dust) | n=30 al. (2014)
Japan Homes 7500 1870 1 570 | 5400 | 4000 n.a Kanazawa
(floor dust) | n=41 000 et al.

(2010)

Japan Homes 5830 8690 508 4510 | na <MD | Araki et al.
(floor dust) | n=148 000 L (2014)
Japan Homes <LO | 740 30 880 | 870 n.a <LO | Tajima et al.
(floot dust) | n=48 D D (2014)
Japan Homes 2700 1700 | 82000 | 820 2200 1200 | Mizouchi et
(floor dust) | n=10 al. (2015)

MDL, method detection limit, *geometric mean values, LOD: Limit of detection.
Adapted/updated from (Van den Eede et. al., 2011).
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Table S12: International comparison of median concentrations of PBDEs
studied in indoor dust (ng/g dust)

Country Sample | BDE BDE BDE | BDE | BDE | BDE- | Reference
size -47 -99 -100 -153 -183 209

Sweden Homes 11 14 2 7 3 118 Present

(mattress n=220 study

dust)

New Homes 46.3 41.8 9.8 6.7 6.3 1018 Coakley et

Zealand n=16 al. (2013)

(mattress

dust)

Sweden Homes 18-84 10-70 1.7- 6.3- 14- <11- Newton et

(settled dust, | n=4 22 15 <41 140 al (2015)

not from FR

rich

products)*

Sweden** Homes 51 79 24 4.9 4.8 470 Katlsson et

(floor/ n=5 al. (2007)

furniture)

Denmark Homes 20 16 3 3 4 407 Frederiksen

(vacuum n=50 et al. (2010)

cleaner bags)

Germany Homes 122 180 20.8 30.7 23.3 980 Knoth et al

(floot dust) N=15- (2003) in
40 Karlsson et

al, 2007)

USA Homes 430 880 150 140 73 2000 Sjodin et al.

(floot dust) n=10 (2004)

USA* Homes 1220 1700 274 181 30.7 2090 Stapleton et

(floor dust) n=17 al. (2005)

Canada Homes 1100 1800 490 470 44 1100 Wilford et

(floor dust) N=064 al. (2005)

Pakistan Homes 0.57 0.6 <0.2 0.24 0.75 19.7 Ali et al,

(floor dust) n=31 2012b

Pakistan Homes 1.3 1.7 0.3 0.6 1.5 138 Ali et al.

(floor dust) n=15 (2013)

Kuwait Homes 9.5 12 2.3 2.4 1.9 310 Ali et al.

(floor dust) n=15 (2013)

USA* Homes 452 741 98.6 40.6 1.0 1720 Stapleton et

(floot dust) n=30 al. 2014

MDL, method detection limit, *samples range, **geometric mean values.
Adapted/updated from (Katlsson et. al., 2007).
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Chapter 6

Abstract

Organophosphate flame retardants (PFRs) are commonly used as alternatives for
the banned polybrominated diphenyl ethers (PBDEs) and are ubiquitously detected
in indoor dust. PFRs can be potentially hazardous to respiratory health via the
inhalation of house dust. Dendritic cells (DCs) are crucial in the immunological
defense against pathogens in the airways. In respiratory allergy, however, an
aberrant immune response is induced against innocuous proteins, like house dust
mite allergens. In this study, we examined whether exposure to PFRs
Triphenylphosphate (TPHP) and Ttis(1,3-dichloroisopropyl) phosphate (TDCIPP)
affected activation/maturation of DCs at steady-state and during exposure to house
dust mite allergens (HDM). Bone marrow-derived dendritic cells (BMDCs) were
exposed to a concentration range of each PFR (0.1-100 uM) with or without HDM
in vitro to analyze the effect on the expression of major histocompatibility complex
class II (MHCII), co-stimulatory molecules and cytokine production.
Concentrations of TPHP and TDCIPP of 250 uM were cytotoxic to BMDCs. At
these cytotoxic concentrations, TPHP exposure induced an activated phenotype in
steady-state DCs, while HDM exposed DCs acquired a tolerogenic phenotype. In
contrast, TDCIPP exposure had no effect at steady state DCs but suppressed the
expression of MHCII, costimulatory molecules, and the 11.-6 production in HDM
exposed DCs. The cytotoxic concentrations induced the anti-oxidant enzyme
hemeoxigenase-1, which is a marker for oxidative stress. These results demonstrate
that PFRs can be immunotoxic for DCs and suggest the necessity to evaluate the
effects on the immune system on a cellular level during the risk assessment of these

alternative flame retardants.
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Introduction

Flame retardants have become a major indoor pollutant during the last decades.
Until 2004, polybrominated diphenyl ethers (PBDEs) were the primary flame
retardants, but they have been phased out in Europe and USA because of their
properties of persistence and bio-accumulation as well as their potential to cause
adverse health effects. The ban of PBDEs has resulted in an increase in the global
use of organophosphate flame retardants (PFRs) which are often proposed as
alternatives for the banned PBDEs ! 2. Environmental levels of PFRs have been
well investigated and concentrations of PFRs such as tris(1,3-dichloroisopropyl)-
phosphate (TDCIPP) and triphenylphosphate (TPHP) were found to exceed that
of PBDEs 2. It has been postulated that this was representing the increased usage.
However, besides the use of TDCIPP and TPHP as additive flame retardants in
polymers, resins, latexes and foams, they are also used in plasticizers, lacquer, paint,
lubricant and TPHP in hydraulic fluids 2. We have recently reported that in mattress
dust collected more than two decades ago, PFRs exceeded the levels of PBDEs
around sixty-fold. TDCIPP and TPHP were present in 100% and 91% of the
analyzed dust samples, respectively 3. Thus, even before the ban, these “alternative”
flame retardants were present in greater concentrations than the brominated flame
retardants. The concentration of TDCIPP in house dust has been correlated with
concentrations of its metabolite in human urine 4.

Inhalation of house dust is one of the human exposure routes besides dermal
contact and unintended ingestion of dust °. Recently, total intake of chlorinated
PFRs such as TDCIPP via inhalation has been estimated to exceed intake via dust
ingestion ©. The respiratory mucosal immune system is exposed continuously to
inhaled proteins which has to result in the appropriate immune response, being
either tolerogenic or immunogenic. The airways are covered with a network of
denderitic cells (DCs) that monitor inhaled air continuously for microorganisms and
other substances. DCs are able to recognize pathogens via different pattern
recognition receptors. They process a large variety of antigens for presentation to
naive T cells. In this process, they display co-stimulatory molecules and secrete pro-
inflammatory cytokines to interact and differentiate naive T cells into a specific
subset of effector T cells ”-8. In house dust mite allergy, a T helper 2 (Th2) type cell
response is induced against innocuous proteins derived from the house dust mite

feces %10, Environmental co-exposures have been implicated to play an important
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role in skewing the immune system towards (or away from) an inflammatory
immune response to harmless allergens. Efforts are being made to elucidate how
these co-factors contribute to Th2-skewing !!. Respiratory allergic disorders have
become very common diseases in Western countries with an increasing prevalence
since the 1970s 2. Although house dust mite allergy has been associated with the
development of respiratory allergic diseases, the underlying mechanism for these
immune system disorders are complex and the risk factors are multiple 2 13,
Ubiquitous detection of diverse chemical pollutants in indoor dust and increasing
exposure levels have resulted in many studies aiming to elucidate their possible
health effects. Indoor air pollutants have been recognized as risk factors for allergic
airway diseases such as asthma 14.15.16,17,

The phosphate backbone is an important characteristic of PFRs, which they
share with organophosphate-based pesticides that have been associated with
exacerbations in allergic asthma 8120 In concordance, a recent epidemiological
study in Japan has revealed an association between increased concentrations of
PFRs in house dust with allergic disorders such as allergic asthma, allergic rhinitis
and atopic dermatitis 2. Although toxicological studies have revealed health threats
of PFRs such as neurotoxic effects of TPHP, adverse effects of TPHP and TDCIPP
on reproduction, and carcinogenicity of TDCIPP 222, no study has investigated their
potential immunomodulating effects.

Here we investigated whether exposure of DCs to PFRs affects the expression
of MHCII, costimulatory molecules and the production of cytokines, at steady-state

and during exposure to house dust mite (HDM) allergens.

Materials and Methods

Mice

6-8-week-old female Balb/c mice (Hatlan, Horst, The Netherlands) were housed
under specific pathogen-free conditions at the animal care facility of the AMC. All

experiments were approved by the Academic Medical Center Animal Ethics

Committee, The Netherlands.
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Chemicals

TPHP (CAS no. 115-86-6; 99% purity) and TDCIPP (CAS no. 13674-87-8; 95.7%
purity) were purchased from Sigma-Aldrich Chemie GmbH (Schnelldorf,
Germany). Stock solutions were prepared in dimethyl sulfoxide (DMSO).

Generation of bone marrow-derived DCs

Bone marrow-derived DCs (BMDCs) were obtained as described eatlier 23. Briefly,
BM cells were isolated from the tibiae and femurs of Balb/c mice. After red blood
cell lysis, BM cells were cultured for ten days in Tissue Culture Medium (RPMI
1640, 5% FCS, 50 pug/ml gentamicin (Invitrogen), 0.05 mM 2-ME) with 20 ng/ml
recombinant mouse granulocyte-macrophage colony stimulating factor (GM-CSF,
Thermo Scientific, Rockford, IL).

In vitro exposure of BMDCs with PFRs

On day 9, BMDCs were exposed for 24 h to 0, 0.1, 1, 10, 50 or 100 uM TPHP or
TDCIPP with or without 100 pg HDM/ml?%, containing 1 ng/ml of Der p 1, a
cysteine protease and one of the major allergens of Dermatophagoides pteronyssinus
HDM (XPB82D3A2.5, Greer Laboratories; Lenoir, NC). Control exposures
contained 0.1% DMSO to match the final concentration achieved in the culture

medium in the experimental exposures.

