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General Introduction




Chapter 1

The immune system

Humans live in intimate community with thousandsro€robial species that are inhaled,
swallowed, or inhabit our skin and mucous membralmefact, the human body contains
10-fold more bacteria than human ckli§he vast majority of microbes do no harm and
actually benefit human health in many ways, inclgdidevelopment, nutrition, and
protection against dise&#se However, some microorganisms are highly pathageni
capable of causing severe infection. The human inemaystem has evolved to allow us
to live in symbiosis with these microbes. The misks of the immune system are to
discriminate beneficial from potentially harmfulendbes and to defend our body against
potential pathogens. Based on the speed and gsgcifif the reaction, the immune
system can be divided into innate and adaptive imeraomponents The innate immune
system is the first site of contact with invadirgghmpgens. Its main tasks are to decrease
the number and virulence of potentially harmful maiorganisms and to orchestrate the
adaptive immune response. The innate immune systesists of physical barriers such
as skin and mucus, antimicrobial peptides, compignaad immune cells, including
monocytes, macrophages, neutrophils and natudak KNK cells). Although the innate
immune system provides a rapid (minutes to howsponse to invading pathogens, it
lacks specificity and memory. To provide these ifjigsl innate immune cells secrete
several cytokines and chemokines that recruit astfuict B- and T-lymphocytes, which
subsequently mount the adaptive immune responseteddor long-lasting protectitn

Toll-like receptors: Key pattern recognition recefst of the innate immune system
Microbes are recognized by the innate immune systerough pattern-recognition
receptors (PRR), of which the Toll-like receptoiLR)) family is best characteriz&d
TLRs are evolutionary highly conserved receptoi@ thecognize pathogen-associated
molecular patterns (PAMPs) expressed by virusestelia, parasites and fungi. In
addition, several endogenously expressed antigemsrigger TLR responsgsSo far, 10
functional TLRs have been identified in humans (€ab), each detecting different
PAMPs. Based upon their localization and specifjorasts, TLRs can be divided into
two subgroups. TLR1, TLR2, TLR4, TLR5 and TLR6 argressed on the cell surface
and mainly recognize microbial membrane componevitereas TLR3, TLR7 and TLR9
are localized in intracellular vesicles (endosonhesysomes, the endoplasmic reticulum)
and recognize microbial nucleic acid$ TLR8 is localized primarily intracellular with a
small proportion on the cell surfdct’. Receptor localization and resulting availabibify
ligand and signaling molecules is an important rae&m regulating TLR responsgs

TLR signalling

Individual TLRs trigger specific biologic resposseFor example, TLR3 and TLR4
generate production of both type | interferon anteimmatory cytokines, whereas cell
surface TLR1, TLR2, TLR6 and TLR5 induce mainly fmlammatory cytokines
These differences are explained by differentiakuiment of adaptor molecules and
activation of downstream signaling cascades (FigureAdaptor molecules used by
TLRs belong to the Toll/Interleukin-1 receptor (J4Rmily and include MyD88, TIR
domain containing adaptor protein (TIRAP), TIR-démaontaining adaptor-inducing
interferong (TRIF) and TIR-domain containing adapter molec2lETRAM)™. MyD88

is used by all TLRs except for TLR3, and activatéskB and mitogen-activated protein
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kinases (MAPKs) to induce NkB activation and production of inflammatory
cytokined? In contrast, TLR3 and TLR4 use TRIF to activateeraative pathways
leading to activation of transcription factors MB- and interferon-regulatory
transcription factor-3 (IRF-3) which induce type imterferon and inflammatory
cytokined?. TIRAP and TRAM serve as sorting adaptors thatuied/lyD88 to TLR2
and TLR4 and TRIF to TLR4, respectively. Thus, T&iBnaling pathways can be largely
divided into MyD88-dependent pathways, which indpeeduction of pro-inflammatory
cytokines, and MyD88-independent/TRIF-dependertiypays, which induce production
of type | interferon.

Figure 1: Toll-likereceptor signalling

TLR signalling is initiated by ligand binding tesispecific TLR, resulting in formation of homodiraer
(such as TLR4) or heterodimers (TLR1/2 and TLR2M) TLRs, except for TLR3, use the MyD88
adaptor protein to induce intracellular signallibpon TLR activation, MyD88 associates with the
receptor through its TIR domain. This results ia #ubsequent recruitment and activation of several
members of the IL-1 receptor-associated kinase KRfAmily, which ultimately activate mitogen-
activated protein kinases (MAPK) (JNK, p38) and &B-1o initiate transcription of pro-inflammatory
cytokines. The adaptor molecule TRIF is used by JlaRd TLR4 to induce activation of transcription
factor IRF-3 and expression of type | interferofRAP and TRAM serve as sorting adaptors that récrui
MyD88 to TLR2 or TLR4 and TRIF to TLR4, respectiyel
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Table 1: Toll-like receptors

Agonist L ocalization Expression Adaptor
protein
TLR1 - Triacyl lipopeptides on Cell surface - Monocytes/macrophagesviyD88
Gram-negative bacteria and - Dendritic cells (DC)
mycoplasma. - B-lymphocytes
TLR2 - Bacterial lipopeptides Cell surface - Monocytes/macrophagesviyD88
- Lipoteichoic acid, - Myeloid dendritic cells
lipoarabinomannan on Gram- (mDC)
positive bacteria - Mast cells
- Zymosan on fungi
- tGPI-mucin from
Trypanosoma cruzi
- Hemagglutinin from
measles virus
TLR3 - double stranded RNA Intracellular -DC TRIF

- Polyinosinic-polycytidylic
acid (Poly I:C)

TLR4 - Lipopolysaccharide on Cell
Gram-negative bacteria
- F-protein on respiratory
syncytial virus

TLR5 - Bacterial flagellin

TLR6 - Diacylated lipopeptides Cell surface
from Gram-positive bacteria
and mycoplasma

TLR7 - Viral single-stranded RNA Intracellular
(ssRNA)
- Imidazolquinoline derivates
(imiquimod, R-848)
- Guanine analogs
(loxoribine)

TLR8 - Viral sSRNA
- R-848

Cell surface

TLR9 - Unmethylated CpG DNA Intracellular
motifs on bacteria and
viruses

TLR10 - Unknown Unknown

Cell surface

- B-lymphocytes

- Monocytes/macrophages MyD88/TRIF

surface/endosome - mDC

- Mast cells

- Monocytes/maghages MyD88
-DC
- Monocytes/macrophages
- Mast cells
- B-lymphocytes
- Monocytes/macrophagesMyD88
- Plasmacytoid dendritic
cells (pDC)
- B-lymphocytes

- Monocytes/macrophagegvyD88
-pDC
- B-lymphocytes

- Monocytes/macrophagesMyD88
-pDC
- B-lymphocytes

- Monocytes/macrophage$Jnknown
- B-lymphocytes

TLR responses shape the adaptive immune system

In addition to their function in activation of tlenate immune response, TLR responses
are crucial for the successful induction of adaptimmunity. The generation of the
adaptive immune response relies on three typegoéls provided by antigen presenting
cells (APC). Signal 1 is the presentation of amtige the context of MHC, which
activates its specific T-cell receptor. Signal 2réerred to as ‘co-stimulation’, and is
provided by CD80 and/or CD86 binding to CD28 onellsc Signal 3 refers to the signals
that direct the differentiation of the naive T-ctlwards distinct effector cells (e.g. T-
helper (Th)1, Th2, Thl7 cells) and is mediated dygokines, chemokines and
membrane-bound ligantfs*

10
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TLR modulate the strength and nature of all thigeads. TLR-mediated activation of
APC induces expression of MHC class Il and costatary molecule$" ' thus
enhancing their capacity to activate T-cells. Indiadn, TLR signalling induces
production of cytokines and chemokines by APC whiithct the differentiation of CD4
T-cells into Thl-, Th2-, Th17- or regulatory T &l Exposure of naive T cells to IL-
12p70 and IL-10 promotes Thl- and Th2 differentiatirespectively. IL-23 and TGB-
in co-presence of IL-6 support Thl7 developmentensas TGH by itself is an
important inducer of regulatory T céifs In summary, TLR-mediated innate immune
activation determines the strength and nature ef dignals that induce the ensuing
adaptive immune response.

Deregulated TLR signalling results in disease

In line with their central role in innate and adeptimmunity, deregulated TLR
responses contribute to the pathogenesis of a waety of diseases, including
infections, autoimmune and chronic inflammator}edisejss'”. Defects in TLR-mediated
production of pro-inflammatory cytokines, due tongtc defects or developmental
immaturity, compromise host immunity and conferréased risk of infectidf % 28
Conversely, excessive TLR responses during infecti@ht increase disease severity by
hyper induction of pro-inflammatory cytokirfs? by facilitating tissue damatfeor by
impairing adaptive immunify: *> A key example of the detrimental effects of
deregulated TLR signaling is Gram-negative sepsis, which circulating
lipopolysaccharide (LPS), through interaction withiLR4, causes widespread
inflammation, multi-organ failure and shock, remgt in 30-50% mortality?® 3!
Currently, several antagonists of LPS or TLR4 amdeu clinical development for the
treatment of sepsis In addition to infections, aberrant TLR signalings been linked to
various other diseases, including atherosclethsiabete®’, rheumatoid arthrit® and
allergic airway diseadg Thus, despite their crucial role in host defeagainst infection,
TLRs need to be tightly regulated to prevent exgessflammation.

The neonatal period requires distinct regulatiortlué TLR system

Birth is one of the major challenges for the retpra capacities of the immune system.
During pregnancy, the fetal immune system is carttirsly exposed to maternal antigens
which might induce harmful alloimmune responseslileg to preterm delivef. After
birth, the neonatal immune system needs to baldheetransition from the sterile
intrauterine environment to the outside world fofl micro-organisms, allowing for
microbial colonization of the skin and mucous meanias, while protecting the neonate
from infectiorf®. To face these challenges, human neonates arewiihrm TLR system
that is generally biased against the productionpad-inflammatory, Thl-polarizing
cytokines*3¢ Although initially described as ‘immature’, inasing evidence indicates
that decreased neonatal production of pro-inflaromyatytokines reflects a highly
regulated response tailored to the distinct requérgts of the neonatal environrrﬁ?n%‘

39 Accordingly, the neonatal period provides a urigpportunity to study the regulatory
mechanisms that keep the TLR system in check. hhsigo these mechanisms will
identify strategies to enhance host immunity inecaé (neonatal) infection and might
identify novel targets to restore immune balanceaito-immune and inflammatory
diseases.

11
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Environmental determinants of neonatal innate imityun

Immune development is likely driven by continuoesiprocal interactions between the
host immune system and its environment. Especiaflyjronmental exposure during the
perinatal period may induce long-term changes & ékolving immune system that
protect from or predispose to subsequent diseaseer& environmental factors may
contribute to neonatal immune function. First, lbily caesarean section is associated
with increased cord blood levels of IL-13 and IL-&did with increased risk of atopy and
asthm&’. Second, early life exposure to endotoxin increadA-induced production of
IFN-y and 1L-13 during childhodd “> Several other factors, including cigarette smoke
exposure, presence of siblings and birth season immact on neonatal immune
development. However, the key determinants of nebnanmune function are yet
unclear. Identification of environmental drivers oéonatal innate immunity is of
paramount importance if we hope to prevent infextiand allergic disease.

Regulation of the neonatal immune system: a raleifamin D?

Another example of an immune regulatory factor thaght determine the risk of
subsequent infections and atopy is vitamin D. Aseatial nutrient and hormone, vitamin
D has functions that extend well beyond its classle in bone metabolism, including
modulation of the immune respofi$evitamin D inhibits proliferation, IL-2 and IFN-
production by T-cells and induces the generatiomegfilatory T-cell$° In addition,
vitamin D suppresses expression of MHCII, CD80 @mB6 and production of IL-12 by
dendritic cell§* “ while stimulating the production of IL-10. Thusitamin D is
considered of great importance for regulation @ itthmune response and maintenance
of immune tolerance.

Certain immune modulatory effects of vitamin D naready occuin uterq during fetal
development. Epidemiologic evidence demonstratas rieonates born from vitamin D
deficient mothers have increased risk of immunesatie, including type | diabetes,
inflammatory bowel disease and multiple sclef&fs Accordingly, vitamin D might
provide a potential target to modulate early lifamune function and to prevent
subsequent infections and inflammatory disease.

Aims and thesis outline

In summary, TLRs are gatekeepers of the immuneesyshat function to discriminate
between beneficial and potentially harmful micranigms and to maintain the balance
between tolerance and excessive inflammation. fHsis is especially challenging during
the fetal and neonatal period, which is characteriby sudden and overwhelming
confrontation to multiple PAMPs that can trigger R'lresponses. Decreased neonatal
TLR-mediated generation of pro-inflammatory resgsnis an effective strategy to cope
with this challenge, but may confer increased w$kinfection. In addition, disrupted
development of the TLR system during the neonaglod might contribute to the
subsequent development of atopy.

However, little is known on the development of fieR system in the postnatal period
and its consequences for subsequent disease. é-gtutiies described in this thesis, we
took the unique opportunity to study neonatal isn@mune responses in the healthy
humans in the postnatal period.

12
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Thisthesisaimsto characterizetherole of early postnatal TLR responsesin
subsequent susceptibility to infections and atopy.

Specifically, the following questions will be addsed:

- What is the ontogeny of the human TLR system?

— What are the clinical determinants of neonatal TuRction?

— What are the basic mechanisms causing distinctaiebfLR responses?

— Do distinct neonatal TLR responses increase tlkeofisespiratory tract infections
and atopy during infancy?

— Does early life deficiency of vitamin D predispdeesubsequent viral respiratory
tract infections?

13
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Chapter 2

Abstract

Purpose of review

The neonate is born with a distinct immune systeat is biased against the production
of T-helper cell 1 (Thl) cytokines. Birth imposesgeeat challenge on the neonatal
immune system, which is confronted with an outsid®ld rich in foreign antigens.
Exposure to these antigens shapes the developioigated immune system, inducing
Th1- or Th2-polarized responses that may extendrmtyhe neonatal age and counteract
or promote allergic sensitization. This review déses how engagement of the innate
immune system might contribute to the developméatlergy in children.

Recent findings

The exact role of innate immune stimulation in tthevelopment of allergies is a

controversial area. Epidemiological literature segjg that microbial exposure in early
childhood protects against the development of giksr; whereas a large amount of
experimental data demonstrates that innate immumailation enhances Th2 responses
upon primary and secondary antigen exposure.

Summary
Dose, site, and timing of allergen exposure arelyiko modulate the innate immune
response, polarizing the maturing neonatal immuwstem towards Thl- or Th2-type
responses, thereby protecting from or predisposiraggthma and allergies. Modulation of
neonatal innate immune responses may be a novebaxip to prevent asthma and
allergies.

Key words: allergy, asthma, neonate, review, toll-like reocep
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Neonatal innate immunity in allergy development

Introduction

Neonatal immunity is immature. Adaptive immune m@sges are impaired at birth by
lack of preexisting memory and low frequency angaired function of effector B cells
and T celll. Therefore, the neonate is largely dependent assipely acquired
antibodies and innate immune responses in the sief@gainst micro-organisms. It is also
well documented that neonatal innate immunity istidet from that of adults in its
response to bacterial and viral pathoden$erinatal life is characterized by massive and
constant exposure to new antigens, predominanthénmucosa of the digestive and
respiratory tract. The neonatal impairment in paian of proinflammatory/T-helper
cell 1 (Thl)-polarizing cytokines is believed to epent potentially harmful
hyperinflammation caused by these antigens. Int@addliduring this period, tolerance to
many new allergens is induced, which is the keyhmaerism to prevent the development
of allergy. This process is orchestrated by celtsnf the innate immune system. The
distinct characteristics of the neonatal innate imen system may be essential in the
induction of tolerance. Here, we review the roletwd distinct neonatal innate immune
system in the development of allergy.