BMDC phenotyping and cytokine production

At day 10, BMDCs were harvested, washed in FACS buffer (PBS containing 0.25%
BSA, 0.05% sodium azide, 0.5 mM EDTA) and stained with antibodies against
MHCII (FITC labeled), CD11c (APC labeled), in combination with PE labeled
antibodies against costimulatory molecules (cell surface proteins) CD80, CD86 and
CD40, or with isotype controls for rat IgG2a and, armenian hamster IgG
(eBioscience Inc, San Diego, CA). To prevent non-specific antibody binding, anti-
FcRyII/III antibody (clone: 2.4G2, provided by Louis Boon, Bioceros, Utrecht,
The Netherlands) was added to the monoclonal antibody mixture. 10 pg/ml
propidium iodide (PI, Sigma Aldrich Corp. St. Louis, MO) was used to distinguish
between living (PI)) and dead cells (PI*). Flow cytometry was performed using a
FACS Calibur (BD Biosciences, San Jose, CA). In all cases, 50000 events/sample

was acquired. Expression of costimulatory molecules was analyzed on alive
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dendritic cells (MHCIITCD11c¢*PI) with Flow]o software (Tree Star Inc., Ashland,
OR). IL-6 and IL-10 production by BMDC was determined in culture supernatant
by ELISA according to the manufacturer’s instructions (Ready-SET-Go ELISA kit,
eBioscience, San Diego, CA).

Real Time PCR on BMDCs

To determine oxidative stress induced by PFRs, the level of mRNA coding for
heme-oxigenase-1 (HO-1), a protective anti-oxidant enzyme, was used as a marker
for oxidative stress 25. Cultured BMDCs wete exposed 7 hours to HDM/PFR (0.1-
100 uM) or HDM/DMSO before BMDCs were macerated in Trizol (Invitrogen
Life Technologies, Carlsbad, CA, USA) for total RNA extraction according to the
manufacturer’s recommendations. After synthesis of the complementary DNA
(cDNA) using First strand cDNA Synthesis Kit (Thermo Fisher Scientific, Vilnius,
Lithuania), real-time PCR was performed in a 10 pl reaction volume that included 5
ul of SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK) and 1
uM of FW and RV primers:

HO-1 Fw: AGC AGA ACC CAG TCT ATG CCC CA;

HO-1 Rv: TGC CAG TGA GGC CCA TAC CAG AA;

HPRT Fw: GTC CTG TGG CCA TCT GCC TAG TA;

HPRT Rv: AAG TCT GGG GAC GCA GCA ACT;

All reactions were performed in optical 96-well reaction plates using StepOne
Plus RealTime PCR System (Applied Biosystems, Warrington, UK). HO-1 mRNA
concentrations from each sample were calculated based on the standard curve
method as previously described and were normalized to the concentration of the
housekeeping gene Hypoxanthine-guanine phosphoribosyltransferase (HPRT) 26.
In short: duplicate standard curves for HO-1 were obtained by serial dilution (1:5)
from a concentrated pool of samples expected to contain HO-1. All samples were
normalized to the concentration of the housekeeping gene (HPRT) and the

expression was determined in arbitrary units.

Statistical analysis

Independent 7n vitro experiments were performed 3-4 times. The data was presented
as the means £ SEM of 3-4 independent experiments. The sample size per

experimental condition differed from 2, 3 or 6 wells per experiment. All data were
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analyzed by Mann-Whitney U-test using GraphPad Prism 5 software (GraphPad
Software Inc., La Jolla, CA). Differences were considered to be significant at a p-
value of <0.05.

Results
Viability of BMDCs exposed to TPHP or TDCIPP

Cultured BMDCs were exposed to incremental concentrations of PFRs (0.1-100
uM) simultaneously with or without HDM for 24 hours. High concentrations of
TPHP (=50uM) and TDCIPP (=50uM) decreased cell viability significantly
compared with the controls DMSO (Figure 1A) or HDM/DMSO (Figure 1B). 100
uM of TPHP or TDCIPP decreased viability of BMDCs below 20%.
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Figure 1. Cell viability was measured after 24 h exposure of cultured BMDCs to PFRs. (A) Percentages
of alive (PI") and dead (PIT) BMDCs exposed to TPHP and TDCIPP (0.1-100 uM, n=10 and 13,
respectively) compared with the DMSO control. (B) Percentages of alive (PI") and dead (PI*) BMDCs
exposed to TPHP and TDCIPP (0.1-100 uM, n=10 and 13, respectively) and HDM (100 pg/ml)
compared with the HDM/DMSO control. Data are presented as means = SEM. *P<0.05,
FRP<0.001, ¥*P=<0.0001 vs the control (0 uM PFRs).
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Effect of TPHP exposure on BMDCs phenotype
We examined whether exposure of BMDCs to TPHP affected the expression of the

phenotypic cell surface markers which are essential for T helper cell differentiation.
Exposure of BMDCs to cytotoxic concentrations of TPHP induced an activated
phenotype in the alive BMDCs. TPHP enhanced the expression of MHCII and the
costimulatory molecules CD80, CD86 and CD40 at the cytotoxic concentration of
250 uM (except CD40 was not increased at 100 uM) compared with DMSO
exposed BMDCs. Exposure to TPHP at lower concentrations did not show a
significant effect (Figure 2A). As described before by us 2+ and others, exposure to
HDM increases the phenotype of “steady-state” DCs into an activated phenotype
with increased MHCII and CD80, -86 and CD40 expression (compare DMSO
exposed DCs in Figure 2A vs HDM/DMSO exposed DCs in Figure 2B; P<0.01
for all parameters). In contrast with the “steady state” BMDCs, cytotoxic
concentrations of TPHP now suppressed the activated phenotype of the alive cells.
TPHP suppressed the expression of the costimulatory molecules CD80, -86 and -
40 expression while it increased the MHCII expression at 100 uM TPHP.

Effect of TDCIPP exposure on BMDCs phenotype

Although TDCIPP was similatly cytotoxic for steady state DCs as TPHP, TDCIPP
did not have any effect on the expression of MHCII and the costimulatory
molecules CD80, -86 and -40 (Figure 3A). This indicates that the change seen after
TPHP exposure was dependent on the PFR, rather than on the cytotoxicity per se.
However, when DCs were exposed simultancously to HDM and cytotoxic
concentrations (=50 uM) of TDCIPP, the expression of MHCII, CD80, CD80,
CD40 was suppressed. Again, lower concentrations of TDCIPP did not have any
effect (Figure 3B).

Effect of PFR exposure on cytokine production by BMDCs

Besides signaling via costimulatory molecules on the surface of DCs, the secreted
cytokines are involved in differentiation of T cells. After exposure of BMDCs to
incremental concentrations of PFRs (0.1-100 uM) in the presence and absence of
HDM, the level of pro-inflammatory cytokine production was analyzed in the
culture supernatant. In concordance with the activated phenotype induced by the

cytotoxic concentration of TPHP in steady-state BMDCs, the production of pro-
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inflammatory cytokine IL-6 was significantly enhanced, compared with DMSO

control in a dose dependent manner (Figure 4A). No significant differences were

observed for IL-10 production (Figure 4B). In contrast, in the supernatant of

BMDCs exposed simultaneously to the cytotoxic concentrations of TPHP and to

HDM, this increase in 1L-6 production was not seen while an increase in the

regulatory cytokine IL-10 was induced. This can indicate a shift from an activated

phenotype in HDM exposed DCs to a more tolerogenic phenotype after exposure

to TPHP.
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Although the cytotoxic concentrations of TDCIPP did not affect the
phenotype in steady state BMDCs, a slight, and not significant, increase in 1L-6
production was observed and no effect on the IL-10 production. However, in
concordance with the suppressed costimulatory molecule expression after
simultaneous exposure of HDM and the cytotoxic doses of TDCIPP, production
of IL-6 was significantly suppressed compared with HDM/DMSO exposute in a
dose dependent manner but also 1L-10 production was decreased, although this

decrease did not reach significance (Figure 5B).
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Induction of oxidative stress by TPHP and TDCIPP

HDM exposure induces oxidative stress which contributes to the pro-inflammatory
phenotype of BMDCs (Figure 6A vs 6B and Figure 2A vs 2B). To investigate
whether TPHP and TDCIPP could enhance oxidative stress, the expression of the
anti-oxidant enzyme HO-1 was determined after 7 hours of exposure to TPHP or
TDCIPP together or without HDM. Although in all cultures 100 uM of TPHP and
TDCIPP showed a trend towards an increased HO-1 expression, only the exposure
to cytotoxic concentrations (50 and 100 uM) of TPHP together with HDM induced
a significant increase in HO-1 expression compared with the control exposure
(HDM/DMSO) after 7 hours of exposure (Figure 6B). HO-1 expression was not
affected with the exposure of BMDCs to 0.1% DMSO compared with unexposed
BMDCs (data not shown). We have previously shown that the upregulation of
mRNA expression could not be detected after 24 hours (data not shown) exposure

to cytotoxic chemicals, possibly by the instable character of mRNA in dead cells.
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Figure 6. mRNA expression of anti-oxidant enzyme hemeoxigenase-1 (HO-1) gene in PFR exposed
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Discussion

This study is the first to investigate the immunotoxic effect of PFRs on DCs.
Chemical induced cell death or dysfunction can have adverse effects to the immune
system. Since PFRs are ubiquitously detected in indoor dust, inhalation of house
dust exposes the airways and the immune system to invaders in the presence of
PFRs. We analyzed the effects of two commonly detected PFRs: TPHP and
TDCIPP on viability and the immune response of murine BMDCs at both steady-
state and after exposure to HDM. Exposure of steady-state or HDM pulsed
BMDCs to 250 pM of TPHP and TDCIPP was demonstrated to be cytotoxic.
Interestingly, the effect induced by the cytotoxic concentrations of TPHP were
opposite in the “steady-state” BMDCs compared with the HDM exposed DCs. An
immunostimulatory effect was observed in the steady state BMDCs, in which
exposure to TPHP increased MHCIL, CD80, CD86, CD40 and the production of
pro-inflammatory IL.-6 but not of the regulatory cytokine I1L.-10. In contrast, in
HDM exposed DCs a suppressive effect was observed; the expression of
costimulatory molecules CD80, CD86 and CD40 was decreased while MHCII
expression and the production of the regulatory cytokine I1.-10 were increased. This
might indicate a shift towards a more tolerogenic phenotype in HDM exposed DCs.
Regulatory DCs can alleviate allergic airway inflammation in mice 27-28. TDCIPP
had a similar cytotoxicity but had no immunostimulatory effect on “steady-state”
BMDCs but also exerted an overall suppressive effect on HDM exposed DCs.
Together, our results suggest that cytotoxic concentrations of TPHP and TDCIPP
have an immunotoxic effect, but that it can have different outcomes depending on
the maturation status of the DC.

Excessive production of reactive oxygen species (ROS) can lead to dysfunction
of the cell and ultimately cell death 2°. A few studies revealed a correlation between
the toxicity of PFRs and elevated levels of oxidative stress in mammalian cells.
Schang et. al. showed that cytotoxic concentrations of PFRs such as for TPHP (=10
uM) increased production of reactive oxygen species (ROS) which affected
steroidogenesis in a murine Leyding cell model *. In addition, Dishaw et al. reported
that a 22% increase in lipid peroxidation was observed after treatment of 50 pM
TDCIPP for 24 h in PC12 cells 31. Ir vivo oral exposure of TPHP (300 mg/kg ~ 6
mg/ mouse) for 35 days has been shown to induce oxidative stress and endocrine

disruption in mice 3. In this study, we observed that 7 h exposure of BMDCs to
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the cytotoxic concentrations (=50 uM) of TPHP or TDCIPP demonstrated a trend
for an increased HO-1 expression but it only reached significance when cells were
exposed simultaneously to TPHP (=50 uM) and HDM (Fig 6AB). The cytotoxicity
might be explained by the observed increased oxidative stress after exposure to high
concentrations of these alternative flame retardants.

In our study, we compared the effect of PFRs on both steady-state and
activated DCs. DCs play a critical role in the initiation of the immune response but
also in the ongoing immune response . We showed that the cytotoxic
concentrations of TPHP had a differential effect on steady state BMDCs versus
HDM activated BMDCs, an immunostimulatory and a suppressive effect,
respectively. The induction of oxidative stress can have contributed to the different
outcomes. We have shown before that oxidative stress is associated with the
upregulation of CD80 and CD40 by DCs 3. Indeed, in” steady-state” DCs, the
cytotoxic concentration of TPHP induced oxidative stress and upregulated
costimulatory molecules. However, in HDM matured DCs, TPHP induced a two-
fold higher level of HO-1 expression compared with TPHP in the absence of HDM
but these DCs acquired a regulatory phenotype. Recently, it was shown that HO-1
expressing DCs have a regulatory phenotype with decreased costimulatory
molecules but have a unaffected MHCII expression and increased 1L-10 secretion
28, These data suggest that when DCs develop a mature phenotype after exposure
to HDM, TPHP might have a protective effect on the development of an allergic
immune response to HDM by shifting DCs towards a tolerogenic phenotype. In
support, we observed in a cohort of children a protective effect of higher levels of
TPHP in the mother’s mattress dust for the development of childhood asthma.
However, when DCs are at the border of getting activated by HDM allergens, and
are still in a “steady-state” phenotype, the simultaneous exposure to TPHP might
tip the balance towards an allergy promoting DC phenotype. The question remains
whether this modest activation by TPHP alone in comparison to the activation seen
after HDM exposure, will be sufficient to induce an allergic immune response.

In this study, we only observed immunological effects at cytotoxic doses.
Therefore, the interpretation of these results should be done with care. The
presence of many dying cells in the culture can have activated DCs because of the
release of danger associated molecular patterns (DAMPs) by dying cells. These

molecular structures which are normally contained within a cell can activate DCs
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via different receptors like Pattern Recognition Receptors %. However, the
expression of costimulatory molecules of HDM matured DCs were suppressed and
not elevated. In addition, while the TPHP exposed “steady-state” BMDCs elevated
MHCII expression, TDCIPP did not have an effect. This indicates that not only the
cytotoxic effect caused the observed immunological effects but rather another
pathway was induced by TPHP.

Many /n witro studies reporting toxicological effects of PFRs have used
concentrations in the uM range, as used in this study. The effects are often found
at concentrations that do not relate to environmental relevant concentrations. The
lower concentrations used in this study of PFRs relate to human daily exposure via
inhalation (0.1 and 1 uM relate to 130.5 -1305 ng/well for TPHP and 172.3 -1723
ng/well for TDCIPP). For example, human exposure to TDCIPP via indoor air in
Washington State has been estimated to be 102 ng day' (median) up to 1370 ng day-
! (max exposure) which was estimated to exceed the exposure via dust ingestion ©.
However, the air concentrations of PFRs may vary extremely depending on their
type and location. While TDCIPP has been reported at a level of 150 ng/m? (e.g.
1650 ng/day) in indoor air, TPHP has been measured at 47 ug/m? (e.g. 517 pg/day)
2. We were not able to detect an immunological effect on DCs at non-cytotoxic
levels. It is important to note that the translation from the experimental
concentration to a relevant iz vivo concentration is problematical because of the
phagocytosis of PFR contaminated particles by DCs, which may result in very high
intracellular concentrations of these PFRs, which could exert these
immunocytotoxic effects in real-life as well.

In conclusion, the present study demonstrates that the PFRs TDCIPP and
TPHP have an immunocytotoxic effect on the expression of MHCIIL, the
costimulatory molecules and the cytokine production of murine BMDCs at
cytotoxic concentrations. This study suggests that these alternative flame retardants

can have an effect on the immunological health in the respiratory tract.
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General Discussion

Flame retardants: risk factors for allergic asthma?

Over the past several decades, the prevalence, morbidity and severity of asthma and
allergies has increased rapidly in parallel with rapid industrial development which
has resulted in increasing exposure to diverse air pollutants introduced into our
environment - % 3. Epidemiological studies have revealed a possible correlation
between exposure to allergens in the presence of airborne chemical pollutants and
development of asthma and allergic airway symptoms % > 6 7. Allergic asthma is a
chronic inflammatory disease of the airways with an aberrant immune response to
inhaled harmless allergens such as house dust mite (HDM) allergens and the reason
of this misinterpretation has not been fully elucidated, yet °. On the other hand,
animal studies have shown adjuvant effects of exposure to outdoor and indoor air
pollutants such as diesel exhaust particles and phthalates on the immune response
to inhaled allergens by breaking inhalation tolerance 1011, Nowadays, people spend
the majority of their time in indoor environments such as homes and offices, and
the levels of some air pollutants are detected in higher concentrations indoors than
outdoors 2. Over the last decades, additive flame retardants (FRs) have become a
major indoor pollutant due to increased fire safety regulations for evolved indoor
accommodation products combined with improved thermal insulation. FRs are
likely to migrate from their products into indoor dust and inhalation of house dust
is therefore one of the main human exposure routes to FRs 1314, This implies that
inhalation of house dust results in exposure to house dust mite allergens in the
presence of FR chemicals. Brominated flame retardants (BFRs) such as
polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecanes
(HBCDs), are among the most commonly detected in indoor dust and air 1> and
their exposure via house dust has been correlated with the concentrations
determined in human serum, breast milk and adipose tissue . Due to their
persistence, bioaccumulation and adverse health effects, the production and use of
some technical mixtures of PBDEs have been phased out in Europe and US while
HBCD was listed in Annex A by the Conference of the Particles of the Stockholm
Convention on persistent organic pollutants 1718, As alternatives for the banned
PBDEs, organophosphate flame retardants (PFRs) have been proposed and their
use has rapidly increased in recent years '°. Animal studies have shown possible
health threats of exposure to both PBDEs and PFRs such as endocrine disrupting

effects, developmental neurotoxicity and carcinogenicity 2% 2. 22. However, their
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potential immunogenic role in respiratory allergic diseases via inhalation remains to
be established.