Neonatal innate immunity

Quantitative and qualitative differences betwees leonatal and adult innate immune
system may contribute to neonatal Th2 polarizatisithough cord blood contains a
higher number of monocytes than adult venous blowhy phenotypic differences have
been described, including lower baseline humandeyle antigen (HLA)-DR expression
and decreased up regulation of CD40 on ex-vivo wdttion with lipopolysaccharide
(LPSY. Cord blood also contains a higher ratio of plasyt@id dendritic cells (pDCs)
over myeloid dendritic cells (MDCs) compared witthula blood. Activation of pDCs
generally leads to production of Th2-polarizingatyhes, whereas mDCs are associated
with Thl-type responsé&s. In addition, neonatal cord blood contains lowembers of
differentiated natural killer T (NKT) cells thanwlts®. Because of their central role in the
induction and polarization of the immune responsest studies on neonatal innate
immunity have focused on antigen-presenting cef®(s) and toll-like receptors
(TLRs)" & Upon stimulation with various TLR agonists, hunrsonatal cord blood, as
well as cord blood-derived monocytes and APCs, gdiyeproduces decreased amounts
of Thi-polarizing cytokines compared with adultsalfle 1§ * °'® The inability to
produce Thi-polarizing cytokines persists througthtbe neonatal periédin contrast,
cord blood demonstrates similar or increased prioglu®f the Th2-polarizing cytokine
interleukin (IL)-6 and elevated production of IL-1{on stimulation with agonists for
TLR2, TLR4 or TLR7? ' An interesting exception is TLR8 agonists, sushsigle-
stranded RNAs and imidazoquinolines, which indudemilar magnitude of Thl-
polarizing responses in newborn and adult bloochaugtes and APCS

Multiple mechanisms have been reported to congitiat decreased cord blood TLR-
agonist induced cytokine production. First, studie®stigating neonatal TLR expression
report that TLR4 expression in cord blood monocytesn preterm neonates is lower
than adult expression but increases during gesitiaging®. At birth, newborn and
adult blood monocytes express similar basal lefeglsarious TLRS". However, a study
investigating in vitro stimulus-induced expressiohTLR4 reported an elevated LPS-
induced expression of TLR4 in cord blood monocytespared with adult monocyf@s
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The differential regulation of stimulus-induced TléRpression in neonates and adults
remains to be determined. Second, neonates demtmsigfects in signaling pathways
downstream of TLRs. LPS-induced phosphorylationp88 mitogen-activated protein
kinase (MAPK) is decreased in whole cord blood,gasting that the mechanism for
impaired neonatal TLR responses is localized atlé¢hel of, or upstream of, kinase
phosphorylatiol X Expression of the MyD88 adapter, which is usedabyTLRs
except for TLR3, is decreased in cord blood morexytompared with adulfs Cord
blood MyD88-independent signaling is also impairasl,illustrated by decreased whole
blood cytokine responses to agonists for TLR3 aecrehsed LPS-induced interferon-
regulatory factor 3 (IRF-3)-mediated productiontieé IL-12p35 subunit in cord blood
monocyte$ 1% 22

Soluble mediators may induce or modulate innate umerresponses. Human breast milk
contains several TLR-modulating factors, includisgluble CD14 (sCD14), soluble
TLR2 and a thus far unidentified ~80 kD protein thahibits signaling through
membrane TLR2 but activates TLR4 in human intektamthelial and mononuclear
cell?®. Breast-milk-mediated intestinal immune modulatinay be an important factor
guiding postnatal immune development, preventingnifial inflammation caused by
intestinal colonization, but selectively allowingrfpro-inflammatory responses needed
for immune maturation. The complement system caradi&vated by innate immune
responses, resulting in generation of the anaptwited C3a and Cb5a, recruitment of
innate immune cells and formation of the membratteck compleX’. In the airways,
C3a production favors Th2-type responses, wher&asdan induce both inflammation
and tolerance. Concentrations of complement compené neonatal plasma are
diminished compared with those in adfits_evels of complement in other organs,
including the neonatal lung, and the role of nealhabmplement deficiency in allergy
development remain to be defined.

Neonatal plasma contains high concentrations ofn@slee, an endogenous purine
metabolite that induces intracellular cyclic AMPARP), thereby inhibiting TLR2-
mediated production of tumor necrosis factor alffsF-a)'. Interestingly, CAMP is
also known to inhibit the production of several estttytokines that are impaired in
newborns (IL-12 and interferon alpha (IRN), while preserving IL-10 and L%
Elevated concentrations of adenosine in neonadalidomay thus be a general mechanism
underlying distinct polarization of neonatal TLR-tieged cytokine responses.

In summary, neonatal innate immune cells demomstratmunologic responses distinct
from those of adults. In general Thl-polarizingpasses to pure TLR agonists are
impaired at birth, while production of Th2-polarigi and anti-inflammatory cytokines is
preserved. However, it should be noted that undeain circumstances, such as in vitro
stimulation with whole group B streptococci avgicobacterium bovibacillus Calmette-
Guérin (BCG), human neonatal monocytes and APCsapable of mounting adult-level
responsed’ 2. Thus, although responses to pure TLR agonistspal@ized, neonatal
mononuclear cells can mount robust inflammatoryfpblarizing responses to certain
microbial particles. We will next discuss how inmainmune stimulation in the early
postnatal period may induce permanent changesi#tatmine immune function in later
life and protect from or predispose to asthma diedgges.
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Table 1: Evidencefor distinct neonatal TL R-mediated cytokine responses.

Cytokine concentrations after in vitro stimulatisith TLR agonists are depicted.)(decreased compared
with adults, (=) similar to adults,t) increased compared with adults. mDC, myeloid déndcells;
moDC, monocyte-derived dendritic cells; PBMC, pkeml blood mononuclear cells; TLR, toll-like
receptor.

TLR Culture Ref
system
Whole blood PBMC Monocytes mDC moDC
1 TNF-a (1) w
2 TNF-a (1) IL-23 (=) 14, 15,17
IL-6 (1)
3 IL-12p70 () IL-12p35 ()  TNF-0 (3) IL-12p40 () H1>1n7e
IL-10 (=) IL-18 (=)
IL-6 (=)
IL-8 (=)
4 IL-12p70 ¢)  IL-6 (1) IL-12p35 ()  IL-12p35()  IFN-B (1) 84,9, 1115,17.18
IL-10 (=)
TNF-a (=/1)
IL-101 IL-23 (1) TNF-a (1) IL-12p40 (5)  TNF-a (1)
TNF-0 (1 /=) IL-1a (=) IL-23 (1)
IL-8 (=) IL-12p40 ¢)  IL-1la (=)
IFN-y (=) TNF-« (1)

6 TNF-a (1) “

7 IL-10 (=) IL-12p70 ¢) ™
TNF-a () TNF-a ()
IFN-a (1)

8 TNF-0 (=) IL-23 (1) 1617

9 TNF-0 (1) s

IFN-a (=/1)

Evidence that neonatal innateimmunity protects against allergy development
Epidemiological studies have suggested that eiglykposure to innate immune stimuli,
such as endotoxin (TLR4), reduces the risk of gjledevelopment, leading to the
hygiene hypothesi& This could already occur prenatally, as sevetalies suggest that
atopic sensitization already occurs prenatall}’> Many allergens can be transferred
transplacentally, and antigen-specific T-cells bendetected in neonatal cord blood. In
utero, the presence of high concentrations of sCidlaimniotic fluid decreases the risk
of atopic dermatitis in the newbd™m A European study in 922 women living in rural
areas showed that maternal exposure to animal sheifg pregnancy decreased the risk
of specific immunoglobulin E (IgE) in cord blo@dpossibly by Thl polarization in the
neonaté. After birth, children exposed to house dust eaxiot mould or farm animals
have decreased risk of allergic airway diséhasé 3¢ Breastfeeding protects against
atopic diseasd. Children fed breast milk that contains low levelsCD14 have a higher
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risk of subsequent allerdly indicating that the protective effect of breastknmay be
mediated through innate immune mechanisms. Day atteadance, which is related to
microbial exposure during early childhood, is assted with decreased total IgE at age
of 3 years and decreased risk of asthma at sclyedi &. The protective effect of farm
living is strongly dependent on the genetic vasiatin CD14 and TLR¥, stressing the
role of the innate immune system in early life inmaupolarization. An Australian
healthy birth cohort study showed that cord bloazhonuclear cells from infants born to
allergic mothers have increased Thl-driving respsnssuch as IL-12 and IFN-
production, to different TLR agonists Increased IL-6 and TNE- production to
lipoteichoic acid (TLR2), LPS (TLR4) and flagellfiiLR5) at birth were associated with
an increased risk of allergic disease at the adeyafar. Taken together, epidemiological
data suggest that high exposure to microbial prizdoefore or after birth protects against
the risk of allergic diseases (Table 2). Howeviee, iole of timing, dose and interaction
with susceptibility genes require further study.

Basic studies have added to the evidence that lstiimi of the innate immune system
may protect against allergic responses. In a murindel of allergic asthma, the role of
synthetic TLR3 or TLR7 agonists during sensitizatibas been studied. Systemic
treatment with poly I1:C (TLR3) or R-848 (TLR7) orgay before intraperitoneal
sensitization with ovalbumin (OVA) prevented eoghitic airway inflammation,
histopathological changes and airway hyperrespensiss (AHR) upon subsequent
allergen challend® ** Most of these effects, except bronchoalveolaagdav (BAL)
eosinophilia, were dependent on IL-12. The effettThR9 ligation on subsequent
allergen challenge was tested in an OVA murine mfddSubcutaneous injection of
CpG-oligodeoxynucleotide (ODN)(TLR9) reduced BALsewmphilia and AHR by an IL-
12 dependent mechanism. In addition, in human adallinteers with established house
dust mite allergy, TLR2 stimulation during antigexposure decreased the production of
Th2-polarizing cytokine§. The role of innate immune stimulation in estaigis allergy
may be different from the role in allergic sensitian. In allergen-sensitized mice,
continuous exposure to LPS (TLR4) decreases allegivay responses upon allergen
challengé®. Similar effects on allergen challenge were sesimgusterile house dust
extracts, although the effects of house dust welg partially TLR4-mediated. In a
recent study, the concept that TLR stimulation miyrsensitization may decrease the
eosinophilic airway response during challenge wagseded to a viral model. Footpad
inoculation with poly I:C (TLR3), LPS (TLR4) or Bd) (TLR8) during vaccination with
formalin-inactivated respiratory syncytial virus §R) prevented against eosinophilic
airway inflammation and AHR during challefgelt was shown that TLR ligation
exerted its effect by increasing maturation of laody affinity. Although this is not an
allergic model, it further supports the conceptt thgstemic use of TLR agonists may
modulate the immune response to protect againsesulent allergic sensitization at
distant sites.

Evidence that neonatal innate immunity promotes aller gy development

Epidemiologic studies have demonstrated that iidBest with certain pathogens,
including Chlamydophila pneumoniaévlycoplasma pneumoniadrSV and influenza
virus, may predispose to asthma or exacerbate xiséirgy asthm& * In addition,
several genetic studies report associations betWessrof-function variants in innate
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Table 2: Role of innate immune stimulation in allergy development in mice and humans
Comparison of evidence that innate immune respopsasiote or prevent the development of allergy.
NKT, natural killer T cell; Thl, T-helper cell 1;iR, T-helper cell 2; TLR, toll-like receptor.

Allergy promotion Ref Allergy prevention Ref
Murine studies Murine studies

Allergen may signal through TLR by®® Continuous  local  innate  immune™
molecular mimicry stimulation decreases response to allergen

Local TLR stimulation enhances® %’ Repeated nebulization of CpG-ragweetf

concomitant response to allergen compound reduces airway symptoms by
enhancing Thl response

TLR4 on airway epithelium is Systemic administration of TLR3,4,7,8,
required for house dust mite allergic agonists  prevent exaggerated Th2
responses response to allergen

g;o, 42,44, 45,79

NKT cells in the airways promote®®
asthmatic airway inflammation

Human studies Human studies
Loss-of-function TLR mutations are*® Epidemiological negative associatioff> 3 34
associated with risk of asthma between infant endotoxin exposure and

asthma risk

Perinatal use of probiotics protect§® 7
against atopic eczema

immune genes and asthma risk. Polymorphisms inhgpihe function of CD14 or TLR4
have been associated with decreased asthma ineidentdisease sevefityInhibitory
polymorphisms in TLR1 and TLR6, which form heterodrs with TLR2 to induce
cytokine production, also protect against asthmeeld@ment. This is consistent with
experimental data showing that activation of APCRam3Cys induces high levels of
Th2-polarizing effector molecules, including IL-E&d IL-18, but low levels of IL-12,
IFN-a , IL-18 and IL-27°. Finally, mutations that decrease the TLR-inhityjiteffect of
IL-1 receptor kinase M (IRAK-M) were associated lwiearly-onset asthm Thus,
epidemiologic and genetic studies support a role ifmate immune stimulation in
promoting allergy development (Table 2).

Evidence that neonatal innate immunity promotes aller gy development

Epidemiologic studies have demonstrated that imdest with certain pathogens,
including Chlamydophila pneumoniaévlycoplasma pneumoniadRSV and influenza
virus, may predispose to asthma or exacerbate xistrg) asthm# *’ In addition,
several genetic studies report associations betiesnof-function variants in innate
immune genes and asthma risk. Polymorphisms irgoihe function of CD14 or TLR4
have been associated with decreased asthma ineidentdisease sevefityinhibitory
polymorphisms in TLR1 and TLR6, which form heterodrs with TLR2 to induce
cytokine production, also protect against asthmeeld@ment. This is consistent with
experimental data showing that activation of APCRam3Cys induces high levels of
Th2-polarizing effector molecules, including IL-E®d IL-18, but low levels of IL-12,
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IFN-o , IL-18 and IL-27°. Finally, mutations that decrease the TLR-inhihjiteffect of
IL-1 receptor kinase M (IRAK-M) were associated lwiearly-onset asthm Thus,
epidemiologic and genetic studies support a role ifmate immune stimulation in
promoting allergy development (Table 2).

Multiple experimental studies have attempted toifglahe mechanisms by which innate
immune stimulation promotes allergy developmentdi&ts using purified TLR agonists
demonstrate a key role for TLR stimulation in atopensitization. Mice deficient in
MyD88, a key adapter for TLR signaling, do not depea specific IgE response,
eosinophil airway inflammation and AHR in a HDMaljy model that uses intranasal
sensitizatio®’. OVA-sensitized mice that lack functional TLR4 éihless pronounced
airway inflammation upon OVA challenge comparedhwitild-type mic&” Another
study confirmed that LPS, administered intranasallying OVA sensitization, can
function as an adjuvant to promote OVA-induced aiywsensitizatiott. This study
reports a dose-dependent effect of LPS, with lowedopromoting Th2-type responses,
whereas high doses induce a Thl-type responshisliand other studies, LPS-dependent
sensitization to intranasal antigen did not ocaufLR4-deficient mice and depended on
MyD88-dependent maturation of pulmonary dendrigfi®*. House dust mite allergen
Der p2 has homology to myeloid-differentiation giat2 (MD-2), a component of the
TLR4 receptor complex that binds LPS. It was shakat Der p2 signals through MD-
2/TLR4 as a result of molecular mimictyThis study shows that allergen can use TLRs
to initiate a robust innate immune response. The o6 TLR4 signaling in house dust
mite allergy is also supported by the finding thmaurine airway epithelial TLR4
expression is required for allergic airway inflantioa™®. Double-stranded RNA
(dsRNA), a TLR3 agonist, may also protect agaitisrgy development. In a murine
OVA model, concomitant mucosal administration of AO\and low-dose dsRNA
enhanced allergen-induced lung inflammation in vyde mice but not in mice deficient
for TLR3, IL-4 or signal transducer and activatértranscription 6 (STAT6Y. Rat pups
have altered pulmonary response to macrophageatiotiv lipopeptide-2 (MALP-
2)(TLR2/6) with increased tissue and decreased dnwalveolar mononuclear célts
Finally, TLRs may modulate direct effects of allengon nonimmune cells, such as
smooth muscle or the neuroendocrine system. It shesvn that TLR2 signaling is
required for in vitro rat smooth muscle contractiorHDM®. Interestingly, the effects of
TLR agonists on atopic sensitization appear to bsedlependent, with low doses of
dsRNA and LPS inducing a Th2-type response, whdrggsdoses promote Thl-biased
response¥' © Of note, most studies used adult mice, and tfextedf TLR agonists in
neonatal mice remains to be determined.