In this thesis, we mainly focused on the assessment of the potential risk of FRs
for the development of an allergic inflammatory immune response to inhaled HDM.
In HDM allergy, inhalation of harmless HDM allergens results in a T- helper 2 (Th2)
type allergic sensitization in which dendritic cells (DCs) play a central role (see
Chapter 1). For the first time, we determined the possible immunomodulatory
effects of FRs on HDM activated DCs 7 vitro and the outcome of this effect on the
immune response to inhaled HDM in mice. For this purpose, we first developed a
DC driven asthma model in which HDM pulsed bone marrow derived DCs
(BMDCs) were adoptively transferred into the airways of mice. BMDCs were
activated towards Th2 cell skewing phenotype by i vitro exposure of HDM.
Administration of HDM pulsed BMDCs to the airways of mice induced a strong
Th2 type inflammatory immune response after inhalation of HDM as seen after
exposure to HDM directly via the airways, except for a lack of antibody response.
Besides the direct activation of DCs by HDM allergens, the interplay between DCs
and airway epithelial cells is important in the induction of the HDM specific
immune response. Activation of airway epithelium by exposure to HDM induces
secretion of 11.-33, a central innate cytokine for the development of HDM-induced
airway inflammation. We showed an additional important role of 1L-33 in the
immunoglobulin response to HDM. Simultaneous administration of exogenous IL-
33 during DC transfer restored immunoglobulin production (Chapter 2). In order
to investigate the possible immunomodulating effect of the flame retardant HBCD
on the HDM induced allergic immune response, we used the DC driven asthma
model. We showed that HBCD can increase HDM induced pro-inflammatory
cytokine production by BMDCs via enhancing oxidative stress. This
immunomodulation by HBCD on DCs resulted in increased levels of Th17 cell
cytokine 1L17A but not of Th2 cytokines in the lung draining lymph nodes after
inhalation of HDM. In different mouse models for HDM allergy, direct co-
exposure of HDM and HBCD increased either IL-17A or IL-4 dependent on the
strength of the HDM stimulus. However, HBCD exposure did not contribute to
the airway hyper-reactivity or allergic airway inflammation and we concluded that
HBCD has a mild immunomodulatory role in the aberrant immune response to

HDM in mice (Chapter 3). In Chapter 4, we further explored the potential effect
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of HBCD on skewing human DCs towards a pro-inflammatory phenotype in
response to HDM allergens. While exposure of monocyte derived DCs (moDCs)
to HDM extract induced expression of CD80 and pro-inflammatory cytokines,
addition of HBCD enhanced expression of antigen-presenting molecule HLA-DR,
the co-stimulatory molecule CD86 and the pro-inflammatory 1L-8 cytokine. These
data suggest that HBCD can skew HDM-presenting DCs towards a pro-Th2
inflammatory phenotype. Since, the number of epidemiological studies which have
investigated the impact of FRs on allergic disorders like asthma are limited, in
Chapter 5, we tried to assess whether there is an association between levels of FRs
in indoor dust and development of childhood asthma by a longitudinal nested case-
control study. We selected 110 children who developed allergic asthma and selected
matched controls from a large prospective birth cohort (BAMSE, Sweden). We
determined the levels and profiles of PFRs and PBDEs in mother’s mattress dust
but no positive association was found between higher levels of both types of FRs
in dust and the development of childhood asthma. In contrast, we found lower
levels of mmp-TMPP and TPHP in mother’s mattress dust of asthmatic children.
In Chapter 6, we analyzed the effects of TPHP and TDCIPP which are two
commonly detected PFRs in indoor dust on viability and phenotype of BMDCs,
vitro. We demonstrated that exposure to high concentrations (=50 uM) of TPHP or
TDCIPP have immunotoxic effects on both “steady state” and “HDM pulsed”
BMDCs. At these cytotoxic concentrations, TPHP exposure induced an activated
phenotype in steady-state DCs, while HDM exposed DCs shifted towards a
tolerogenic phenotype. In contrast, TDCIPP exposure did not affect the phenotype
of steady state but suppressed the immunogenicity of HDM pulsed DCs. In this last
chapter, we will discuss the main findings of the previous chapters and their

limitations, and the overall conclusion of this thesis in detail.

Development of a mouse model to unravel the role of

FRs on allergic sensitization

Although epidemiologic studies are important and can provide associations between
levels of air pollutants and the development of allergic diseases and asthma, they
don’t prove causality. The use of animal models and cellular studies can provide

more insight about the effect of inhaled pollutants in different phases of the disease
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pathogenesis such as sensitization to allergens 23. Inhalation of harmless HDM
allergens can lead to allergic sensitization which is a major risk factor for the
development of allergic asthma. However, asthma is a complex multifactorial
disease and it is unlikely that a single animal model of asthma mimics all the
morphological and functional features of the developed chronic human disease. On
the other hand, we can use animals to model specific features of the disease such as
sensitization and the inflammatory response to allergens 2% As we aimed to
investigate the role of FRs in sensitization to HDM, we first had to select a suitable
model. Several factors were taken into account, such as the type of mouse strain
and the allergen, and that the model should mimic the key immunological features
of the disease. We chose Balb/c mice which are commonly used for allergy models
as they are prone to develop an IgE and Th2 response. Ovalbumin (OVA) is often
used as a model allergen for allergic airway inflammation but OVA seldomly induces
respiratory allergic symptoms in humans and requires the co-administration of an
adjuvant (like aluminium hydroxide) to induce a strong Th2 response. A natural
acroallergen like HDM, has a greater clinical relevance and is able to induce a
sufficient allergic immune response without the use of exogenous adjuvants?*.
HDM extracts contain besides allergens, like Der p 1, also components such as
endotoxin lipopolysaccharide (LPS) and possess intrinsic enzymatic activities 2°.
LPS is a strong inducer for DC activation via Toll like receptor-4 (TLR4) signaling
26, DCs are important in the initiation of the Th2 response to HDM in HDM allergy.
Therefore, we focused first on the effect of flame retardant (FR) exposure on DCs.
We used an adoptive transfer model in which iz vitro HDM pulsed DCs can be
transferred in the trachea of mice, resulting in a sensitization to HDM. This model
allowed us to expose DCs 7z vitro to FRs, and study the direct effects on DC
phenotype but also the functional consequence of these effects 7z vivo. In Chapter
2, we first optimized this model. We compared the capacity of two different HDM
extracts which differed at least in endotoxin LPS levels (low: LT-HDM or high: HT-
HDM) in the induction of the immune response to HDM. We compared the direct
exposure to HDM with the DC transfer model. Direct inhalational exposure to LT-
HDM induced a much milder airway inflammation, without antibody production
while HT-HDM induced a strong HDM specific antibody response and airway
inflammation. Although both extracts were able to induce maturation of bone

marrow derived murine DCs (BMDCs), it was much more pronounced after HT-
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HDM exposure. Both LT-HDM and HT-HDM activated BMDCs were capable of
inducing a strong Th2-mediated airway inflammation 7z vive, as seen after direct
exposure to HDM, but this was not accompanied by HDM specific IgG1 and total
IgE despite a strong I1.-4 production. To elucidate this lack of antibody production,
we investigated the role of 11.-33 in sensitization to HDM. In the allergic immune
response to HDM, the interplay between DCs and airway epithelial cells (ECs) has
been shown to be crucial for the initial response to HDM ?7. Direct administration
of HDM pulsed BMDCs into the airways bypasses direct interaction of ECs with
HT-HDM, preventing the release of innate cytokines such as 11.-33 by ECs 28. We
confirmed that direct exposure of HT-HDM but not of LT-HDM or HT-HDM
pulsed DCs to the airways induced the secretion of IL-33 ?7. Simultaneous exposure
to 1L-33 and LT-HDM pulsed BMDCs restored the production of total IgE and
HDM specific IgG1 after inhalation of HDM. This study suggests that 11.-33 can
contribute to the induction of the humoral response to HDM. Our adoptive transfer
experiment showed that increased number of DCs in the airways and increased 1L-
4 production was not sufficient for the antibody response. Therefore, we
hypothesize that the interactions between IL.-33 responsive innate immune cells
have an important role in the initiation of the allergic humoral immune response.
Other DC driven asthma models did show a humoral response but this was
followed after multiple mucosal challenges 2%-30. This is in support of our hypothesis
that direct exposure to HDM in the airways results in secretion of innate mediators
by ECs, such as 11.-33, and that this is crucial to activate an alternative pathway by
recruiting and activating innate cells, such as ILC2s, eosinophils and mast cells,
which can provide a Th2 help for B cells during secondary immune response to
inhaled HDM 28, 3L 32, However, the involvement of innate cells in the
immunoglobulin production by B cells will have to be elucidated in the future (see
figure 1).

As a Th2 type airway inflammation was achieved by sensitization to HDM in
our DC driven asthma mouse model, we used this model and also ditect HDM
exposure models to investigate the effect of co-exposure to flame retardant
hexabromocyclododecane (HBCD) and HDM on sensitization to HDM allergen in
Chapter 3.
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Figure 1. The respective roles of DCs and 11.-33 in sensitization to house dust mite (Chapter 2,
adapted from 32).

The role of HBCD on sensitization to HDM

allergens
HBCD was the second most frequently used BFR in Europe in 2001 3. Exposure

of HBCD via house dust has been correlated with its concentrations in human
serum, breast milk, and adipose tissue 16.33.34, Animal studies have showed the health
effects of HBCD exposure as endocrine disrupting and developmental
neurotoxicity 213, Inhalation of dust leads to exposure of mucosal immune system
to HDM allergens in the presence of HBCD. However, the effect of HBCD
inhalation on the allergic immune response has been investigated scarcely. In
Chapter 3 and 4, we investigated the influence of this co-exposure of HBCD and
HDM on the phenotype of DCs in mice and man, respectively. We used a
commercial grade HBCD mixture of which the stereoisomers content of «
comprised 10-13%, B comprised 1-12%, and y comprised 75-89% 33. We analyzed
the 7n vitro effects of a concentration range of HBCD in the presence or absence of

HDM on murine BMDCs in Chapter 3 and on human monocyte derived DCs
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(moDCs) in Chapter 4. We demonstrated that exposure to HBCD in the absence
of HDM enhances expression of costimulatory molecule CD86 on immature
human moDCs but not on differentiated murine BMDCs. Increased expression of
CD86 by stimulation of human DCs with HDM major allergen Der p 1 has been
associated with allergic DC phenotype 3. In addition, exposure of HDM induced
moDCs to HBCD increased not only expression of CD86 but also of antigen
presenting molecule HLA-DR and IL-8, enhancing the allergic DC phenotype
(Chapter 4). The inconsistency between human and mice BMDCs can be explained
by the state of maturation of both DC subsets. The human DCs were still in an
immature phenotype when exposed to HBCD while the murine BMDCs were yet
mature. Koike et al. demonstrated that HBCD alone can accelerate murine BMDC
differentiation by increased expression of costimulatory molecules CD80 and
CD86, when HBCD was added for the first 6 days during culture when DCs are
still immature 3. However, HBCD did increase the production of pro-
inflammatory cytokine IL-6 and IL-10 by mature HDM exposed BMDCs. We
found that the effective exposure dose of HBCD on human and mouse DCs was
210 uM in the dose response experiments (Chapter 3 and 4). In the light of these
data, we suggest in this thesis that the effect of HBCD on activation and maturation
of allergic DC phenotype is differential depending on its exposure dose, maturation
status and type of DCs, and the presence of an allergen.

In order to explore the outcome of the zz vitro effect of HBCD on BMDCs in
the immune response to inhaled HDM, we used our DC driven asthma model in
Chapter 3. Zhou et al. demonstrated that IL-6 in the presence of TGF-$ programs
Th17 differentiation 3. In concordance, we observed an increased Th17
differentiation in lung draining lymph nodes by adoptive transfer of these
HDM/HBCD exposed BMDCs into airways of naive mice and a subsequent
inhalational challenge with HDM. To confirm whether direct exposure of HBCD
in the airways would result in a Th17 response as well, we exposed mice to an
experimental relatively high dose of HBCD (5.2 pg) via the airways. A pilot
experiment with a more environmental relevant dose (100 ng) did not show an
effect. Also in this experiment, we used two different HDM extracts. LT-HDM
together with HBCD resulted in an enhanced Th17 response, while together with
HT-HDM, HBCD enhanced the Th2 response. The question remains which extract
resembles the human exposure to HDM allergens best. The HT-HDM extract is
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based on a crushed whole body extract while the LT-HDM is based on a mite spent
medium. In general, humans are exposed to the faeces of the house dust mite which
contain the mite allergens. Therefore, the mite spent medium might be more
relevant. However, the increased levels of Th17 cytokine IL-17A or IL-4 production
by HBCD exposure were both not sufficient to result in a more severe asthma
phenotype. We concluded from these studies that inhalation of HBCD has a mild
immunomodulatory effect on HDM sensitization by enhancing cytokine secretion
and it can act as an unwanted danger signal that might contribute to the aberrant

HDM induced immune response.

The role of PFRs on the development of allergic

responses and asthma

Although PFRs have been used worldwide for several decades, their use and indoor
contamination has increased rapidly due to the demand for alternatives to the
banned PBDEs % %. The phosphate backbone is an important characteristic of
PFRs, which they share with organophosphate-based pesticides that have been
associated with exacerbations in allergic asthma 4. Interestingly, an epidemiologic
study in Japan revealed an association between increased concentrations of PFRs in
house dust and allergic disorders 1. We questioned whether the higher prevalence
of asthma in children compared with adults might be related to their increased
exposure to PFRs via dust, due to their increased contact with dust 2. For the first
time, we investigated the possible association between increased concentrations of
PFRs in mother’s mattress dust and the development of childhood asthma in
Chapter 5. We selected 110 children who developed asthma at 4 or at 8 years old
and 110 matched controls from a large prospective birth cohort from Sweden. We
analyzed the levels of 7 PFRs and 21 PBDEs in the mother’s mattress dust and
found that Tris(2-butoxyethyl) phosphate (TBOEP) was the most abundant one
followed by Triphenylphosphate (TPHP), meta- meta para-tricresylphosphate
(mmp-TMPP) and Tris(1,3-dichloroisopropyl) phosphate (TDCIPP) followed by
BDE-209, -99, -47, -153, -183 and -100 in the mattress dust. However, we did not
find an association between higher levels of FRs in the mattress dust and the
development of childhood asthma. In contrast, we observed a negative association
with the levels of TPHP and mmp-TMPP and childhood asthma. After adjustment
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for the age of the house, there was no significant difference in mmp-TMPP anymore
between asthmatic and control children. In concordance, Araki et al. showed an
association with TNBP, which we did not determine in our dust samples, in floor
dust and asthma in Japan but not for the other PFRs which were analyzed in our
study 4. Adjustment for the housing and mattress characteristics did not change
this outcome. Although the detected PFR levels in our study were comparable with
the PFR profile in either mattress dust in New Zealand or floor dust in Belgium 43,
much higher levels of PFRs are reported in floor dust in Japan, USA, and Germany
and for settled dust in Sweden 4144540 The assessment of the risk of exposure to
PFRs for development of childhood asthma might be different in countries with a
higher PFR levels in dust. On the other hand, the contribution of exposure to PFRs
via mattress dust to the total exposure including inhalation and unintended ingestion
of floor dust and diet is not known in our study and no reports are available to make
a valid estimation. It was interesting that many FRs were detected in mattress’ dust,
also FRs that have a source outside the bed, like lacquers, and were associated with
the age of the house. The finding that the FR profile was similar to floor dust,
indicates a cross-contamination of dust. The additional exposure via different
exposure routes (air, skin, diet) and the complexity of dust mixtures containing
different chemicals, potential allergens and endotoxins which can all be associated
with the development of asthma 1247 might have hampered the analysis of the effect
of PFRs in mattress’ dust. These factors could not be adjusted for in our study.
Although, there is evidence, albeit limited, that concentrations of certain PFRs in
mattress dust correlate with the levels in corresponding floor dust samples, we were
not able to confirm this in our cohort due to collection of only mothet’s mattress
dust around time of birth. However, the observed PFR profile in our study was
similar to reported values for floor dust in several countries. Our study suggests that
mmp-TMPP and TPHP might have a protective rather than potentiating effect on
the development of childhood asthma but this association should be confirmed in
other cohortts, preferably in another source of dust from another country.
Inhalation of house dust exposes the airways and the immune system to
invaders in the presence of PFRs settled in indoor dust and air. Thus, in Chapter
6, we investigated the possible immunological effects of common PEFRs, especially
the protective effect of TPHP in Chapter 5. In addition, we also investigated a
chlorinated PFR TDCIPP, which was present in almost all dust samples (91%)
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analyzed in the cohort. Recently, total intake of chlorinated PFRs such as TDCIPP
via inhalation has been estimated to exceed intake via dust ingestion '* and the
concentration of TDCIPP in house dust has been correlated with its metabolite
concentrations in human urine . We compared the effect of PFRs on both steady-
state and HDM activated BMDCs. High concentrations of (=50 uM) TPHP and
TDCIPP were cytotoxic. Excessive production of reactive oxygen species (ROS)
can lead to dysfunction of the cell and ultimately cell death 4. In support of this, we
observed that exposure of BMDCs to the cytotoxic concentrations (=50 uM) of
TPHP or TDCIPP demonstrated a (trend for) increased oxidative stress. We only
observed changes in DC phenotype after exposure to cytotoxic concentrations of
PFRs. Interestingly, TPHP shifted HDM exposed DCs towards a tolerogenic
phenotype, with low costimulatory molecule expression but high MHCII and
increased secretion of 1L-10. TDCIPP suppressed both MHCII and costimulatory
molecules as well as cytokine expression. This might be in support of the protective
association we observed of higher TPHP concentrations in dust and the
development of childhood asthma. However, TPHP had a stimulatory effect in
steady state DCs while TDCIPP did not show any effect. This study showed that
only cytotoxic concentrations had a immunomodulating effect, but these results
should be interpreted with great care because the presence of dying cells might have
caused an artificial danger signal. The differential effect of TPHP might be
dependent on the maturation status of DCs, as seen before in the HBCD studies,
or might be dependent on the level of oxidative stress. In HDM exposed DCs the
level of oxidative stress induced by exposure to TPHP was two-fold higher
compared to the oxidative stress induced in steady state DCs. However, since the
similar cytotoxicity of TDCIPP and similar level of oxidative stress did not result in
the same immunological effects, it is likely that another mechanism is involved. This
needs to be elucidated in future experiments.

Overall, we demonstrated in this thesis that the immunomodulating effects of
tested FRs such as HBCD (Chapters 3 and 4) and PFRs (Chapter 6) on DCs ate
modest and depend on the type and exposure concentration of the FR, presence of

an allergen and the maturation status of exposed DCs (Figure 2).
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Figure 2. Overview of the immunomodulating effects of tested FRs on DCs in this thesis.

The debate of effective exposure dose for FRs:

environmental vs experimental

In a life time, people are continuously exposed to a variety of chemical
contaminants and via different exposure routes. The dose and combination of
chemicals to which humans and the environment are continuously exposed is
potentially enormous, continuously changing in concentration and identity and are
still to a large extent unknown. To mimic human exposure dose of environmental
chemicals in a time limited experimental dose is a challenge and is problematic due
to this complex real-life conditions. Another layer of complexity is added because
even the real-life human exposure is not known and can only be estimated at best.
The body burden to environmental chemicals, including FRs, are based upon
assumptions about the contribution via different exposure routes and detected
concentrations in indoor dust or food or by data obtained via human biomonitoring,.
In addition, the measured concentrations of FRs vary greatly by location and

environmental matrix (see Table 2 in Chapter 1).