Non-dendritic cell, non-TLR-mediated mechanismg #ifect the development of allergy
have also been described. Natural killer (NK) ciglteract with dendritic cells to produce
IFN-y and to promote Thil-type resporf8ed\dult asthma patients have lower numbers
of IFN-y producing CD567CD16" NK cells, indicating that NK cells may predispdee
asthma or exacerbate existing asthma. As neondfakélls are phenotypically and
functionally matur®, we hypothesize that NK cells may modulate therastic response
in established asthma. The role of NKT cells inhasitic airway inflammation was
demonstrated by showing specific increase in nusmbe€D4 NKT-cells in the lungs of
asthmatic patients, but not in those with sarcagidsin Thi-deficient (T-bet -/-) mice,
which spontaneously develop allergic airway inflaation, the essential role of NKT
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cells was confirmef. Most CD4 NKT cells produce IL-4, and a subset expresses the
IL-25 receptor IL-17RB. This subset of NKT was shmovequired for the induction of
allergic airway inflammatio??. As neonatal NKT cells are distinct and are vitguall
CD4 cells, it is conceivable that the neonate is nmeusceptible to NKT cell-driven
allergic responsés

In summary, there is evidence that innate immuimeusation of mucosal cells may be a
causative factor in the development of asthma. @pears to be a global effect, because
similar effects are observed following differenbagsts of the innate immune apparatus.
However, intraspecies differences in the innate uimen system prevent direct
extrapolation of results from murine studies to huas Further translational studies on
the effect of mucosal immune activation on alledgvelopment will be important. In
addition, it is not yet clear to what extent th&eef of local innate immune activation on
Thl- or Th2-polarization and allergy developmentié&zermined by the immunological
maturational status of the child.

Protection or Promotion: can both betrue?

How can we reconcile apparent contradictory evidetimt stimulation of the innate
immune response can both prevent and promote igllsensitization? Clearly, it is
difficult to compare the level of evidence for bdtypotheses. Whereas clinical evidence
mainly points to a protective effect, experimergidies showing the opposite are quite
convincing. Murine studies need to be interpretétti waution, as accumulating evidence
indicates important differences between the muaimhuman TLR systeth

Nevertheless, different response patterns uponténi@mune stimulation can be
distinguished, leading to either protection or potion (Fig. 1). The effect of innate
immune responses on the development of allerggtsrchined by the timing, dose and
site of stimulatioft’. Both experimental and human observational stuties shown that
the magnitude of mucosal innate immune stimulatdetermines whether innate
responses prevent or enhance allergy developmefi! Repeated high-dose
administration of TLR agonist in the airways indsice Thl response upon allergen
exposure, whereas exposure to low-dose TLR agoisstssociated with a Th2-like
immune response. The site of innate immune triggeaippears crucial for the effect on
allergic sensitization. Mucosal exposure to TLR rags enhances concomitant or
subsequent responses to aeroallergens. Apparémbigte immune agonists prime the
mucosal APCs to respond more vigorously to subsgcstanuli. It has been postulated
that innate stimuli represent danger signals, wincturn may trigger Th2 respon$és
This is advantageous in case of pathogen encountemay enhance IgE response upon
concomitant allergen exposure. Systemic innate imemactivation appears to have a
global protective effect on allergy development,icikhis mediated by Thl1-driving
signals. To our knowledge, no reports exist thatesyic innate immune activation has a
deleterious effect on allergen exposure at dist&es.

Targetsfor intervention

Probiotics have been used in attempt to reducalévelopment of allergic disease. A
small randomized controlled trial (RCT) in 2001 wled that treatment of pregnant
women during late pregnancy withactobacillus rhamnnosu&G (LGG) reduced the
development of atopic dermatitis in the neorf4teSince that publication, many RCTs
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have been reported with conflicting results. Thegeat published RCT ng925)
confirmed that treatment with a mixture of Bifidabarium and Proprionibacterium of
pregnant women 2-4 weeks before delivery and of théldren during the first 6 months
of life prevented the development of eczema (odts 0.74,P=0.04f°. However, meta-
analyses of this and other studies were incona{fsi{* Taken together, we conclude
that the large differences in RCT results do notsyeport large-scale supplementation of
probiotics to infant formula milk in the generalgudation.

Synthetic TLR agonists are being developed fortitmeat of oncologic, autoimmune and
allergic diseasés In addition, TLR agonists are under biopharmacelitievelopment
as vaccine adjuvants and as immunomodulators inecaand allergy. Synthetic TLR9
ligands are being considered in the treatment lef@t diseases. Although synthetic
TLR ligands used in RCTs have not always proveectffe in decreasing symptoms,
they are well tolerated in general. ISS 1018 (Dwxavlechnologies, Berkeley,
California, USA) is a short, synthetic, unmethytat€pG motif-based ODN which
induces cell activation through TLR9. Repeated fieation of this compound in stable
mild asthmatics resulted in an increased local esgion of IFN, but did not affect the
expression of Th2 cytokines, airway eosinophiliaAd#R upon experimental allergen
challengé®. Subsequently, this compound was conjugated twead. In an RCT with 25
patients with allergic rhinitis, increasing dosdstlus allergen-TLR9-agonist conjugate
injected for 6 consecutive weeks prior to the ragpveeason were well tolerafédn the
intervention group, a two-thirds reduction of symmps was observed compared with
placebo-treated patients. Apparently, concomitaimiaistration of TLR9 agonist and
allergen can induce tolerance in allergic individuddowever, the precise mechanism
remains to be defined. Whether this strategy maydss for primary prevention is not
known. Recently, TLR4 agonists have been usedett fillergic patients. A single dose
of the chemical compound CRX-675 was well toleratedifferent doses in patients with
allergic rhinitis 1 day before allergen challengdthough no clear benefit was
demonstrated in this phase 1 fffaln 2 ongoing RCTs it is being determined whether
genetic background of patients determines the respdo LPS. The inflammatory
response in airway tissue in atopic and nonatogithnaatics is measured 4h after
instillation of LPS in the lower airways (Clinicai@ls.gov NCT00644514). The effect of
repeated LPS nebulization in healthy volunteerméasured in relation to their TLR4
genotype (ClinicalTrials.gov NCT00671892). In hkgltvolunteers, the effect of low
versus high-dose LPS inhalation on exhaled nitxide® concentration is being assessed
(ClinicalTrials.gov NCT00643058). Finally, admin&tion of a combination of TLR
agonists has a synergistic effect on in vitro mattan of human neonatal dendritic cells,
suggesting that targeting a combination of TLRs i@y powerful approach to instruct
the neonatal immune system towards a protective résfions&. Taken together, the
synthetic TLR agonist may be a novel tool to prewarireat allergic disease. However,
most studies have been performed in adults withbéished allergy. More information is
needed with respect to the effect of these compoondallergy prevention in newborns.
Finally, the NKT cell is a promising target for inmmomodulation. In an allergic mouse
model, a single intraperitoneal injection af-galactosylceramide during allergen
challenge prevents eosinophilic_airway inflammatiand AHR’. In humans,a-
galactosylceramide is well tolerafédbut RCT have not yet been performed in atopic
individuals.

28



Neonatal innate immunity in allergy development

Figure 1: Effects of allergen exposur e on development of allergy: a model.

Neonatal innate immune responses at birth poldown@rds a Th2 response, characterized by decreased
TLR agonist-induced production of Thl cytokines fswas IL-12 and TNFt, and increased agonist-
induced production of IL-10. After birth, there asgradual maturation towards Thl-polarizing respens
The degree and speed of this maturational procetesrdine the risk of subsequent allergy development
Exposure to innate immune stimuli generally enhariocgate immune maturation. However, the effects of
innate immune stimulation are not universal, angede on host factors, such as genetic predispositid
maturational state of the innate immune systemyelsas on the site, dose and timing of exposure. |
interleukin; Th1, T-helper cell 1; Th2, T-helperlicg; TLR, toll-like receptor; TNFe, tumor necrosis
factor alpha.

High dose TLR agonist exposure
Systemic TLR agonist exposure

Infections
I E
Genetic predisposition

IS C

Low dose TLR agonist exposure

Mucosal TLR agonist exposure

Infections

Conclusion

The role of innate immune responses in the deveboprof allergy is controversial.
Recent literature has provided the fundamentagirighat magnitude and direction of the
effect of innate immune responses is unequivocahing, dose, site of activation and
host genetic background are clearly crucial to wtdeding the interaction between
innate immune stimulation and allergy developménitially, clinical and basic studies
showed that repeated systemic innate immune stiimnldefore birth or during the
newborn period redirects the Th1-Th2 balance. H@wneincreasing evidence argues
against the general benefit of innate immune st on allergy development,
suggesting that host factors, site, dose and timfrexposure play an essential role. Host
genetics may modulate the effects of TLR activatonallergy development. Low-dose
innate immune stimulation of mucosal cells enhancescomitant sensitization to
allergen. Various environmental influences, inchglicigarette smoke and respiratory
viruses, trigger the innate immune system, by wihiiedy may enhance responses upon
allergen exposure.

On the basis of epidemiologic data, synthetic ianatmune stimuli are being studied as
a strategy to prevent allergy. A better understagdif the complex interaction between
these stimuli and the developing neonatal immurstesy will be essential to determine
the optimal use of these compounds.
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Chapter 3

Abstract

Respiratory syncytial virus (RSV) is the most intpot cause of infant lower respiratory
tract infection, causing significant morbidity antbrtality. Susceptibility to severe RSV
infection may already be determined before birthrjrdy fetal development. Accordingly,
pregnancy may provide a unique window of opporturidr interventions aimed at
preventing severe RSV bronchiolitis. Delayed fatatate immune maturation may
predispose to severe RSV bronchiolitis. Modulatimy intrauterine immune
development, through maternal nutrition, probiotios allergen exposure during
pregnancy, may protect against RSV bronchioliti©ie Tassociation between RSV
bronchiolitis and insufficient cord blood concetias of vitamin D, a nutrient that
modulates maturation of the fetal airways and imenapstem, suggests that strategies
aimed at increasing maternal vitamin D intake dypnegnancy may prevent infant RSV
bronchiolitis. In animal models, maternal RSV imnaation during pregnancy increases
the titer of RSV-neutralizing antibodies in the spifing and reduces viral replication.
However, in humans, clinical development of preixentand therapeutic interventions
during pregnancy is hampered by the unique positibpregnant women and their
fetuses as research subjects. Ethically acceptatdeventions that target the pregnant
woman and her fetus are needed to reduce the imajden caused by RSV bronchiolitis
during infancy.
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Introduction

RSV is the leading cause of acute bronchiolitisnfiancy. RSV is estimated to account
for 33.8 million new episodes of bronchiolitis itilciren worldwide and for 66.000-
199.000 deaths annudilyCurrently, there is no effective treatment fonRiSonchiolitis
and there is an unmet need for strategies to ptd®8N bronchiolitis. The pathogenesis
of severe RSV infection is incompletely understoddst characteristics, including pre-
morbid dysregulated immune function and small aywdiameter are thought to
contribute to RSV disease. As RSV hospitalizatisimarily occurs in neonates and
infants,, predisposition to severe RSV infection originatesy early in life. In addition to
genetic factors, the intrauterine environment mathd the development of the fetal
immune system and respiratory tract, thereby deténgnthe subsequent susceptibility to
RSV bronchiolitis. Accordingly, pregnancy providesinique window of opportunity for
primary prevention of RSV bronchiolitis.

Prevention of RSV bronchiolitis during pregnancy

Although the importance of fetal development fobseguent health and disease is well
recognized, medical-ethical considerations limie tbevelopment of preventive or
therapeutic interventions that target fetal develept. Historic tragedies such as DES
and thalidomide illustrate that potential adversieots of these interventions can be
detrimental to the developing fefusNowadays, pregnant women are granted special
protection from research risks. In the United Stategislative guidelines allow clinical
research involving pregnant women or fetuses amyirfterventions that directly benefit
maternal or fetal health Fetal therapy is indicated for a limited numbémpotentially
life-threatening diseases, such as prenatal cstgcoids to prevent hyaline membrane
disease and highly active antiretroviral therapy pi@vent transmission of human
immunodeficiency virus ° Although understandable, our reluctance to ireevwith
fetal development limits the development of inteti@ns that could benefit fetal health
on the long term. For example, polysaccharide vexscagainsHaemophilus influenzae
type B,Neisseria Meningitidignd Streptococcus pneumoniage safe and immunogenic
in pregnancy, no large-scale phase Il clinicalsrihave been performedwing to its
widespread incidence in neonates and infants, R®¥chiolitis may be a key disease
that can be prevented by modulation of the intré@ugesnvironment.

Modulation of fetal immune development

Modulation ofin uteroimmune maturation may prevent subsequent RSV biolitis.
Clinical studies have associated severe RSV imfectith multiple presymptomatic
differences in the immune system, including impair€oll-like receptor mediated
production of pro-inflammatory cytokines decreased Dicer-mediated production of
antiviral micro-RNA sequenc&sand decreased expression of TNFRSF25, a member of
the tumor necrosis factor receptor superfamily #wivates NF«B and that potentiates
T-cell IFN-y productior®. Stimulation of fetal immune development may bqusstnatal
antiviral defence mechanisms and protect against R&nchiolitis. A number of
environmental exposures in pregnancy are associatdfetal immune function and
may provide targets for intervention, including eraal nutrition, probiotics and
maternal allergen exposure. Maternal nutrition s asitical importance for the
development of the fetal immune system. In clingtaidies, maternai-3 PUFA (found
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in oily fish) consumption in pregnancy protectediagt subsequent allergic disedsén

a randomized trial, maternal fish-oil supplememwtatin pregnancy was associated with
decreased allergen-induced production of IL-5, 8.ahd IL-10 and IFN¢in cord blood,
which translated to decreased risk of atopy andnaestduring infancy and childhotd
The association of RSV bronchiolitis with distimetonatal cytokine respon&esd with
increased risk of childhood ataByhows that prevention of RSV bronchiolitis mayaipe
additional benefit of maternal fatty acid consuroptduring pregnancy.