Abdallah et. al. made estimates of HBCD exposure in human by air, ingested

dust and diet. The total average exposure is estimated to be 549 ng/day, while a
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high exposutre was estimated to be 2021 ng/day 1. In Chapter 3, our experimental
dose for direct exposure to HBCD directly into the airways of mice was 5.2 ug, and
was applied twice. Compared to the human exposure via inhaled air, our
experimental dose greatly exceeds this dose. As our preliminary data showed that a
52-fold lower concentration of HBCD did not affect the outcome of the measured
immunological parameters, this high dose was needed to show an effect. Also, the
acknowledged endocrine disrupting effects of HBCD has been demonstrated in a
28-day oral dose toxicity study in rats in which 1.6 mg/kg/day of HBCD showed
an effect as the increase of thyroid weight being the most sensitive parameter .
Although the route of application is different, this dose clearly exceeds our 5.2 ug
HBCD exposure administered via the airways which was applied only twice instead
of twenty-eight times. The question remains how we should interpret these findings.
Does it show a mechanism that could occur after a life-long exposure to an
environmentally relevant dose or is it an effect that will not occur in real-life because
these high concentrations are not likely to be met? Many immunological pathways
are discovered in models in which irrelevantly high doses of allergen are used to
mimic the allergic response in mice. For example, the concentration of HDM (100
ug) used in our allergy model, which is inducing all characteristics of allergic asthma,
has the same drawback. Humans are exposed continuously to low levels of HDM
allergens instead of an acute high dose HDM. Nevertheless, this is considered to be
a well validated model to study the immune response to HDM. Therefore, we
decided to use this experimental model with high doses to investigate for the first
time 7 vivo whether HBCD has the potential to modulate the immune response to
HDM. Nevertheless, 7z vitro potentiating effects were only observed when steady
state or HDM pulsed DCs were exposed to the high but non-cytotoxic
concentrations of HBCD (10-20 uM). In contrast, only high cytotoxic
concentrations of PFRs (=50 uM) affected immunogenicity of DCs suggesting
differential effects of individual FRs on function of DCs depending on their
exposure dose. We observed no immunomodulating effects of HBCD or PFRs at
lower levels in dose response experiments. Together, this indicates that an
experimental high exposure dose was needed to demonstrate the
immunomodulatory effects of FRs in our models.

The question is whether DCs will ever be exposed to a similar concentration as

in our in vitro models in real-life. In recent years, FR coated nanoparticles are used
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in textiles as alternatives to the traditional FRs in order to improve the thermal
stability and flame retardation of polymers °l. As these nanoparticles are
phagocytosed by DCs, the intracellular concentration of these FRs might become
very high, possibly able to exert their immunomodulating effects in real-life as seen
in our experiments. As FRs are hydrophobic chemicals and much of them are able
to bind experimental plastic equipment, the exact amount of FRs taken up by DCs
in a plastic culture dish remains unclear. However, the 7z vitro effects of FR coated
nanoparticles on DCs should be investigated in future experiments which might be

more informative about their immunomodulating effects on DCs.

Mild effects of individual FRs: are they completely

innocent?

Although we showed either immunogenic or suppressive effects of tested FRs on
HDM induced DCs, the outcome of their effects in the immune response to inhaled
HDM was modest and was not clinically relevant. As most of the human risk
assessment of chemicals, we also focused on the exposure to an individual FR,
considering only one single route (via inhalation) and one single source (dust). This
strategy could limit our study to assess the immunologic effects of FRs since they
are present in the environment as mixtures from multiple sources and humans are
exposed to them from multiple routes. Kienzler et. al. postulated a mixture
assessment strategy as either “combined” exposure which is defined as the exposure
to multiple chemicals by a single route or multiple routes or an “aggregate” exposure
which is defined as exposure to a single chemical from multiple sources, pathways
and routes 2. We also postulate that exposure of the airways to a FR mixture (and
even non-FR chemicals) via inhalation of house dust might have a stronger
potentiating effect on the development of immune response to inhaled HDM. In
concordance, exposure of human peripheral blood mononuclear cells to the
commercial Penta-BDE FR mixture DE-71 at potentially human relevant doses has
been shown to enhance LPS (HDM also are a source of endotoxin) induced
production of pro-inflammatory cytokines IL.-18, IL-6, CXCLS, IL-10, and TNF-c.
However, the consequences of this immunomodulating effect on the immune
response zz vivo have not been elucidated 3. In addition to the presence of

ubiquitous diverse FRs in indoor dust, house dust is known as a complex mixture
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of other indoor pollutants including radiation (e.g., radon gas), biological
contaminants (e.g., bacteria, molds, viruses, allergens, dust mites), chemical
contaminants (e.g., pesticides, metals, flame retardants, plasticizers), combustion
products (e.g., environmental tobacco smoke, carbon monoxide, nitrogen dioxide)
and others °>* This indicates that humans are exposed to several diverse
contaminants via unintended ingestion and inhalation of house dust. As we even
observed differential effects of exposure to individual FRs on the activation of DCs
in vitro (Chapter 3 and 4 vs 0), it is likely that the cumulative effect of exposure of
humans to this house dust mixture on the immune response to allergens can be
more pronounced but is also likely to depend on the exposure route, the location
and exposure dose in real-life. Although we found the contribution of FRs to the
sensitization to HDM which is a strong risk factor for development of allergic
asthma is limited, other health treats due to FRs such as developmental
neurotoxicity and endocrine disruption have been well demonstrated (Chapter 1).
On the other hand, it is important to note that the endotoxin LPS, which is present
in the commonly used HDM extract, is a strong danger signal that can convey a
possible effects of FRs during experimental co-exposure 2. In support of this, we
observed that direct exposure of HBCD and HDM allergens to the airways of mice
boosted the IL-17A production as seen in the DC driven asthma model, but only
when a HDM extract was used which was low in endotoxins (Chapter 3). However,
our findings in this thesis are important to assess the risk of FRs for the
development of allergic immune response. The number of studies which have
investigated the potential immunomodulating effects of FRs are limited. As many
of these FRs are persistent in the environment, are bio-accumulative in human
matrices and toxic to animals and humans, the production and use of hazardous
FRs for human health such as penta- and octa-PBDEs have been phased out in US
and Europe (Chapter 1). However, the safety of FRs for human health is a dilemma
because these effective FRs are also required in consumer products to meet fire
safety standards indicating their lifesaving role from fire. Thus, it is important to
discover new alternative FRs of which exposure is safer for human health. To assess
this will be a great challenge. In Chapter 5 and 6, we showed that the tested PEFRs,
which are in use as alternative to banned FRs, do not associate with the development
of childhood asthma and do not have a pro-inflaimmatory effect for HDM

sensitization at human relevant dose exposure.
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Concluding remarks

This thesis addressed the potential risk of exposure to FRs as indoor pollutants in
the development of immune response to HDM allergens. HDM allergy and
exposure to indoor air pollutants have both been associated with the development
of respiratory allergic diseases, like asthma of which increased prevalence over the
past decades could not be explained by the genetic predisposition. We hypothesized
that FRs could alter the immune response to HDM by environmental co-exposure.
For this purpose, we developed 7 vitro assays and in vivo murine models to test the
immunomodulating effects of commonly detected FRs in house dust and human

samples. The main findings in this thesis are summarized below:

1. We used a DC driven allergic asthma model in mice to investigate the effect of
FRs on sensitization to HDM. We demonstrated an important role for I1.-33 in the
immunoglobulin response to HDM (Chapter 2).

2. Flame retardant HBCD enhanced HDM induced IL-6 production in BMDCs by
inducing oxidative stress 2 vifro resulting in an increased Th17 cell immune response
to inhaled HDM 7z vivo (Chapter 3). In addition, simultaneous exposure of HDM
and HBCD enhanced HDM induced activation of human monocyte derived DCs
towards an allergic phenotype, 7z vitro (Chapter 4).

3. The levels and profiles of PFRs and PBDEs FRs in mothet’s mattresses dust
from a birth cohort in Sweden were determined. In this nested case-control study
with 110 asthmatic children, no positive association was observed between the
development of childhood asthma and higher concentrations of PFRs and PBDEs
in dust. In contrast, significant lower levels of PFRs TPHP and mmp-TMPP were
found in the dust collected from mattresses of the mothers of asthmatic children
(Chapter 5). In addition, TPHP induced a regulatory phenotype in HDM exposed
DCs. TPHP exposure increased MHCII expression and IL.-10 production but

decreased costimulatory molecule expression in HDM exposed DCs (Chapter 06).

In conclusion, the few IRs we investigated showed a modest
immunomodulating effect on sensitization to HDM allergens depending on their
type and dose, maturation status of DCs and presence of allergens. These studies
warrant the need to investigate the effect of different FR profiles in dust on the

immune response to HDM in further detail.
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Summary

Background

The rapid increase in the prevalence of the allergic respiratory diseases such as
asthma and allergic rhinitis, especially in Western countries, over the past 60 years
has resulted in many studies aiming to elucidate the risk factors. It has been
recognized that our changed life style and hygiene status are involved in this
increase. Sensitization to allergens derived from house dust mite (HDM) is a strong
risk factor for the development of allergic asthma. However, the underlying
mechanisms for this immune system disorder is complex and the risk factors are
multiple, but contribute in one way or another to an aberrant immune response to
harmless HDM allergens. During the last decades, many diverse chemicals have
been introduced into the indoor environment. Combined with the increasing time
spent indoors such as homes and offices, this enhances the exposure to these indoor
chemicals. Epidemiologic and animal studies have suggested an increased risk for
the induction of allergies and asthma after exposure to allergens in the presence of
chemical pollutants, such as perfluorooctanesulfonate and phthalates which reside
in indoor air and dust. Since the 1960s, flame retardants (FRs) have become a major
indoor pollutant. FRs are added to consumer products to meet fire safety
regulations but accumulate in house dust. Brominated flame retardants (BFRs) such
as polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecanes
(HBCDs) are the most commonly detected FRs in indoor dust and air and correlate
with the concentrations detected in human samples. Due to their persistence,
bioaccumulation and toxic effects, penta- and octaBDEs were removed from the
European markets. However, the fading out of BFRs will take several decades, as
many consumer goods were produced before this ban and will continue to be a
source of FRs. As alternatives, organophosphate flame retardants (PFRs) have been
proposed and their use has rapidly increased in recent years. An important route of
exposure to FRs is via inhalation of house dust. This implies that inhalation of house
dust exposes the airways to HDM allergens in the presence of FRs. Environmental
co-exposure of allergen and air pollutants has been implicated to play a role in
skewing the immune system towards an inflimmatory immune response against
harmless allergens breaking inhalational tolerance. Airway dendritic cells (DCs) play

a central role as antigen presenting cells in the initiation of an appropriate immune
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response to inhaled antigens. DCs are capable of sensing inhaled allergens which
will induce upregulation of costimulatory molecules and secretion of cytokines in
order to differentiate naive T cells into a specific subset of effector T cells. In HDM
allergy, an aberrant T helper 2 (Th2) type inflammatory immune response is induced
against harmless HDM allergens. The underlying mechanisms involved in the
misinterpretation of the allergen by the immune system have not yet been elucidated
(Chapter 1).

In this thesis, we addressed for the first time whether there is a contribution of
FRs to the development of the allergic immune response to house dust mite
allergens. For this purpose, we developed 7 vitro assays to test the effects of FRs on
activation of DCs and used a DC-driven allergic airway inflammation model in mice
to explore the consequences of this effect on the immune response to inhaled
HDM.

In Chapter 2, we optimized the DC driven allergic airway inflammation model
in comparison to direct exposure of HDM in the airways. In this model, HDM
pulsed DCs are adoptively transferred into the airways of mice without direct
contact between HDM allergens and the epithelium. The innate cytokine 1L.-33,
released by HDM exposed epithelial cells, activates airway DCs which consecutively
prime allergen specific Th2 cells. We studied the respective roles of DCs and the
innate cytokine 11.-33 in the sensitization to HDM. This revealed an important role
for IL-33 in the induction of immunoglobulin response after inhalation of HDM.
HDM pulsed DCs were able to drive a strong Th2-mediated airway inflammation
to HDM, as seen after direct exposure to HDM, but this was not accompanied by
the allergen specific humoral response. Addition of free HDM was not sufficient to
induce antibody production. Only when IL-33 was simultaneously administered
with HDM pulsed DCs, HDM specific IgG1 and total IgE were induced. We
demonstrated that HDM pulsed DCs were sufficient to drive a strong Th2 cell
response leading to airway inflammation but that I1.-33 was needed to induce a

specific antibody response.

The role of flame retardants in the allergic response to

inhaled allergens

To investigate the potential immunomodulating effect of co-exposure to HBCD

and HDM on the HDM induced allergic immune response, we used the DC driven
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allergic asthma model. In Chapter 3, we showed that simultaneous exposure of
murine DCs to HBCD and HDM increased the pro-inflammatory cytokine IL-6
production via enhancing oxidative stress. This immunomodulation by HBCD on
DCs resulted in increased levels of Th17 cell cytokine IL17A but not of Th2
cytokines in the lung draining lymph nodes after inhalation of HDM. In a different
model for HDM allergy, direct co-exposure of HDM and HBCD in the airways
increased either IL-17A or IL-4 depending on the HDM extract used. However,
HBCD exposure did not enhance the airway hyper-reactivity or allergic airway
inflammation. These data suggest that although the overall effect is modest, HBCD
can act as an unwanted danger signal that might contribute to the aberrant immune
response against HDM.

In order to address whether HBCD has an immunomodulating effect on
human DCs too, in Chapter 4, we explored the potential effect of HBCD on
skewing human monocyte derived DCs (moDCs) towards a pro-inflammatory
phenotype in response to HDM allergens. Exposure of moDCs to HDM extract
induced expression of CD80 and pro-inflammatory cytokines, which has been
associated with the response in non-HDM-allergic individuals. A simultaneous
exposure to HBCD and HDM enhanced the expression of the antigen-presenting
molecule HLA-DR, the co-stimulatory molecule CD86 and the pro-inflammatory
IL-8 cytokine, which has been associated with the response of HDM allergic
individuals. These data suggest that HBCD can skew HDM-presenting DCs
towards a pro-Th2 inflammatory phenotype.

The epidemiological studies which have investigated the impact of FRs on
asthma are very limited. In Chapter 5, we investigated the levels of FRs in indoor
dust and development of childhood asthma in a longitudinal nested case-control
study. We selected 110 children who developed allergic asthma and 110 matched
controls from a large prospective birth cohort (BAMSE, Sweden). We determined
the levels and profiles of 7 PFRs and 21 PBDESs in mother’s mattress dust samples
collected around the time of birth but no positive association was found between
higher levels of the determined BFRs or PFRs in dust and the development of
childhood asthma. In contrast, we found a protective association; the levels of
mmp-TMPP and TPHP were increased in mother’s mattress dust samples of the

matched controls compared with the children with allergic asthma.
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In Chapter 6, we analyzed the effects of TPHP and TDCIPP which are two
commonly detected PFRs in indoor dust on the viability and phenotype of BMDCs,
in vitro. We demonstrated that exposure to high concentrations (=50 uM) of TPHP
or TDCIPP have immunotoxic effects on both steady state and HDM pulsed
BMDCs. No effects were observed with lower concentrations. The immunotoxic
effects were different for both PFRs and dependent on the maturation status of the
DCs. TPHP exposure activated steady-state DCs but TDCIPP did not have an
effect. In matured HDM exposed DCs, TPHP shifted the phenotype towards a
tolerogenic phenotype with an increased MHCII expression and an increased 1L-10
secretion, a decreased costimulatory molecule expression, while TDCIPP exposure
suppressed the expression of the surface markers and the cytokine secretion of
HDM exposed DCs.

Conclusion

Although risk assessment studies for health treats of exposure to FRs have revealed
endocrine disrupting effects, carcinogenicity and neurotoxicity, no study has
investigated the potential effects of FRs on the development of HDM allergy and
allergic asthma. Inhalation of house dust exposes the airways to allergens in the
presence of indoor pollutants. For the first time, we investigated the potential risks
of FRs for the development of allergic immune response to HDM by diverse
multiple methodological perspectives including 7z vitro exposure assays, i vivo
murine models and an epidemiological study. We demonstrated that HBCD has a
mild immunomodulating effect on sensitization to HDM in mice while it enhances
HDM induced maturation and activation of human DCs towards an allergic
phenotype. An 7 vitro study with DCs exposed to TDCIPP or TPHP showed
immunotoxic effects at cytotoxic concentrations. Investigating concentrations of
PFRs and BFRs in mothet’s mattress dust samples did not reveal an association
between certain FR profiles or increased concentrations of individual FRs and the
development of childhood asthma.

This thesis suggests that exposure to individual FRs can have different effects
on sensitization to HDM depending on the exposure dose and type of PR,
maturation status of the DCs and the presence of allergens. The contribution of a
FR profile to the development of allergic immune responses to HDM allergens in

mice and human needs to be established in future studies.
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Achtergrond

De prevalentie van allergische luchtwegaandoeningen zoals astma en hooikoorts,
met name in de westerse samenleving, is gedurende de laatste 60 jaar sterk
toegenomen. Dit heeft geleid tot vele studies die gericht waren op het identificeren
van risicofactoren. Het is bekend dat onze veranderde levensstijl en verbeterde
hygiéne status een rol hebben gespeeld in deze toename. Sensitisatic tegen
allergenen van de huisstofmijt (HSM) is een sterke risicofactor voor het ontwikkelen
van allergisch astma. De onderliggende mechanismen voor deze immuunziekte zijn
complex en er zijn vele risicofactoren, die op één of andere manier bijdragen aan de
afwijkende immuunrespons op de in principe “onschuldige” huisstofmijtallergenen.
Gedurende de laatste decennia zijn er vele verschillende soorten chemicalién in onze
leefomgeving geintroduceerd. Samen met het feit dat we steeds meer tijd
binnenshuis doorbrengen, zowel thuis als op kantoor, heeft dit de blootstelling aan
deze chemicalién sterk verhoogd. Zowel epidemiologische als dierexperimentele
studies suggereren dat er een verhoogd risico is op het ontwikkelen van allergieén
en astma na blootstelling aan allergenen in de aanwezigheid van sommige chemische
verontreinigende stoffen, zoals perfluoroctaansulfaat en phthalaten. Deze zijn
aanwezig in de lucht binnenshuis en in huisstof. Sinds de jaren zestig zijn
vlamvertragers een belangrijke verontreiniger geworden van het binnenhuismilieu.
Vlamvertragers worden toegevoegd aan consumentengoederen zodat ze voldoen
aan brandveiligheidseisen. Zij hopen zich vervolgens op in huisstof. Gebromeerde
vlamvertragers  zoals  polygebromeerde  difenyl ethers (PBDEs) en
hexabromocyclododecanen (HBCDs) zijn de meest gemeten vlamvertragers in
zowel lucht als stof binnenshuis. Concentraties gemeten in lucht en stof correleren
met die in humane monsters. Door hun persistente karakter, bioaccumulatie en
toxische effecten zijn penta- en octaBDEs inmiddels verboden op de Europese
markt. Desondanks zal het nog enige decennia duren voordat deze stoffen compleet
verdwenen zullen zijn uit het (binnenhuis)milieu. Veel consumentengoederen zijn
geproduceerd voor het verbod op deze stoffen en zullen nog enkele decennia
meegaan en zo een bron van deze stoffen blijven vormen. Als alternatief voor deze
vlamvertragers, zijn organofosfaatvlamvertragers geintroduceerd. Het gebruik ervan

is sterk gestegen in de afgelopen jaren. Een belangrijke blootstellingsroute aan
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vlamvertragers is via de inademing van stof. Dit brengt met zich mee dat de
luchtwegen worden blootgesteld aan allergenen afkomstig van huisstofmijten in de
aanwezigheid van vlamvertragers. Deze blootstelling van allergenen in de
aanwezigheid van milieuverontreinigende stoffen zou bij kunnen dragen aan het
ontsporen van het immuunsysteem richting een allergische respons na blootstelling
aan deze in principe onschuldige allergenen. Dendritische cellen (DCs) in de
luchtwegen spelen als antigeen presenterende cellen, een centrale rol in de initiatie
van de allergische immuunrespons op ingeademde allergenen. DCs zijn in staat om
op allergenen te reageren door binding aan hun receptoren, wat kan leiden tot een
upregulatie van costimulatoire moleculen en de uitscheiding van cytokines. Dit kan
ongedifferentieerde T cellen laten ontwikkelen tot een specifieke subset binnen de
effector T cellen. In huisstofmijt allergie, treedt er een ongewenste respons van type
2 helper T cellen op tegen de onschuldige huisstofmijtallergenen. De onderliggende
mechanismen die betrokken zijn bij de misinterpretatie van deze allergenen door
het immuunsysteem zijn nog niet volledig opgehelderd (Hoofdstuk 1).