In the past decades, the effect of maternal primisicupplementation on fetal immune
development and subsequent atopic disease hasshbptt of multiple triaf$™® In a
randomized controlled trial in 159 pregnant womeithva family history of atopy,
maternal supplementation dfactobacillus GG starting 2-4 weeks before expected
delivery and postnatally for 6 months to their mfaresulted in a twofold decreased risk
of infant atopic eczentd Protection against atopy may be mediated threngtulation

of fetal immune development, as maternal uselLa€tobacillus rhamnosusluring
pregnancy increased concentrations of NNz cord blood plasma compared with
placebd®. However, subsequent trials failed to confirm aventive effect of probiotics
supplementation on subsequent atdpy® In fact, one of these trials reported increased
incidence of infant wheezing bronchitis in theactobacillus groupg’. The
immunomodulatory effect of maternal probiotics deppentation depends on the type of
probiotics, the timing and duration of supplementat Whereas fetal immune
development already starts from 4 weeks of gestati@ge, no studies have been
performed supplementing probiotics before 36 wegdstational age. Earlier initiation
and prolonged administration of probiotics suppletagon during pregnancy may confer
enhanced protection against subsequent childhae@sk, including RSV bronchiolitis.
Vitamin D is an essential nutrient and hormone timaty prevent RSV bronchiolitis.
Vitamin D affects both innate and adaptive immuesponses and also influences fetal
airway development. We and others have recentlyodsirated that cord blood vitamin
D deficiency in healthy neonates is associated wittreased risk of severe RSV
infection'® % As cord blood vitamin D concentrations are maidbrived from and
correlate with vitamin D levels in maternal plasneajrection of maternal vitamin D
status may prevent infant RSV infection. Althoudie tWorld Health Organization
recommends daily supplementation of 400 IU vitamito all pregnant women, 46% of
newborns in industrialised countries are born witufficient concentrations of vitamin
D®. Lack of adherence to these guidelines, reducacesposure and increased vitamin
D requirement during pregnancy (exceeding the ansotirat can be obtained through
diet) may account for the high prevalence of vitamideficiency among newborns. The
optimal dose of vitamin D supplements during pregiyaneeded to benefit neonatal birth
weight, bone status and risk of childhood asthmsulsiect of several ongoing studies.
Prevention of infant RSV infection may be an aduliéil favourable effect of vitamin D
supplementation during pregnancy and should besstibf future clinical trials.

Reduction of maternal allergen exposure during meegy may be another strategy to
prevent severe RSV bronchiolitis in the offspriAdergic infants are at increased risk of
severe course of disease during RSV infeéticBonversely, severe RSV bronchiolitis is
not associated with subsequent development ofgédletisease, indicating that allergic
sensitization precedes development of severe R®¥chiolitis and may play a causal
role in disease pathogenédif a prospective randomized cohort study in 29dnaees
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of atopic parents, reduction of pre- and postnallafgen exposure was associated with
decreased incidence of respiratory symptoms, dsedeaheeze with shortness of breath
and decreased use of inhalant medication in teeyfgar of lifé% However, in this study,
no viral testing was performed. As RSV is the nwnse of infant viral-induced wheeze,
prevention of early allergic sensitization may afgevent the development of severe
RSV bronchiolitis during infancy.

Maternal vaccination

It is well established that maternal neutralizimgilzodies protect neonates against RSV
bronchiolitis in the first months of life. Howeveafter the age of 3 months, antibody
titers drop below protective levels and incidenéeR&V bronchiolitis rises. Animal
studies have demonstrated that maternal vaccinatiem boost maternal antibody titers
and increase transplacental transfer of RSV-speidifimunoglobulins to the neonételn
addition, maternal vaccination may increase RS\&ifipelgA in breast milk, thereby
increasing the duration of protection. Munoz anleegues published the results of a
randomized clinical trial in 35 pregnant women desteating that maternal vaccination
with a purified RSV fusion protein was safe andréased transplacentally acquired
RSV-specific 1gG in the children up to age 6 mofithin this small population, no
difference was observed in the frequency or segvefitnfant respiratory tract infections.
After this publication in 2003, no other clinicabgers have been published on this
subject. Larger clinical studies, either in humansn non-human primates, are urgently
needed to determine whether maternal vaccinaticduces the burden of RSV
bronchiolitis in infants.

Conclusion

In summary, pregnancy provides a unique windowpgfostunity to improve fetal health
and to prevent diseases in early life, includingVRI&onchiolitis. Manipulation of
maternal nutrition, probiotics supplementation, qadge intake of vitamin D and
maternal vaccination during pregnancy should be loegd. However, clinical
development of these strategies is hampered bgxbmpt position of pregnant women
as research subjects. Recently, Chervenak andagaks have proposed a framework for
design of clinical trials during pregnaricyn this framework, the fetus is considered an
individual patient with future health risks whichagnbe prevented by intervention during
pregnancy and need to be balanced against thefoiskkse mother. Legislative guidelines
are highly needed to stimulate the developmenttm@itegies that modulate the intra-
uterine environment to prevent RSV bronchiolitisidg childhood.
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Abstract

Introduction

Newborns are highly susceptible to infectious dissawhich may be due to impaired
immune responses. This study aims to charactenzemtogeny of neonatal TLR-based
innate immunity during the first month of life.

Methods

Cellularity and Toll-like receptor (TLR) agonistdnced cytokine production were
compared between cord blood obtained from healdonates born after uncomplicated
gestation and delivery (n=18), neonatal venous dlolotained at the age of one month
(n=96), and adult venous blood (n=17).

Results

Cord blood TLR agonist-induced production of thelfdolarizing cytokines IL-12p70
and IFNa was generally impaired, but for TLR3, 7 and 9 assn rapidly increased to
adult levels during the first month of life. In doast, TLR4 demonstrated a slower
normalization, with low LPS-induced IL-12p70 protioa and high IL-10 production up
until the age of one month.

Conclusions

Polarization in neonatal cytokine responses to L&sild contribute to neonatal
susceptibility to severe bacterial infection.
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Introduction

Neonates have an increased susceptibility to iimfectThe incidence of infections is
particularly high in the first weeks of life, andpidly decreases thereafteCommon
causes of infection in neonates include commereetebia such as group B streptococci
and1 coagulase negative staphylococci, and Gramtimegarganisms likeEscherichia
coli™.

Susceptibility to infection appears to be due tanmturity of the neonatal immune
system. Neonatal adaptive immune responses arednachfpy a lack of pre-existing
memory and decreased Thil-type respdnsés addition, the innate immune system of
newborns is also impair&dToll-like receptors (TLRs) are highly conservesimponents
of the innate immune system and are involved inréoegnition of microbial pathogen-
associated molecular pattetnFLR activation triggers intracellular signallimgscades,
resulting in production of inflammatory mediatofsat modulate the primary immune
response and instruct the adaptive immune systéwms, TTLRs are essential in initiating
and orchestrating the immune response. Studieseohatal cord blood suggest that
neonatal responses to multiple TLR agonists areairag at birth. Neonatal cord blood
monocytes demonstrate lower vitro production of tumor necrosis factar{TNF-0)
after stimulation with several TLR agonists, inéhglbacterial lipopeptides (TLR2) and
lipopolysaccharide (LPS; TLR2)® TLR-mediated responses in human cord blood
dendritic cells (DC) are also distinct. Uponvitro LPS stimulation, neonatal monocyte-
derived DC (moDC) showed a significantly lower eegsion of activation markers CD40
and CD80 and decreased production of interleukpz02(IL-12p70) and interferof-
(IFN-B) compared to adult moDC. Thus, impairments in the newborn TLR system may
predispose for infections. The importance of th&RTdystem in newborns and infants is
exemplified by patients with defects in the TLR-M3®IRAK4 pathway, who tend to
present with severe infections early in life aridichl disease lessens with 4de

Most studies assessing neonatal TLR responsescesddlood, which is more readily
available than neonatal venous blood. Howeverrdpélly changing physiology at birth
leads to significant changes to the blood compartrrethe first hours and days of life.
Because of the critical role of TLRs in the devéhgpneonatal immune system, insight
into the development of TLR function during thesfimonths of life will likely contribute
to a better understanding of the host defence agaifection during this critical period
in life. Here we show that unlike responses to &serfor TLR3, 7 and 9, neonatal
responses to LPS are impaired throughout the fivshth of life, suggesting a TLR-
pathway selective impairment that could contribiite susceptibility to particular
infections.

Materials and M ethods

Blood

The research protocol was approved by the localiddédEthics Committee of the
University Medical Center Utrecht and written infogd consent was obtained from
parents of all participants. Blood was obtainedrfieealthy newborns participating in an
ongoing birth cohort study on the role of neondtaR responses in the pathogenesis of
respiratory tract infections and asthma. Cord blowmds collected directly after
uncomplicated vaginal delivery (n=18). Peripher&nous blood was obtained by
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venipuncture at the age of 1 month (n=96), or frioealthy adult volunteers (n=17).
Exclusion criteria for blood collection at birth at the age of one month were preterm
delivery, a complicated obstetric history, perihatse of antibiotics by mother or child or
any type of medical intervention. To investigate thming of TLR4 maturation, a third
group of children was included from whom venousoblevas collected 5 days (range 1-
7) after delivery (n=22). In the latter group, waed for minor medical issues, such as
macrosomy or low temperature warranting glucosdrobrNone of the participants had
any sign or symptom of infectious disease, suctesgiratory tract complaints or fever,
in the two weeks prior to sampling. Due to pradtmansiderations, we were unable to
obtain repeated blood samples in the same chil@aseline characteristics are shown in
Table 1. Blood was collected in sterile tubes amticeagulated with EDTA for
differential blood count, or with sodium heparirr flow cytometry and in vitro TLR
stimulation assays. Limited volume and technicalies prevented us from performing all
measurements in all subjects. The exacfor each experiment can be found in
Supplementary Table 1.

Flow cytometry

Expression of cell surface antigen was determingdhbubating whole blood samples
with fluorescence-labeled monoclonal antibodies ¥6r30 minutes. Antibodies were
conjugated to fluorescein isothiocyanate (FITC) 8C8D14, CD45RA, CD56, lineage
cocktail), phycoerythrin (PE) (CD5, CD16, CD45RM&2L, CD123), allophycocyanin
(APC) (CD3, CD11c, CD19) or peridinin-chlorophyligtein complex (PerCP) (CD4,
HLA-DR). All antibodies were obtained from Bectomda Dickinson Biosciences,
Franklin Lakes, NJ.

After incubation, red blood cells were lysed usinglysing solution (BD Biosciences).
Cell pellets were washed in phosphate-buffered nealand fixed using 1%
paraformaldehyde. Flow cytometry was performed gishe FACS Calibur system (BD
Biosciences) and data were analyzed using CellQum@sisoftware (BD Biosciences).
Whole blood concentrations of lymphocytes and roguils were determined by total
and differential leukocyte count using the Cell-D@apphire haematology analyzer
(Abbott diagnostics, Abbott Park, IL). Manual lealte differential was performed in
case of abnormal cell morphology. Myeloid dendritiglls (mDC) were identified as
HLA-DR", lineage- and CD11¢ plasmacytoid dendritic cells (pDC) as HLA-OR
lineage and CD123. Natural killer (NK)-cells were marked by CDED16" and CD56,
and monocytes were identified as HLA-DRand CD14. Absolute numbers of
mononuclear cells were calculated by multiplying glercentage of cells in the lympho-
monocyte gate (as determined by flow cytometryhwliie concentrations of lymphocytes
and monocytes from the differential leukocyte count

TLR agonists

TLRs were stimulated using polyinosinic:polycytidyhacid (poly I:C, TLR3), ultrapure
LPS fromE. coli (TLR4), loxoribine (TLR7) and CpG oligonucleotidgpe A (ODN
CpG 2216, TLR9), all from InvivoGen (San Diego, CRpr co-stimulation, recombinant
IFN- y was purchased from PeproTech Inc. (Rocky Hill,.NJ)
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Cell stimulation

In vitro TLR stimulation was performed using optimal concativons of TLR agonists
and incubation times for cytokine measurementsitrased in pilot experiments (data not
shown). Accordingly, blood samples were stimulatétth LPS (100 ng/ml) + IFN¢(20
ng/ml), poly I:C (200 ug/ml), ODN CpG (30ung/ml) or loxoribine (1 mM). For
mononuclear cell stimulation in plasma exchangayssdower concentrations of stimuli
were used (50 ng/ml LPS and 20 ng/ml IfPN+or cytokine protein measurements in
culture supernatant, blood samples were diluted in1RPMI medium containing 2.0
mM glutamine, 100 U/ml penicillin and 1Q@y/ml streptomycin prior tén vitro TLR
stimulation. This dilution allowed us to study dyitte responses to multiple TLR
agonists in limited blood volume. After 24h incubatat 37°C and 5% COsamples
were centrifuged at 1000gfor 5 min. Supernatants were collected and state@0C
until further analysis. For RNA studies, stimulatiowere performed in undiluted blood
using a 5h incubation time optimized for RNA deimtt Upon stimulation, blood was
collected in PAXgene reagent (PreAnalytiX GmbH, Hwethtikon, Germany) and
stored at -88C until further processing.

Plasma studies

The effect of plasma on TLR-agonist induced cytekimoduction by PBMC was studied
according to previous repoftsPlasma was prepared by centrifugation of hepathi
blood at 100@y for 10 minutes. Fresh adult peripheral blood mamtear cells (PBMC)
were obtained by Ficoll-Hypaque (Amersham Pharm&i@tech, Uppsala, Sweden)
gradient separation, and stimulated with LPS (50nljgand IFNy (20 ng/ml) in the
presence of 10% heterologous adult or neonataimalg24 h; 37°C; 5% C{ For each
experiment, plasma derived from 8 to16 differer¢-omonth old neonatal or adult donors
was used.

Cytokine ELISA

Cytokine concentrations in culture supernatantseweetermined by enzyme-linked
immunosorbent assay (ELISA) according to manufaetsir instructions: I1L-10
(Sanquin/CLB, Amsterdam, Netherlands), IL-12p70 a@dne Research, Besancon,
France) and IFNt (Bender Medsystems, Burlingame, CA, USA). Intercatbtrols were
used to minimize inter-assay variations. Lower tinaf detection were 1.0 pg/ml (IL-10),
2.0 pg/ml (IL-12p70) and 2.7 pg/ml (IFd). For samples with cytokine concentrations
below the detection limit, the concentration waditearily defined as half of the
detection limit.

RNA measurements

RNA was extracted using the PAXgene Blood RNA RitgAnalytix GmbH), according
to a modified protocol optimized for small bloodlwmes®. RNA was subsequently
purified and concentrated using the RNAeasy minieelkit (Qiagen, Valencia, CA)
according to manufacturer’s instructions. RNA canications in the purified samples
were measured using a NanoDrop-1000 spectrophatoni€hermo Fisher Scientific,
Waltham, MA), and cDNA was prepared using the Rifst Strand Kit (SA Biosciences,
Frederick, MD). gRT-PCR was performed accordingmanufacturer’'s instructions,
using a customized PCR array including 28 differ@htR-related transcripts (SA
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Biosciences). SYBR-Green (SA Biosciences) was dsedletection and fluorescence
was read on the ABI Prism 7300 Sequence Detectppl{@d Biosystems, Foster City,
CA). Resulting mRNA levels were normalized to hdwsping genes and compared
using theACT method.

Statistical analysis

All data were analyzed in the Statistical PackageScial Sciences (SPSS) version 15.0
software. The distribution of variables was checfa@dormality using the Kolmogorov-
Smirnov test. Cytokine and mRNA concentrations raff€R stimulation and flow
cytometry data were logarithmically transformedd aygometric means between groups
were compared using Studentstest, or one-way ANOVA with post-hoc analysis
(Bonferroni test for multiple comparisons). Cortelas between LPS-induced and
LPS+IFNy-induced release of IL-10 and IL-12p70 were calmdausing Pearson
correlation on logarithmically transformed datal Al values are two-sided and were
considered significant whegn<0.05.

Results

Different cell composition in neonatal and adulhwes blood

To determine whether differences in innate immuelé mumbers may contribute to the
pattern of neonatal TLR-mediated responses, whigedbleukocyte differentials were
performed by flow cytometry. Cord blood and neohe¢gous blood were highly cellular
compared to adult venous blood, containing higtmrcentrations of monocytes (Fig.
1A) and equal concentrations of mDC, pDC and NHKsc@tigs. 1B-D). Consistent with
previous studies, neutrophil concentrations aiate of one month were lower than those
in cord blood and adult blood (Fig. Z)

Cord blood TLR agonist-induced cytokine releasdistinct

To assess the ability of neonatal innate immunks ¢elmount an immune response to
microbial products, we testaxk vivowhole blood responses to a panel of TLR agonists.
Cytokine concentrations in unstimulated control ks were below the limit of
detection for all cytokines (data not shown). Cbtdod TLR agonist-induced cytokine
responses were significantly different from adultRTresponses (Figs. 2 and 3). Cord
blood hemocytes demonstrated similar (TLR3 and T)L&t4ncreased (TLR4 and TLR9)
levels of TLR agonist-induced IL-10 production. dontrast, cord blood production of
Thl-polarizing cytokines IL-12p70 and IF-in response to agonists for TLR3, TLR4
and TLR7 was decreased compared to adults.

Table 1: Characteristics of participants

Characteristic Group
Birth (n=18) 1 wk (n=22) 1 mo (n=96)

Gender, malen (%) 10 (56) 13 (59) 49 (51)
Gestational age, wk, mean (95% CI) 40.0 (39.3-40.689.9 (39.3-40.6) 39.8 (39.5-40.0)
Birth weight, g, mean (95% ClI) 3650 (3443-3857) 36a354-3931) 3583 (3487-3678)
Mode of deliveryn (%)

Vaginal 18 (100) 6 (27) 67 (70)

Caesarean section 0 (0) 16 (73) 29 (30)
Siblings,n (%) 13 (72) 16 (73) 59 (61)
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Figure 1: Whole blood concentrations of innate immune cells. Whole blood leukocyte differential was
performed in cord blood (n=18), neonatal venoustlobtained at the age of one month (n=96) andt adul
venous blood (n=17). Cell percentages were deteaty FACS and multiplied by the total concentnatio

of lymphocytes and monocytes from the complete dbloount. Data are represented as geometric mean +
95% ClI. *; p<0.05.
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Figure 2: Rapid maturation of TLR responsesin healthy newborns. Cytokine production in cord blood
(n=18), neonatal venous blood at age one monthGnafd adult venous blood (n=17) was measured after
a 24h-incubation with poly I:C (TLR3, panels A+Bpxoribine (TLR7, C+D) and ODN CpG (TLR9,
E+F). Neonatal ability to produce Thl-type cytokingoon TLR-agonist stimulation was impaired athhirt
but rapidly increased to adult levels. Data areespnted as geometric means + 95% CIs. *; p<0.05.
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TLR agonist-induced cytokine responses differdgtimlature during the first month of
life

To determine whether the distinct patterns of nednBLR-mediated responses persist
beyond the immediate peripartum period, we nexerdghed TLR agonist-induced
cytokine release in healthy newborns at the agenaf month. Neonatal capacity to
produce Thl-type cytokines IL-12p70 or IFENin response to agonists of TLR3, TLR7
and TLR9 rapidly increased to adult levels withire tfirst month of life (Fig. 2). In
marked contrast, TLR4-mediated production of IL-Z@premained significantly
decreased compared to adults (mean 47 pg/ml, 95286 pg/ml vs 437 pg/ml, 166-
1129 pg/ml, p<0.05) (Fig. 3). 1 month old neonatesionstrated increased production of
IL-10 in response to stimulation with agonists fBLR3, TLR4, TLR7 and TLRO.
However, although differences in TLR3-mediated [L-firoduction were significant,
these results should be interpreted with cautiarabge poly |:C induced very little IL-10
in all populations. At age one month, there wasaest inverse correlation between
TLR4-mediated IL-10 and IL-12p70 productign-0.167, p<0.05).

TLR-4 responses gradually mature during the firenth of life

To study whether neonatal TLR4-mediated cytokinspoases are impaired all
throughout the first month of life, LPS+IFWinduced cytokine production was studied
in venous blood obtained from neonates duringitiseweek of life (Fig. 3). LPS+IFN-y
stimulation induced similar amounts of IL-10 in ddslood (1192 pg/ml), venous blood
drawn at the age of one week (741 pg/ml) and ataties of one month (988 pg/ml).
LPS+IFNy-induced IL-12p70 production at age one week wegsifitantly higher than

in cord blood (53 pg/ml vs 6,5 pg/ml, p<0.01), danito levels at age one month (47
pa/ml, pg/ml), and lower than in adults (433 pg/p®0.01). These findings suggest that
the ability of neonatal blood to produce Thl-tyggokines in response to LPS remains
impaired at least until the age of one month. Previstudies have shown that perinatal
events influence cord blood TLR agonist inducedkiyte productiofr *2 In our study,
both univariate and multivariate analyses did neteal any association between
gestational age, sex, maternal parity or mode difvety and TLR agonist-induced
cytokine production in neonatal venous blood drawnthe age of one month (data not
shown). This study was not sufficiently poweredreestigate the clinical determinants
of neonatal TLR responses in cord blood or vendosdat the age one week.

Distinct neonatal responses to LPS are associateth wlifferences in cytokine
transcription

We next examined whether the distinct neonatal Fhidliated IL-12p70 and IL-10
protein responses are also evident on mRNA levig. (). Stimulation with LPS or
LPS+IFNy induced high levels of IL-12A (p35) mRNA in adults contrast, cord blood
and neonatal venous blood demonstrate impairedib&@®ed and LPS+IFN-induced
up regulation of IL-12A mRNA (Fig. 4A), with signéantly lower levels of LPS-induced
IL-12A compared to adults. Although differencesviestn neonatal venous blood and
adult venous blood were not significant, IL-12B derstrated similar patterns (Fig. 4B).
This suggests that that differences in mMRNA levedy underlie the observed differences
in LPS+IFNy-induced IL-12p70 protein production between neesaind adults.
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In contrast, despite higher LPS-induced IL-10 grofroduction in cord blood (Fig. 3),
LPS-induced levels of IL-10 mRNA were similar i afje groups (Fig. 4E). However,
small but significant differences may have remainedetected because of a relatively
small number of participants for this part of thedy. As previous studies on neonatal
TLR responses mainly focused on TNFand IL-6" ** * we determined LPS- and
LPS+IFNy-induced mRNA levels of these cytokines. Consisteith existing literature,
TLR4-mediated production of TN&-mRNA trended lower in cord blood and at the age
of one month compared to adults (Fig. 4C), whefidd®4-mediated transcription of IL-6
was similar in all age groups (Fig. 4D).

Effect of recombinant IFN-on LPS-induced cytokine production

Stimulation with LPS only (i.e. without IFN) resulted in low/undetectable levels of IL-
12p70 in 77% of all samples. Addition of exogendield-y has been shown to increase
transcription of IL-12p35 and IL-12p40, and to ie@se LPS-induced release of IL-
12p73°> & Therefore, recombinant IF){rIFN-y) priming was used to optimize LPS-
induced IL-12p70 production. To verify that the ebh&d patterns were not solely the
result of a newborn-specific effect of IRN-we compared cytokine production in
samples stimulated with LPS only and LPS with NFNSupplementary Fig. 1).
Production of IL-12p70 production showed similarvelepmental patterns, with
low/undetectable levels at birth and higher le\aldhe age of one month or in adults.
Interestingly, although there was a strong cori@batbetween LPS-induced and
LPS+IFNy-induced IL-10 productionpE0.809), LPS-only stimulation resulted in high-
levels of IL-10 with no differences between ageugi® This suggests that the effect of
IFN-y may be age-dependent, selectively inhibiting LR@iced IL-10 production in
one-month olds and adults, but not in cord blood.

Figure 3: Distinct TLR4 responses up until the age of one month. Cytokine production in cord blood
(n=18), neonatal venous blood at age one monthgnald adult venous blood (n=17) was measured after
a 24h-incubation with LPS+IFN- Cord blood TLR4 responses were characterizedobylévels of IL-
12p70 (A) and high levels of IL-10 (B). Although SPIFN-y-induced production of IL-10 and IL-12p70
gradually decreased or increased respectively, TinRdiated cytokine responses at the age of onetmont
remained significantly impaired compared to adedponses. *, p<0.05.
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Figure 4: Distinct neonatal TL R4-mediated cytokine mRNA responses

Cytokine mRNA concentrations in cord blood (n=7@pnatal venous blood at age one month (n=7) and
adult venous blood (n=7) were measured after anBaibiation with medium, LPS or LPS+IRN-TLR4-
mediated transcription of IL-12A and IL-12B and T¥dFwas impaired both in cord blood and in venous
blood at age one month, compared to adult venaadbln contrast, despite higher medium-inducedlev

in cord blood, TLR4 agonist-induced productionlofdl and IL-10 was similar in all age groupsps0.05.
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Figure 5: Donor- and cytokine specific effect of neonatal plasma on LPS-induced cytokine
production.

Adult PBMC derived from heparinized blood from thrseparate donors were stimulated with LPS and
IFN-y in the presence of 10% heterologous adult or rtebpé&asma. Each dot represents a different plasma
donor. After 24h incubation, the extracellular madiwas collected for IL-10 and IL-12p70 measuremsent
Bars represent median values.
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Neonatal LPS-induced production of IL-10 but notlRp70 is influenced by a soluble
factor

The maturation lag of TLR4 responses prompted uutiier explore the underlying
mechanism of distinct neonatal LPS-induced cytokiraduction. To determine whether
differences in TLR4 complex-mediated productionlbfl0 and I1L12p70 are due to
cellular or soluble factors, we compared LPS-indutte10 and IL-12p70 release from
adult PBMC cultured in heterologous adult and n&dnglasma obtained at the age of
one month (Fig. 5). Neonatal plasma conferred dshied release of IL-10 in two out of
three PBMC donorspk0.05), but did not affect IL-12p70 release. Thegnitude of
modulation of IL-10 release by plasma was smahantthe differences observed in our
whole blood assay. In addition, the donor-spedifiaind lack of plasma-mediated effect
on IL-12p70 release suggest that differences imated and adult LPS-induced cytokine
production may not be solely modulated by solubtdrs.
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Discussion

Human neonates are highly susceptible to infectiovtsich is generally ascribed to
transient developmental deficiencies in the inreie adaptive immune system. Here, we
demonstrate that despite similar or higher conegintrs of innate immune cells, neonatal
ability to produce Thl-type cytokines upon TLR siiation is impaired compared to
adults. The neonatal TLR system undergoes rapiddéferential development during
the first month of life. Whereas the ability to duze Thl-type cytokines in response to
agonists for TLR3, TLR7 and TLR9 rapidly increagesadult levels during the first
month of life, TLR4 mediated responses remain imguhat least up to one month of age.
Age-dependent impairments in the TLR system maytritite to the high neonatal
susceptibility to infection.

Our results are consistent with previous studiesnahstrating that neonatal innate
immune system is distinct and polarized towards -ffjp2 responsés®  This
polarization is thought to play an important ratetihe prevention of harmful maternal-
fetal alloimmune reactions leading to preterm laband deliver§. However, the bias
against Thl-cell polarizing cytokines leaves thevmarn susceptible to infection. Insight
into the kinetics and factors modulating neonataR Tdevelopment may result in new
strategies to prevent and/or treat infections dledggc diseases.

Studies investigating postpartum TLR developmestcdee gradual maturation of Thl-
cell polarizing capacity from infancy to childhddd® *° The importance of establishing
the immune status in early life is underscored dyegal studies showing that variations
in early immune development have long-term sequeitte regard to the prevalence of
many diseasé$* To our knowledge, this is the first study to istigate postpartum
TLR development during the first month of life inlaxge cohort of healthy newborns.
The striking maturation of neonatal TLR responskesiiifies the first month of life as an
essential period in the development of this pathefinnate immune system.

Studies investigating the cause of impaired nedddiR responses have mainly focused
on impaired production of Thl-type cytokines sushT&lF-a and IL-12" & 13 14.24. 25
Different mechanisms have been suggested to exgéaireased cord blood LPS-induced
IL-12p70 production. First, plasma factors, suchL®S binding protein, have been
shown to modulate LPS-delivery to the TLR4 recepmmplex® %. Adenosine, present
in neonatal plasma, increases intracellular lewélsyclic adenosine monophosphate
(cAMP), thereby inhibiting TLR-mediated TNé&-productiod”. Interestingly, increased
levels of cCAMP also decrease IL-12 production whilereasing production of IL-10,
exemplifying its immunopolarizing potentfalin our assay, neonatal plasma showed a
modest increase in LPS-induced release of IL-livnout of three adult PBMC donors,
and had no effect on the production of IL-12p70cd&ese of limited volume, we were
only able to use 10% plasma, whereas previousegudied 100% plasma. In addition,
instead of cord blood mononuclear cells, we usedta@BMC, which may be less
sensitive to the TLR-modifying effects of neongtidsma. We hypothesize that TLR4-
mediated cytokine production is modulated by a dempnd dynamic interplay between
soluble factors and other (cell intrinsic) factoffile concentration of soluble mediators
and target cell sensitivity will be subject of tugt studies.

Second, differences in LPS-induced cytokine prddactay be due to differences in
expression of the TLR4 complex, consisting of TLRA14 and MD-2. The relative
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level of TLR4 expression in neonates compared titsds still a matter of debate, which
is further complicated by methodological differendeetween studiés™® 2 However,
while differences in TLR4 complex expression oubté factors may explain a general
increase or decrease in cytokine release, theymlikely to explain the polarization
observed in our study.

Third, IL-10 has been shown to negatively modulkt&2p70 productiof®” * Indeed, in
our samples, there was a modest but significardthegcorrelation between LPS+IFN-
induced IL-10 and IL-12p70 release. This suppohts nhotion that TLR4-mediated
cytokine production is tightly regulated to maintahe balance between Thl and Th2.
From our results, we cannot conclude whether pdrineonatal TLR4 responses are
primarily due to increased production of IL-10, aexsed production of IL-12p70, or to a
common factor influencing both cytokines.

Fourth, signaling downstream of TLR4 also diffemstvieen newborns and adults. A
microarray study comparing cord blood and adult {a@8vated monocytes showed
significant differences in expression of severagnal transduction factors and
transcription factors, including JunB and STAT4.PS-induced mRNA levels of both
subunits of the IL-12p70 heterodimer by cord blondnocytes has been shown to be
decreased due to decreased half-life (IL-12p40ylefective nucleosome remodelling,
resulting in impaired transcription (IL-12p338¥° Our data indicate that, in a whole
blood assay, defective IL-12p70 production at bigtldue to impaired transcription of
both IL-12A (encoding the IL-12p35 subunit) and 1PB (IL-12p40), and that these
impairments are maintained up until the age ofrooath.