In dit proefschrift, hebben we voor de eerste keer onderzocht of er een bijdrage
is van de blootstelling aan vlamvertragers aan de ontwikkeling van een allergische
immuunrespons op huisstofmijtallergenen. Om dit te onderzoeken, hebben we 7
vitro systemen gebruikt om de directe effecten van vlamvertragers op DCs te kunnen
bepalen. We hebben ook een 7z wvivo model gebruikt waarin deze DCs in de
luchtwegen toegediend werden om de consequenties van de zz vitro effecten op de
uiteindelijke immuunrespons op ingeademde HSM allergenen te onderzoeken.

In hoofdstuk 2, hebben we eerst het 7z wvivo DC gedreven allergische
immuunrespons model geoptimaliseerd in vergelijking met directe blootstelling aan
HSM (extract) in de luchtwegen. In dit model worden HSM gepulsde DCs
toegediend in de luchtwegen van muizen waardoor directe blootstelling van het
epitheel met HSM vermeden kan worden. Het cytokine interleukine (IL-) 33 dat
onderdeel is van het aangeboren immuunsysteem, wordt uitgescheiden door
epitheel dat in direct contact met HSM is. Dit cytokine activeert vervolgens
luchtweg DCs die vervolgens in staat zijn om T cellen te laten ontwikkelen tot Th2
cellen. We hebben de onathankelijke rollen van DCs en van 11.-33 in de sensitisatie
voor HSM onderzocht. Dit liet een belangrijke rol voor 1L-33 in de ontwikkeling
van de antilichaamrespons zien na inademing van HSM extract. HSM gepulsde DCs

waren in staat om een sterke Th2 respons en een allergische luchtwegontsteking op
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te wekken na een blootstelling aan HSM extract, zoals ook gezien wordt na directe
herhaalde blootstelling aan HSM extract in de luchtwegen. Echter, een groot
verschil was dat de antilichaam respons niet opgewekt werd. Toediening van HSM
extract, naast de HSM gepulsde DCs, was niet voldoende om een antilichaam
respons op te wekken. Alleen wanneer er tegelijk met de HSM gepulsde DCs 11.-33
toegediend werd, ontwikkelde de muizen een HSM specificke IgG1 en een totaal
IgE respons. We toonden aan dat HSM gepulsde DCs voldoende waren om een
sterke Th2 respons te laten ontwikkelen maar dat IL-33 onmisbaar was voor de

antilichaamrespons.

De rol van vlamvertragers in de allergische respons op

ingeademde allergenen

Om de potentiéle immunomodulerende werking van de blootstelling aan allergenen
met vlamvertragers op de immuunrespons op HSM te onderzoeken, gebruikten we
het DC gedreven allergisch inflammatie model. In Hoofdstuk 3, toonden we aan
dat gelijktijdige blootstelling van muizen-DCs aan HBCD en HSM de productie van
het ontstekingsbevorderende cytokine IL.-6 verhoogde, via het versterken van de
oxidatieve stress. Deze immunomodulatie door HBCD van DCs resulteerde in
verhoogde concentraties van de Th17 cytokine 11.-17A maar niet van Th2 cytokines
in lymfeklieren van de long na inademing van HSM. In een ander model voor HSM
allergie, directe blootstelling van de luchtwegen aan HSM met HBCD resulteerde in
een verhoogd IL-17A productie of van een verhoogde 1L-4 productie. Dit was
afhankelijk van het HSM extract dat gebruikt werd. Maar de gelijktijdige
blootstelling aan HBCD verergerde niet de luchtweghyperreactiviteit of de maat van
de allergische luchtweginflaimmatie. Deze data geven aan dat het algehele effect vrij
bescheiden is maar dat HBCD wel als een extra alarmerend signaal kan werken,
hetgeen bij kan dragen aan de ongewenste immuuntespons tegen HSM.

In Hoofdstuk 4 hebben we het fenotype van DCs, die uit humane monocyten
waren gekweekt (moDCs), geanalyseerd na blootstelling aan HBCD en HSM.
Blootstelling van moDCs aan een HSM extract verhoogde de expressie van CD80
en de productie van pro-inflammatoire cytokines, dit komt overeen met het
fenotype dat eerder aangetoond is in niet-HSM-allergische individuen. Een
gelijktijdige blootstelling aan HBCD en HSM versterkte de expressie van het

antigeen presenterende molecuul HLA-DR, het costimulatoire molecuul CD86 en
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het pro-inflammatoire cytokine IL-8. Dit fenotype is geassocieerd met HSM allergie.
Deze data lieten zien gelijktijdige blootstelling aan HBCD de HSM presenterende
DCs veranderde in een pro-Th2 inflammatoir fenotype.

Er zijn erg weinig epidemiologische studies die de invloed van vlamvertragers
op astma hebben onderzocht. In Hoofdstuk 5 hebben we onderzocht of er een
relatie bestond tussen de concentraties vlamvertragers in huisstof en de
ontwikkeling van jeugd astma in een longitudinaal “nested case-control” studie. We
hebben 110 kinderen geselecteerd die astma ontwikkelden tijdens hun jeugd en 110
passende controles uit een groot prospectief geboortecohort (BAMSE, Zweden).
We hebben zowel de concentraties als de vlamvertragerprofielen bepaald. Dit is
gedaan door 7 verschillende organofosfaat vlamvertragers en 21 PBDEs te bepalen
in stof dat verzameld is van de matrassen van de moeders vlak na de geboorte. Er
werd geen positieve associatie gevonden tussen hogere concentraties vlamvertragers
en de ontwikkeling van jeugd-astma, maar een beschermende werking. De
concentraties mmp-TMPP en TPHP waren verhoogd in de matrasstof van moeders
van de gezonde controle kinderen in vergelijking met de kinderen die astma
ontwikkelden.

In hoofdstuk 6 hebben we 7 vitro de effecten van TPHP en TDCIPP, twee
veel voorkomende vlamvertragers in huisstof, op muizen-DCs (gekweekt uit
beenmerg) bestudeerd. We hebben de mate van geinduceerde celdood en het effect
op het fenotype bestudeerd. We hebben aangetoond dat een blootstelling aan hoge
concentraties (250uM) TPHP of TDCIPP resulteerde in immunotoxische effecten
in zowel “steady-state” DCs als van HSM gepulsde DCs. De immunotoxische
effecten verschilden per vlamvertrager en waren afhankelijk van de maturatie van
de onderzochte DC. TPHP veroorzaakte activatie in de “steady-state” DCs terwijl
TDCIPP geen effect liet zien. In geactiveerde HSM gepulsde DCs veranderde
TPHP het fenotype in de richting van een regulatoire DC met een verhoogde
MHCII expressie en een verhoogde IL-10 productie terwijl de costimulatoire
moleculen verminderd tot expressie kwamen. Blootstelling aan TDCIPP verlaagde
de expressie van alle gemeten oppervlakte markers en verlaagde de algehele cytokine

productie door HSM gepulsde DCs.
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Conclusie

Ondanks dat risico-analyse studies naar gezondheidseffecten van blootstelling aan
vlamvertragers endocriene verstoringen, kankerverwekkende effecten en
neurotoxiciteit noemen, is er nooit onderzoek gedaan naar de mogelijke bijdrage
van vlamvertragers op HSM allergie en allergisch astma. Inademing van huisstof
stelt de luchtwegen bloot aan allergenen in de aanwezigheid van verontreinigende
stoffen uit het binnenmilieu. Voor de eerste keer, hebben we het potentiéle risico
van vlamvertragers voor de ontwikkeling van een allergische immuunrespons tegen
HSM allergenen onderzocht. We hebben dit gedaan vanuit verschillende
perspectieven, we hebben gebruik gemaakt van 7 vitro onderzoek, in vivo onderzoek
in muizen en een epidemiologische studie. We toonden aan dat HBCD een
bescheiden immunomodulerend effect heeft op de sensitisatie tegen HSM in
muizen en dat het in DCs van mensen de activatie door HSM versterkt, in de
richting van een allergisch fenotype. Een i vitro studie met DCs van muizen liet
immunotoxische effecten zien, maar alleen met cytotoxische concentraties. Het
onderzoek naar de concentraties vlamvertragers in stof verzameld van de matrassen
van moeders van kinderen die astma ontwikkelden, liet geen associatie zien met
bepaalde vlamvertrager profielen of met verhoogde concentraties van individuele
vlamvertragers en de ontwikkeling van astma in de kinderjaren.

Dit proefschrift laat zien dat de blootstelling aan individuele vlamvertragers
verschillende milde effecten kan hebben op de sensitisatie voor HSM allergenen.
Dit hangt af van de blootstellingsconcentratie, het type vlamvertrager, de maturatie
status van de DC en de aanwezigheid van allergenen. De bijdrage van een compleet
vlamvertragerprofiel aan de ontwikkeling van een allergische respons op HSM

allergenen in muizen en mensen zal nog verder onderzocht moeten worden.
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