This study has potential limitations. First, inreitstudy of whole blood represents a
minimally perturbed system, yet may not reflecttgrais of responsi vivo™. Second,
repeated sampling in the same children would haen lthe optimal strategy to address
maturation of TLR responses during the neonatal @ges was not feasible for practical
reasons. Third, the whole blood stimulation asseyjtd conclusions on cell-specific
mechanisms underlying impairments in neonatal Tlwkcfion. Similar limitations would
have been encountered using isolated PBMC, becB83¢C composition changed
markedly during the neonatal age. We believe thaithole blood stimulation model is a
relevant representation of the immunological statfisnewborns and infants that
correlates with susceptibility to infectit®

In conclusion, neonatal TLR responses are disfinod those of adults, and differentially
mature during the first month of life. The propeéypgowards high IL-10 but low IL-
12p70 production in response to TLR4 agonists duthe first month of life might
contribute to neonatal susceptibility to pathogtrat are recognized by TLR4, such as
Gram-negative bacteria and R8\Finally, future studies aimed at identifying fiaetors
influencing postpartum TLR development will furthéelineate the age-dependent
maturation of this key aspect of innate immunityd anay identify new strategies to
modulate the maturation of the neonatal innate imengystem, to prevent infections
and/or allergy during this vulnerable age.
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Supplementary information

Supplementary figure 1: Effect of IFN-y on LPS-induced cytokine production

Cytokine production in cord blood (n=17), neonatahous blood at age one month (n=29) and adult
venous blood (n=16) was measured after a 24h-initubwith LPS only or LPS+IFN: Concentrations of
IL-12p70 after LPS-only stimulation were often belthe detection limit of the ELISA: 0% of cord bbo
samples were within detectable range, vs 10% ofrooeth and 30% of adult samples. Addition of rlfFN-
resulted in measurable levels of IL-12p70 in 33%8o7and 95% of samples respectively. Of note, aljhou
there was a strong correlation in IL-10 productiorsamples stimulated with LPS only and LPS+H-N-
(p=0.809), the age-specific patterns observed affe8+#lFNy stimulation were lost, indicating that the
effect of IFNy on LPS-induced IL-10 may be age-dependent.
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Supplementary table 1: Number of participantsfor innate immune measurements

Experiment N
Birth 1wk 1mo Adult

Flow cytometry

mDC 17 nla 84 18
pDC 15 nla 85 15
Monocytes 14 nfa 89 15
NK cells 17 n/a 32 17
Neutrophils 17 n/a 85 17
RNA measurement upon TLR stimulation 7 7 7 7

Cytokine measurements upon in vitro TLR stimulation

TLRS3, IL-10 18 nfa 93 18
TLR3, IL-12p70 18 na 93 18
TLR4, IL-10 18 18 94 18
TLR4, IL-12p70 18 16 93 18
TLR7, IL-10 18 na 72 16
TLR7, IFN-0 13 nfa 29 14
TLRY, IL-10 14 nfa 92 16
TLRY, IFN« 10 na 90 13
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Chapter 5

Abstract

Neonatal Toll-like receptor (TLR) responses areséibtowards Th2-polarizing responses
at birth, and rapidly mature towards more balanesponses during the first month of
life. To determine the influence of environmentapesure on postnatal TLR function, a
prospective birth cohort study was performed in 2@hlthy term neonates. Mode of
delivery, breastfeeding, birth month, siblings,sp@td parental smoking were analyzed in
relation to neonatal innate immune parameters atatie of one month. Whole blood
concentrations of innate immune cells were measbseflow cytometry and in vitro
TLR-mediated cytokine production was determinedBbySA. Breast feeding was the
major determinant of neonatal innate immunity, asgmg with 5 (31%) of neonatal
innate immune parameters, of which the associatioth TLR7-mediated IL-10
production was most significant (76 pg/mL in bréadtneonates versus 293 pg/mL in
formula-fed neonates, p=0.001). Of innate immuneabées, TLR3-mediated IL-12p70
production was highly associated with environmeptglosures (pets, breastfeeding and
mode of delivery), whereas TLR9-mediated cytokiegponses were not associated with
any environmental factor. We conclude that thequtdte effect of breastfeeding against
subsequent infections and atopy might be explameds innate immune modulatory
effects in the first month of life.
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Introduction

The first month of life is a challenging period tbe development of the immune system.
Born from a sterile intra-uterine environment, tieonatal immune system is suddenly
exposed to a world full of foreign antigens. To venet potentially harmful immune
reactions towards maternal antigens in utero aralloev for bacterial colonization after
birth, the neonatal immune system is generally dulaggainst the generation of pro-
inflammatory responses. However, this bias rendeesneonate highly susceptible to
infection. Infections are the second most commomseaof neonatal mortality world
wide, accounting for 1 million annual death$n addition, increased neonatal Th2-
polarizing responses towards food and aeroantiggght induce the patterns that are
associated with childhood atdply

We have previously demonstrated that neonatal likal-receptor responses rapidly
change during the first month of life, maturing rfrea Th2-polarizing phenotype to
increased production of Thl-polarizing cytokinehe first month of life might thus
provide a window of opportunity for interventionndeed, early life exposure to
environmental factors, for example cigarette sfiokas been associated with increased
risk of asthma or atopy, while other factors, sastsiblingé 8 pets and breastfeedin,

are protective. Although in vitro studies and arimmodels have shown that many of
these factors have immune modulatory functtb?® only few studies have investigated
the effects of early life environmental exposuren@onatal innate immune function in
humand* *> The current study aims to provide quantitativedlerce of environmental
factors influencing neonatal innate immune celityjaand TLR-mediated cytokine
production at the age of one month.

M ethods

Study design and recruitment criteria

A prospective birth cohort study was performedvi turban hospitals in Utrecht, The
Netherlands Eligible were healthy neonates born after uncécapd pregnancy af37
weeks after either vaginal delivery or electivesaaean section. Excluded were neonates
with major congenital anomalies and neonates whpasents had insufficient knowledge
of the Dutch or English language to comply with tresearch protocol. To avoid
extensive counselling of parents just after delivartwo-step inclusion system was used
(Figure 1). The first consent interview took plaseund childbirth, during which parents
were informed about the study but no decision onysparticipation was made. One to
three weeks after delivery, parents were recordadburing this second interview,
informed consent was obtained and a visit to thephal was scheduled. The study was
approved by the ethical review boards of the Utrédhiversity Medical Center Utrecht
and the Diakonessen Hospital. All parents provideitten informed consent for study
participation.

Clinical characteristics

Clinical characteristics were collected from thespital charts and from standardized
parental questionnaires performed by a physician trained research nurSe
Determinants assessed were: mode of delivery {(edecaesarean section vs vaginal
delivery), exclusive breastfeeding during the fimsdnth of life, presence of siblings or
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household pets and parental smoking. As a surragar&er for exposure to seasonal
antigens (e.g. respiratory viruses, polferindoor endotoxin'®), birth month was used,
either as an ordinal variable (values 1-12, foisemality analysis), or dichotomized into
birth in April to September versus birth in OctolerMarch, for regression analySis
Although not directly related to environmental egpee, parental atopy was included into
analyses as a marker of genetic background andibecs its reported association with
cord blood TLR respons®s Parental atopy was defined as physician-diagnas#tna,
hay fever or atopic dermatitis in either parent.

Blood

At the age of one month, 0.5-3 mL of neonatal blaee obtained by venipuncture and
collected in sterile sodium heparin tubes. Noneth®f participants had any sign or
symptoms of infectious disease (e.g. runny noseerfein the two weeks prior to
sampling.

Innate immune cellularity

Whole blood concentrations of innate immune cellsrevdetermined as previously
described (Supplementary table 1 adWhole blood concentrations of neutrophils,
eosinophils and basophils were determined by tatal differential leukocyte count
(Cell-Dyn Sapphire haematology analyzer, Abbottgdistics, Abbott Park, IL).
Percentages omyeloid dendritic cells (mDC), plasmacytoid dendritells (pDC),
monocytes and natural killer (NK)-cells were measduy flow cytometryusing markers
depicted in supplementary table 1 and figure hemdifPercentages were converted to
absolute concentratiortsy multiplying the percentage of cells in the lyrofhonocyte
gate (as determined by forward-sideward scattepesties) by the total numbeicf
lymphocytes and monocytes from the differentiaktsyte count.

TLR stimulation

In vitro TLR stimulation was performed in 1:14 diluted widbdlood, using optimal
concentrations of TLR agonists and incubation tirfas cytokine measurements, as
titrated in pilot experiments and described presipuSupplementary table 2 arfjl
Cytokines were arbitrarily chosen based upon tpeirinflammatory (TNFa, IFN-q,
IL-12p70) or regulatory properties (IL-10). TNFproduction was only measured upon
TLR2-stimulation. We were unable to detect any TiR@diated IL-10 production.

Due to technical reasons, data on TLR2 and TLR7imbed cytokine responses were
available for part of the cohort (n=95 and n=12&pectively). For most environmental
determinants, this did not affect statistical poweabstantially. However, none of the
neonates with data on TLR2-mediated T&Fproduction were born after caesarean
section, and no comparisons were made for thisoowggparameter.

After a 4h (TNFe) or 24h (IFNe, IL-12p70, IL-10) incubation at 37°C and 5% §£O
samples were centrifuged at 1000xg for 5 min, amgesatants were collected and
stored at —80°C until further analysis. Cytokinencentrations in culture supernatants
were determined by enzyme-linked immunosorbent yas#l ISA) according to
manufacturer’s instructions: TNé&; IL-10 (both from Sanquin/CLB, Amsterdam, The
Netherlands), IL-12p70 (Diaclone Research, Besan¢oance) and IFN:- (Bender
Medsystems, Burlingame, CA, USA). The lower lim@k detection were 1.0 pg/mL
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(TNF-a and IL-10) and 2.0 pg/mL (IL-12p70 and IF)- For samples in which the
cytokine concentration was below the detectiontlittie concentration was arbitrarily
defined as half of the detection limit.

Statistical analysis

Baseline characteristics were compared betweeirciparts and non-participants using
the Student'st-test (gestational age, birth weight), or tK&test (gender, mode of
delivery, birth season, presence of siblings). tem@mune variables were normalized by
means of logarithmic transformation, and geometnieans were compared between
neonates with and without exposure to the envirgriabaleterminant of interest, using
the Student's-test. Linear regression was used to assess tlghtedi effects (expressed
as the regression coefficigpitand 95% confidence interval Bj of multiple variables on
continuous outcome measures (e.g. the relativaantle of breastfeeding or siblings on
TLR3-mediated IL-12p70). In addition to environm&nteterminants, parental atopy
was included into the regression analysis as aenafkgenetic predisposition. To correct
for multiple testing, the Bonferroni method was disgetting the threshold for statistical
significance at p<0.0005.

Seasonality of innate immune variables was tesyefitting logarithmically transformed
cell concentrations or cytokine levels to a sinection with a period of 12 months in a
nonlinear regression model. Statistical signifi@araf this seasonal distribution was
determined using the F-test. Because this typenafyais has an inherent risk of over
fitting, a more stringent cut off was used for istatal significance (p<0.01). To address
the possibility that seasonal patterns were duedthodological factors (e.g. differences
in reagents or machinery during the study perisdhsitivity analyses were performed,
analyzing each birth year in our cohort separatélyreported p-values are two-sided.
Analyses were performed in SPSS 15.0.

Results

Study population

From March 2006 to February 2010, 3032 neonates Wwem in participating hospitals
(Figure 1). Parents of 1168 (39%) of these nesnatze asked to participate, of which
291 (25%) gave written informed consent for studytipipation. There were no
differences in gender, birth weight, gestationaé,agiblings or birth season between
participating and non-participating neonates (Seimgntary table 3). Participating
neonates were more likely to be born through electiaesarean section compared to
non-participants (14 versus 9%, p=0.04). Completénptal data were available for all
newborns, and 284 (98%) provided information onosxpe during the first month of
life. Characteristics of the study population grewn in table 1.
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Table 1: Characteristics of study population

Characteristic N=291
Gender, n (%)

Male 141 (48)

Female 150 (52)
Gestational age, wks (SEM) 40.0 (0.06)
Birth weight, g (SEM) 3611 (27)
Mode of delivery

Vaginal 251 (86)

Caesarean section 40 (14)
Birth season

Spring 70 (24)

Summer 76 (26)

Fall 72 (25)

Winter 73 (25)
Any siblings, n (%) 186 (64)
Exclusive breastfeeding, n (%) 154 (53)
Pets, n (%) 92 (32)
Parental smoking, n (%) 73 (25)
Parental atopy, n (%) 160 (55)

Determinants of neonatal innate immunity

To determine the major postnatal determinants ofatl innate immunity at the age of
one month, univariable analysis and multivarialdgidtic regression analysis were
performed. In univariable analyses (Figures 2-4gn&ironmental determinants were
analyzed in relation to 16 measures of neonatahtennmmunity: whole blood
concentrations of 7 different innate immune celiSggre 2) and 9 TLR-mediated
cytokine responses at the age of one month (Figur&ssociations with birth month are
depicted in Figure 4. Results of multivariable geak are shown in table 2 and 3 (only
significant associations are shown). Out of 96 doatipns tested, 18 (19%) significant
univariable associations were found. Breast feedimgh month and mode of delivery
were the major determinants of neonatal innate inmitpuaffecting 5 (31%), 4 (25%) and
3 (19%) of neonatal innate immune parameters, otispéy.

Figure 1: Flow chart of study population.

Eligible
(n=3032)
First consent interview
(n=1312, 43%)
*» Language barrier (n=35, 24%)
*» Medical issues (n=27, 19%)

Second consent interview
(n=1168, 89%)
No informed consent (n=877, 75%)

+» Objection to hospital visit (n=153, 17%)
+» Objection to venipuncture (n=166, 19%)
+» Objection to follow-up (n=237, 27%)

*» Unknown (n=321, 37%)

Excluded (n=144, 11%)
* Not reachable for second consent interview (=82, 57%)

Informed consent
(n=291, 25%)
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Breast feeding

Exclusive breastfeeding during the first month i Wwas associated with decreased
whole blood concentrations of monocytes (3.3%1&s 4.5x16/L, p=0.03, Figure 2a)
and neutrophils (1.6x20. vs 2.0x18/L, p=0.01, Figure 2b), 2-fold decreased TLR2-
mediated TNFa (p=0.04, Figure 3a), 2-fold increased TLR3-mediatk-12p70
(p=0.002, Figure 3b) and 4-fold decreased TLR7-atedi IL-10 (p=0.001, Figure 3g)
compared formula or mixed feeding. Except for TLR8&diated IL-12p70, all
associations were independent (Table 3). The asmtiwith TLR7-mediated IL-10
remained significant after correction for multiplesting. In addition, the amount of
TLR7-mediated IL-10 production per pDC was sigrfidy lower in breastfed neonates
compared to formula-fed neonates (12.5%1922.5x16 pg/mL/pDC, p=0.013).

Mode of delivery

Birth via elective caesarean section was associatttd8-fold lower concentrations of
NK-cells (p<0.001) (Figure 2e), with 2-fold decreds TLR3-mediated IL-12p70
(p=0.001, Figure 3b) and 2-fold increased TLR4-ratsdl IL-12p70 production (p=0.05,
Figure 3d) as compared to vaginal delivery. Asdamia with concentrations of NK-cells
(Table 2) and TLR3-mediated IL-12p70 were independand remained significant after
multiple testing correction.

Birth month

Seasonal patterns by birth month were observewifimle blood concentrations of NK-
cells and mDC, and for cytokine responses to TLRBBLR7 (Figure 4). Birth in winter
months was associated with low TLR-3 mediated b7 production (p<0.001), and
high production of IL-10 upon stimulation of TLRP<0.001). Sensitivity analyses
showed the same seasonal effects when each intlysér was analyzed separately (data
not shown). Except for mDC, all associations werdependent (Table 2), and the
association between birth month and TLR7-mediatedd remained significant after
correction for multiple testing. In multivariableegression analysis, two additional
significant associations were identified, demoristgathat birth in winter months was
associated with increased concentrations of moesc{p<0.001) and pDC (p=0.02)
compared to birth in summer months (Table 2).

Siblings, pets and parental smoking

No significant associations were found betweenges of siblings, household pets and
parental smoking and any parameter of neonatal imenfunction at the age of one
month, neither in univariable analysis (Figuresd 8), nor in multivariable logistic
regression analysis.
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Breast feeding modulates neonatal innate immurpprees

Figure 3: Associations between environmental factorsand TL R-mediated cytokine responses at the

age of one month.

Cytokine production in neonatal venous blood at@ge month (n=291) was measured after a 4h-
incubation with PagCys SSNA (TLR2, panel A), or a 24h incubation withly I:C (TLR3, B+C),
LPS+IFNy (TLR4, D+E), loxoribine (TLR7, F+G) and ODN CpGLH9, H+l). Data are represented as
geometric means and 95% confidence intervals defigen log-transformed variables.
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Chapter 5

Table 2: Independent associations between environmental exposure and whole blood concentrations

of innate immune cells at the age of one month. Variables included into regression analysis were:
parental atopy, birth in April-September, mode @fivkery, breastfeeding, siblings, pets and parental
smoking. Significant associations are shown.

* Remains statistically significant after correctifor multiple testing.

a

Monocytes B (95% CI) p-value
Birth Apr-Sep -0.24 (-0.3510 -0.12) <0.001*
Siblings -0.14 (-0.26 t0 -0.17) 0.03

b

Neutrophils B (95% CI) p-value
Breastfeeding -0.17 (-0.13 to -0.02) 0.006
Siblings 0.19 (0.03 t0 0.14) 0.002

c

NK-cells B (95% CI) p-value
Mode of delivery (CS) -0.34 (-1.14 to -0.55) <0.601
Birth Apr-Sep 0.14 (0.04 to0 0.44) 0.02

d

pDC B (95% CI) p-value
Birth Apr-Sep -.16 (-0.14 to 0.02) 0.01

Prenatal determinants of neonatal innate immunity

To determine the role of the prenatal environment reeonatal immune function,
characteristics of study participants at birthJuding birth weight, gestational age and
parental atopy were related to concentrations wétie immune cells and TLR-mediated
cytokine responses at the age of one month. Biglght and gestational age were not
associated with neonatal innate immune cell comagohs, nor with TLR-mediated
cytokine responses. Parental atopy was associatbddecreased TLR3-mediated IL-
12p70 (280 pg/mL versus 425 pg/mL, p=0.02, bothriivariate analysis (Supplementary
table 3) and in multivariate analysis (Table 3)wéweer, this association lost significance
after correction for multiple testing.

Neonatal concentrations of innate immune cells &hdR responses are differentially
sensitive to environmental exposure in the firshthof life

When the collective effect of environmental expeson innate immune responses at the
age of one month was analyzed, distinct patternsrged. For example, concentrations
of monocytes were sensitive to 3 environmental ofi&ct(negatively associated with
breastfeeding and siblings, positively associateith wets) (Figure 2a), whereas
concentrations of eosinophils, basophils and mDGewelatively inert. For TLR
responses, high sensitivity to environmental inflees was found for TLR3-mediated IL-
12p70 (birth month, cesarean section, breastfepd{r@ure 3b), which was also
associated with parental atopy (Supplementary #bli contrast to TLR3-mediated IL-
12p70 production, TLR9-mediated production of IBNand IL-10 was not associated
with any environmental factor (Figure 3h-i).
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Table 3: Independent associations between environmental exposure and TL R-mediated cytokine
responses at the age of one month. Variables included into regression analysis weageptal atopy, birth

in April-September, mode of delivery, breastfeedisi
associations are shown.

blings, pets and parental smoking. Significant

* Remains statistically significant after correctifor multiple testing.

a
TLR2 TNF-a

B (95% CI) p-value
Breastfeeding -0.25 (-0.52t0-0.11) 0.04
b
TLR3 I1L-12p70 IL-10

B (95% CI) p-value B (95% CI) p-value
Parental atopy -0.16 (-0.31 to -0.03) 0.02 Pets 0 (025 to 0.46) 0.01
Mode of delivery -0.22 (-0.54 to -0.14) 0.001
(Cs)
Birth Apr-Sep -0.22 (-0.37 t0 -0.10)  0.001
Parental smoking -0.15 (-0.35 to -0.03) 0.02
c
TLR4 IL-12p70 IL-10

B (95% ClI) p-value B (95% ClI) p-value
Parental atopy 0.13 (0.00 to 0.66) 0.05 Siblings 17(0.04 to 0.29) 0.01
d
TLR7 IFN-a IL-10

B (95% CI) p-value B (95% CI) p-value
Parental atopy 0.18 (0.004 to 0.54) 0.05 Birth Sep  0.35 (0.32 t0 0.92) <0.001*
Parental smoking  0.24 (0.10 to 0.72) 0.009 Breedifey  -0.32 (-0.87 to -0.27) <0.001*

Figure 4: Seasonal patternsof neonatal whole blood

concentrations of innateimmune cellsand TLR-

mediated cytokine responses according to birth month. Seasonality was assessed by fitting the data to a

sinusoidal curve, and statistical significance waalsul

ated using the F-test. Bars represent geametr

means and 95% confidence intervals derived frontrimgsformed variables.
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Discussion

This study demonstrates that whole blood conceéabsitof innate immune cells and
TLR-mediated cytokine responses are modulated bir@mental exposure in the first
month of life. Breastfeeding had the highest inficee on neonatal innate immune
cellularity and TLR responses. Concentrations ohaooytes and TLR3-mediated IL-
12p70 were most sensitive to environmental modutativhereas responses to TLR9
were largely inert.

Previous birth cohort studies have demonstrated thyaregulated innate immune
responses at birth predispose to the subsequénbfishildhood atopy. Low TLR4-
mediated IL-12p70 in cord blood is associated withanced allergen-induced Th2-type
responses in the postnatal pefiddoreover, neonates who subsequently develop @topi
dermatitis already have increased TtiFand IL-6 in response to TLR2, TLR3, TLR4
and TLR5 at birti. Parental characteristics are likely to explairnt pé the association
between cord blood TLR responses and atopy. Twentegrospective studies in high-
risk neonates have demonstrated that maternal @m@gsociated with distinct cord
blood TLR expression and functfdn®. These associations are likely partially explained
by genetic factofd 23 In addition, increasing evidence indicates tHwt intrauterine
environment importantly impacts on fetal immune elepment, thus predisposing to
subsequent infections and atépsP.

We have previously identified the first month délas a period of rapid maturation of the
neonatal TLR system, offering a window of opportynior interventions aimed at
modulating innate immune development and prevenéitagppy. During this important
period, TLR mediated cytokine responses rapidlyumgatfrom a Th2-biased profile
towards increased Thl-cell polarizing responsesacteristic of later lif2 Early life
exposure to TLR (ant)agonists, including microlpiadducts, is thought to drive postnatal
TLR maturatiod’. TLR responses at the age of one month thus likeflect previous
exposures that have modulated neonatal innate immuaturation. Here, we provide a
comprehensive overview of environmental factorsdiong postnatal TLR maturation.
Our observations show that neonatal TLR resporisie aage of one month are sensitive
to environmental exposure, suggesting that strasegimed at modulating early immune-
environment interactions might be effective to grvsubsequent allergic disease.

We identify several potentially modifiable factdhat modulate postnatal innate immune
function.

First, innate immune responses at the age of omgmwere markedly different between
neonates who received exclusive breastfeeding gluhia first month of life and those
who did not. Several explanations may accountterassociation between breastfeeding
and low TLR7-mediated IL10 production. Breast mitlontains multiple immune
modulatory compounds that directly influence TLRdi¢ed immune responses,
including immunoglobulins, nucleotides, oligosadiliés and antimicrobial
proteins/peptidé§ ?° In vitro, breast milk increases monocyte production of ILwtile
decreasing production of IFN4n response to LPS, mitogen and allefdetmmune
modulation by breast milk is TLR-specific, as btemfk suppresses IL-8 production to
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agonists for TLR2 and TLR3, while enhancing respsrt® TLR4 and TLRS. To date,

no studies have investigated the direct effectsre&st milk on responses to agonists for
TLR7. We propose that differential modulation of Rimediated IL-10 by breast milk
might serve to promote neonatal tolerance to biattevlonization, while suppression of
TLR7-mediated IL-10 production may promote neondé&dense against viral infections.
In addition, decreased TLR7-mediated IL-10 producand increased TLR3-mediated
IL-12p70 production in breastfed infants may alsfbect more rapid transition to a Th1-
polarized innate immune system. Accordingly, praoroof early life innate immune
maturation might be one of the mechanisms by whielast feeding protects against
subsequent allergic dised&& However, breastfeeding did not affect cytokingpanses

to TLR4 and TLR9. More insight into the effectshoéast milk on the developing

immune system is needed for the generation of inemuodulatory strategies that use
breastfeeding to prevent subsequent allergy.

Second, mode of delivery may provide a modifiablgét to modulate neonatal immune
function. Consistent with findings in cord bld8dneonates born after caesarean section
had decreased NK-cells and decreased TLR3-mediat&2ip70 at the age of one month.
Decreased neonatal pro-inflammatory responses matyiloute to the increased risk of
childhood asthma in this populatiBn

Third, birth month significantly influences subsegtineonatal innate immune function.
Decreased TLR3-mediated IL-12p70 and increased TioRdiated IL-10 in neonates
born in winter potentially indicate increased Thdggization, which might predispose to
subsequent allergy and asttftha®™ Interestingly, a recent study in cord blood
demonstrates that birth in winter is associateth @éneral hyporesponsiveness of T-cell
mediated production of Thl-type (IFN-and Th2-type (IL-5) and regulatory (IL-10)
responses, suggesting that part of the differeic@@mune responses induced by birth
month are determined before bitthMany seasonal factor(s) might be responsible for
this effect, including respiratory viruses, indemdotoxin, seasonal allergens and vitamin
D% 341 Fyture studies will be needed to identify thesetdrs and to determine their
possible effects on the health of children latdifen

Finally, exposure to pets, siblings or cigarett®kenin the first month of life all left their
imprint on the neonatal immune system. Howevercomsistent pattern towards Th1- or
Th2 polarization was observed. Future studies hballneeded to further delineate the
interactions between environmental factors anddéheeloping neonatal immune system,
and the consequences for disease.

The effect of environmental exposure may not orépehd on the type and amount of
exposure, but also on the relative maturationae sté the innate immune system at the
time of exposure. We have previously demonstrdiatidytokine responses to TLR3 and
TLR4, rapidly mature during the first month of lifevhereas responses to TLR9 are
already mature at birthin the current study responses to TLR3 and TLRdtated IL-
12p70 were most sensitive to environmental modutatiwhereas TLR9-mediated
responses were inert. Thus, sensitivity to enviremtal triggers might differ between
individual TLRs and/or cytokines, with highest sémgy for those systems that undergo
most rapid maturation after birth.
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This study has several strengths. First, we incualéarge, unselected cohort of healthy
newborns, whereas previous birth cohort studiescsed children from atopic paretis
% second, we used an unbiased approach, investigtte effect of a broad panel of
environmental determinants on neonatal innate ingmfumction. Third, in addition to
concentrations of innate immune cells, we alsoistutheir functionality by measuring
TLR-mediated cytokine production.

Potential limitations also deserve discussion. tFithis study included multiple
comparisons and is thus prone to false discovepyminimize the possibility of type |
error, we focused on general patterns that wersistamt among different determinants.
The high number of significant associations andcthresistency with previous cord blood
studies indicates that the majority represent esalociations. Future studies will be
needed to validate these findings. Second, thaerinanune parameters measured in our
study only represent part of the wide spectrum efeg that is activated upon TLR
signalling. Third, we did not measure neonatal imméunction at birth, and we cannot
exclude any prenatal effects of environmental factin neonatal immunity. However,
due to the rapid development neonatal immunityhia first month of life, we propose
that the effect of the environmental determinanisnarily affects postnatal immune
development.

In conclusion, this study demonstrates that nebnateate immune are susceptible to
multiple environmental exposures, of which breasifeg is the most important.

Breastmilk-mediated modulation of the developingaite immune system might create
the patterns that protect from subsequent diséategventions aimed at modulating early
life immune-environment interactions, including &sefeeding, may be effective in the
prevention of infections, asthma and/or atopy.
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Supplementary information

Supplementary table 1: Markersused to identify innateimmune cells by flow cytometry

Cell type Marker Fluor ochrome Clone
Monocytes HLA-DR PerCP L243
CD14 FITC MoP9
NK-cells CD3 APC SK7
CD16 PE B73.1
CD56 FITC NCAM16.2
Plasmacytoid DC HLA-DR PerCP L243
CD123 PE 9F5
Lineagé FITC
CD3 SK7
CD16 3G8
CD19 SJ25C1
CD20 L27
CD14 MoP9
CD56 NCAM16.2
Myeloid DC HLA-DR’ PerCP L243
Lineagé FITC
CD3 SK7
CD16 3G8
CD19 SJ25C1
CD20 L27
CD14 MoP9
CD56 NCAM16.2
CD11¢ APC S-HCL-3

Supplementary table 2: Agonistsused for in vitro TLR stimulation

TLR Agonist Concentration M anufacturer
2 PamCys SSNA 1 ug/mL Bachem Biosciences, Weil am
Rhein, Germany
3 Polyinosinic:polycyticylic acid (Poly I:C) 200ug/mL Invivogen, San Diego, CA
4 Ultrapure lipopolysaccharide derived.00 ng/mL Invivogen
fromE. Coli
Interferony (IFN-y) 20 ng/mL Preprotech Inc, Rocky Hill, NJ
7 Loxoribine 1mMm Invivogen
9 CpG oligodeoxynucleotide (CpG ODN) 30 ug/mL Invivogen
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Supplementary table 3: Characteristics of study participants and non-participants

Characteristic Participants (n=291) Non-participants p-value
(n=1021)
Gender, n (%) 0.43
Male 141 (48) 520 (51)
Female 150 (52) 497 (49)
Gestational age, wks (SEM) 40.0 (0.06) 40.0 (0.03) 0.97
Birthweight, g (SEM) 3611 (27) 3567 (36) 0.53
Mode of delivery
Vaginal 251 (86) 922 (91) 0.04
Caesarean section 40 (14) 95 (9)
Birth season 0.93
Spring 70 (24) 249 (25)
Summer 76 (26) 263 (26)
Fall 72 (25) 251 (25)
Winter 73 (25) 254 (25)
Any siblings, n (%) 186 (64) 626 (63) 0.68

Supplementary table 4: Effect of parental atopy on neonatal whole blood concentrations of innate
immune cellsand TL R-mediated cytokineresponses at the age of one month. Parental atopy was
defined as physician-diagnosed asthma, hay fevetopic dermatitis in either parent. Values repnese
geometric means and 95% confidence intervals defiven log-transformed variables.

Innate immune parameter

Parental

(n=160)

atopy No
(n=131)

parental

atopy p-
value

Whole blood cell concentrations ¢10)

Monocytes
Neutrophils
Eosinophils
Basophils
NK-cells
pDC

mDC

TLR-mediated cytokine responses

(pg/mL)

TLR2; TNF«
TLR3; IL-12p70
TLR3; IL-10
TLR4; IL-12p70
TLR4; IL-10
TLR7; IFN-a
TLR7; IL-10
TLRY; IFN-a
TLRY; IL-10

379 (314-459)
1825 (1666-1999)
315 (268-371)
14.5 (11.5-18.3)
52.9 (37.4-74.7)
19.6 (18.1-21.2)
19.6 (16.8-23.0)

925 (633-1351)
280 (219-358)
2.3(1.7-2.3)

53.6 (32.5-88.3)
846 (691-1036)
99.1 (62.8-156)
158 (93.8-264)
1750 (1365-2245)
48.3 (37.4-62.5)

377 (304-468)
1884 (1725-2057)
315 (251-395)
11.2 (8.7-14.4)
45.8 (31.8-65.9)
20.2 (17.9-22.9)
22.9 (19.7-26.7)

822 (480-1405)
425 (341-530)
2.4 (1.7-3.3)

25.2 (14.2-44.6)
887 (732-1075)
54.0 (34.9-83.5)
98.6 (54.0-180)
1789 (1310-2442)
65.1 (50.7-83.6)

0.97
0.63
0.99
0.13
0.57
0.66
0.17

0.72
0.02*
0.99

0.75
0.06
0.24
0.91
0.11
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Abstract

Human neonates are highly susceptible to infectidrich may be due in part to impaired
innate immune function. Neonatal Toll-like recepfbLR) responses are biased against
the generation of pro-inflammatory/Th1-polarizingakines, yet the underlying
mechanisms are incompletely defined. Here, we dstrete that neonatal plasma
polarizes TLR4-mediated cytokine production. Whepased to cord blood plasma,
mononuclear cells (MCs) produced significantly low&R4-mediated IL-12p70 and
higher IL-10 compared to MC exposed to adult plasgugppression by neonatal plasma
of TLR4-mediated IL-12p70 production, but not indao of TLR4-mediated IL-10
production, was maintained up to the age of 1 madthd blood plasma conferred a
similar pattern of MC cytokine responses to TLR#8 dhR8 agonists, demonstrating
activity towards both MyD88-dependent and MyD88eipendent agonists. The factor
that increased TLR4-mediated IL-10 production waatHabile. In contrast, inhibition of
TLR4-mediated IL-12p70 production by cord bloodgpiea was resistant to heat
inactivation or protein depletion and was indepenadé IL-10. We excluded that the
neonatal plasma factor causing decreased IL-12ptuption was vitamin D or
prostaglandin E2. In conclusion, human neonataptacontains at least two distinct
factors that suppress TLR4-mediated IL-12p70 prodoor induce IL-10 or production.
Further identification of these factors will proeithsight into the ontogeny of innate
immune development and might identify novel tardetshe prevention and treatment of
neonatal infection.

84



Neonatal plasma polarizes TLR4-mediated cytokispoases

Introduction

Toll-like receptors (TLRs) are key pathogen rectignireceptors of the innate immune
system that recognize highly conserved structuxpsessed by micro-organisms, called
pathogen-associated molecular patterns (PAMAF&R-mediated recognition of
microbial products or endogenous “danger” signessiits in production of cytokines and
chemokines that initiate the innate immune respanskinstruct the adaptive immune
system. The balance between the production of pro- aticirffammatory cytokines is
tightly regulated, presumably to allow efficientrimine responses while protecting the
host from excessive inflammatidrBirth imposes major challenges on the regulatory
capacity of the immune system, including preventibharmful allo-immune reactions to
maternal antigenis uterg and balancing the transition from a sterile intterine
environment to the microbe-rich outside wériflo face these demands, neonatal TLR
responses are physiologically biased against théygtion of pro-inflammatory
cytokines™. However, this bias leaves the newborn highly epsble to infection®
Recent studies indicate that despite impaired progiu of Th1-type cytokines, the
neonatal TLR system is not generally depressefacly neonatal innate immune cells,
including monocytes and dendritic cells (DC), destiaate increased TLR-mediated
production of certain cytokines (i.e. IL-10, IL-23)*® Together, this suggests the
existence of regulatory mechanisms that activelgnze the neonatal TLR system
towards decreased production of Thl-polarizing kiytes while Th2- and Th17-
polarizing responses are relatively preservedghisinto the mechanisms underlying this
polarization is of great interest, as a biologgaénomenon and to identify potential
targets for the prevention and treatment of nedivafections.

Despite many studies describing impaired TLR-medigiroduction of Th1-polarizing
cytokines by cord blood innate immune céfis” ** **®the underlying mechanisms are
incompletely characterized ** 178 |n addition, it is as yet unclear whether the
mechanisms that suppress specific cytokine prooluati cord blood extend into the
neonatal and infant age. We have previously dematest that whole blood TLR4-
mediated cytokine responses at birth and at thefgee month are distinct from adult
responses and characterized by decreased prodoétiori2p70 and increased
production of IL-18% In the current study, we aimed to determine wéresioluble

factors in neonatal plasma contribute to distiresimatal TLR4-mediated production of
IL-12p70 and IL-10.
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Materials and M ethods

Blood

The research protocol was approved by the Medittat& Committee of the University
Medical Centre Utrecht and written informed conseas obtained from parents of all
participants. Blood was obtained from healthy nesmbgarticipating in an ongoing birth
cohort study on the role of neonatal TLR respoirséise pathogenesis of respiratory
tract infections and asthiffaCord blood was collected immediately after unccaped
term vaginal delivery, but before delivery of tHagenta. Neonatal venous blood was
collected from healthy newborns at the age of onatim(4-7 weeks, here referred to as
‘neonate’) and adult blood was obtained from hegaltblunteersNone of the participants
had signs or symptoms of infectious disease, ssackspiratory tract complaints or fever,
in the two weeks prior to samplinBlood was collected in sterile, heparin-coated
collection tubes (BD Biosciences, Franklin Lakes).NPlasma was prepared within 24h
from blood collectiorvia centrifugation (100§) 10 min, room temperature), aliquoted
into cryovials (Nalge Nunc International, Rocheshé¥) and stored at -2G prior to use.

Immune agonists

In vitro stimulation was performed using optimal concerdret of immune agonists and
incubation times for cytokine measurements, aatétt in pilot experiments (data not
shown). Accordingly, adult peripheral blood mondeac cells (PBMCs) or cord blood
mononuclear cells (CBMCs) were stimulated with pabginic:polycytidylic acid (poly
I:C; 200pg/mL; Invivogen, San Diego, CA), ultrapure LPS fr&mColi (100 ng/mL;
InvivoGen), or CL-075 (1Qug/mL, InvivoGen). For co-stimulation, recombinaRiN-y
was used (20 ng/mL; PeproTech Inc, Rocky Hill, NJ).

Cell isolation and stimulation

Adult PBMCs and CMBCs were obtained by Ficoll-HypadAmersham Pharmacia
Biotech, Uppsala, Sweden) gradient separations@eadre washed twice in sterile PBS
and seeded in 96-well polystyrene culture platedd® Nunc International, Rochester,
NJ) at 1x1&mL in RPMI medium containing 2.5 g/L D-glucose5 B/L sodium
bicarbonate, 1 mM sodium pyruvate, 10 mM HEPES20@mg/L L-glutamine
(Invitrogen, Breda, NL). MCs were pre-incubated 36rminutes in plasma prior to
addition of TLR agonists. After 24 h incubatior3a@®C and 5% Cg supernatants were
collected for ELISA, or cells were collected fotracellular cytokine stainindgJnless
stated otherwise, experiments were performed in p&ma

Cytokine measurement

Concentrations of IL-12p70 and IL-10 in culture sumatants were determined by ELISA
according to manufacturer’s instructions (eBioscegrSan Diego, CA). Intracellular IL-
12p40 production was detected on a 10-color flotemeter (LSR 1, BD Biosciences
Franklin Lakes, NJ), using monoclonal antibodigsated against CD14, CD3, CD56,
CD16, HLA-DR or, IL-12p40 (for specific fluorochraes, antibody clones and
manufacturer, see supplementary table 1). Isotgp&@s were used to correct for non-
specific staining
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Plasma heat-inactivation and protein depletion

To characterize the plasma factor responsiblenfigraired neonatal TLR responses,
several approaches were used. Heat-inactivatiorpadisrmed by heating plasma for 30
min at 56C. To deplete plasma proteins, plasma was dilutidd?in serum-free RPMI
medium and boiled for 10 min at 1. Afterwards, set precipitate was removed by
centrifugation at 13000 for 10 min. To ensure complete depletion/denaimmatf
plasma proteins, the supernatant was subjectenbther cycle of boiling and
centrifugation. Efficacy of protein depletion waerified by BCA assay (Pierce,
Rockford, IL). As plasma contains several protehat are needed for LPS-induced
cytokine release, all experiments using heat-imatgd or protein-depleted or modified
plasma were performed on a background of 5% fetserum (FCS). Addition of FCS
up to a concentration of 20% did not affect théedéntial modulation of LPS-induced
cytokine release between cord blood and adult @astata not shown).

IL-10, PGE and vitamin D experiments

To determine the role of IL-10 as a mediator of BhiRediated IL-12p70 production by
cord blood plasma, we blocked IL-10 by incubatifesma for 30 min in anti-IL-10
antibody (1ug/mL, EBioscience, clone JES3-9D7) or isotype adr{gBioscience), prior
to running then vitro stimulation assay. The effect of P&&hd 1,25-dihydroxy vitamin
D (1,25-OHD) on TLR4-mediated cytokine responses assessed by determining IL-
12p70 and IL-10 production in presence of 10% F@Q$Emented with recombinant
PGE or 1,25-OHD (both obtained from Sigma Aldrich, Zivdrecht, The Netherlands).
Plasma concentrations of P@kere measured by ultra sensitive enzyme immunoassay
according to manufacturer’s instructions (Caymaer@ical, Ann Arbor, Ml). Plasma
concentrations of 25-OHD (the stable form of vitarDi) were measured with the
Modular E170 analyzer (RocH&)

Statistical analyses

Comparisons were made using the Student’s t-telserWhultiple groups were compared
(e.g. age-dependent effects of plasma on TLR4-retligytokine responses,
concentrations of PGE one-way ANOVA with post-hoc Bonferroni correcatiovas

used. Correlations between TLR4-mediated intratzelliL-12p40 MFI and
concentrations of IL-12p70 in culture supernatamtt between IL-12p70 production and
plasma PGEconcentration were assessed by Pearson correlafiop-values are two-
sided and were considered significar<0.05.
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Results

Differences in TLR4-mediated cytokine productiotwikeen neonates and adults are due
to cellular and soluble factors

We have previously reported that whole blood TLRédmated cytokine responses at
birth (i.e. in cord blood) and in neonatal venolaol obtained at the age of one month
are distinct from those in adult blood, and chemazed by decreased production of IL-
12p70 and increased production of IL*30ro determine whether the differences in
TLR4-mediated production of IL-12p70 and IL-10 dree to differences in the cellular or
soluble fraction of the blood, we isolated CBMCs adlult PBMCs, resuspended them to
equivalent concentrations (1¥¥)@nd stimulated them with LPS in the presenceood ¢
blood or adult plasma (Fig 1). CMBC failed to prodwany IL-12p70, independent of the
source of plasma (Fig 1A). Remarkably, adult PBM&sily produced IL-12p70, but
only when stimulated in the presence of adult pkashhis demonstrates that the
differences in whole blood TLR4-mediated IL-12p#0duction are due to differences in
both the cellular and the soluble fraction of theold.

To further explore modulation of TLR4-mediated d&yt@ production by soluble factors
in plasma, we stimulated PBMCs from three differahtilt donors in the presence of
adult or cord blood plasma (Fig 1B). Although thesere differences in cytokine
production and plasma sensitivity between PBMC danmord blood plasma conferred
decreased TLR4-mediated IL-12p70 and increasedlfed all plasmas and in all PBMC
donors tested.

Potential explanations for the differential modigdatof TLR4-mediated cytokine
production by cord blood plasma and adult plasrohuée the lack of factor(s) in cord
blood plasma that stimulate LPS+IRNAduced IL-12p70 production (and inhibit IL-10),
or the presence of factor(s) that inhibit IL-12¢@0d induce IL-10). To distinguish these
possibilities, we added increasing concentratidreoad blood or adult plasma to PBMC
cultured in 5% FCS. Addition of either cord bloadaglult plasma dose-dependently
inhibited TLR4-mediated IL-12p70, while increasifigR4-mediated IL-10 (Fig 1C).
Inhibition of TLR4-mediated IL-12p70 and inductiohlL-10 were more pronounced in
the presence of cord blood plasma, with statisyicignificant stronger polarization of
TLR4-mediated cytokine responses compared to athdima across plasma
concentrations of 1-50% (v/v). Differential modutet of TLR4-mediated IL-12p70 and
IL-10 production by cord blood plasma and adulspia was maintained in the presence
of up to 20% FCS (data not shown). These resulisaite that human plasma contains
one or multiple factors that polarize TLR4-mediatgtbkine production towards low IL-
12p70 and high IL-10 and that these factors arseprteat increased concentrations in
cord blood plasma.
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Figure 1: Human plasma suppresses TL R4-mediated production of IL-12p70 whileinducing IL-10.

A; TLR4-mediated release of IL-12p70 and IL-10 loyctblood mononuclear cells (CBMC) or adult
peripheral blood mononuclear cells (PBMC) stimudatethe presence of 10% cord blood plasma or adult
plasma. Bars represent mean+SEM of five indepermtedtblood or adult plasma donors. B; TLR4-
mediated release of IL-12p70 and IL-10 by PBMC fritmee different adult donors stimulated in the
presence of 10% cord blood plasma or adult plag€mBose-response curves showing TLR4-mediated
release of IL-12p70 and IL-10 by adult PBMC in thresence of increasing concentrations of cord blood
plasma or adult plasma. Each dot represents m&iEM of five independent cord blood or adult plasma
donors. Data are representative of three indepémd@eriments. *p<0.05, **; p<0.01.
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Chapter 6

Figure 2: Suppression of TLR4-mediated |L-12p70, but not induction of IL-10, by neonatal plasmais
maintained up until the age of one month.

Adult PBMC were stimulated with LPS (100 ng/mL) dfdN-y (20 ng/mL) in the presence of 10% plasma
derived from cord blood, healthy newborns agedranath, or adult volunteers. After 24h incubation,
supernatants were collected and concentrations-d2p70 (A) and IL-10 (B) were determined by ELISA.
Bars represent mean+SEM of five different plasnmapdes. *;p<0.05, **; p<0.01.
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Suppression of TLR4-mediated IL-12p70, but notdtidn of IL-10, by neonatal plasma
persists up to the age of one month

We have previously shown that neonatal whole bibo4-mediated cytokine responses
are biased towards low IL-12p70 and high IL-10 thyleout the first month of Iif&. To
determine whether modulation of TLR4-mediated resps by plasma contributes to
distinct neonatal cytokine production at the agersd month, we determined TLR4-
mediated production of IL-12p70 and IL-10 by adeBMC stimulated in the presence of
10% plasma derived from cord blood, from healthgrreges aged one month or from
adult volunteers. Results showed similar pattesrthdse previously observed in whole
blood (Fig 2}°. TLR4-mediated production of IL-12p70 was sigrafitly decreased in
the presence of both cord blood plasma and neoplataha obtained at the age of one
month compared to adult plasma (Fig 2A). In confrasR4-mediated IL-10 production
in presence of plasma of one month old neonatesigagicantly reduced compared to
cord blood plasma and not statistically differewnf IL-10 production in presence of
adult plasma (Fig 2B). This suggests that TLR4-medi IL-12p70 and IL-10 are
regulated through distinct plasma factors thatdéfferentially present throughout the
first month of life.

Cord blood plasma suppresses TLR4-mediated IL-1ppd@uction by primary
monocytes

Next, we aimed to identify the cell type(s) respeador the suppressive effect of
neonatal plasma on TLR4-mediated IL-12 productfig.(3). Among PBMCs,
monocytes and mDC were the main producers of TLRdiated IL-12p40, accounting
for (meant SEM 62.2+ 1.9 and 22.@ 1.8% of IL-12p40 positive cells, respectively (Fig
3A). Cord blood plasma conferred decreased prooluct TLR4-mediated IL-12p40
(assessed by mean fluorescent intensity, MFI) byauogtes, but not by mDC (Fig 3B-
C). Although we were unable to detect any IL-12¢BBre was a strong correlation
(R=0.75,p<0.01) between the effects of individual plasmadasion monocyte IL-
12p40 MFI and PBMC-mediated production of IL-12¢Fl 3D), suggesting that
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monocyte intracellular IL-12p40 is a reliable marfa extracellular IL-12p70 release.
These findings confirm that the majority of TLR4-ahegted IL-12p70 is produced by
monocytes. Furthermore, they indicate that corddlplasma suppresses TLR4-mediated
IL-12p70 via suppression of monocyte IL-12p40 piaichn.

Cord blood plasma modulates TLR4-mediated cytgiinduction independent of

MyD88

Among TLRs, TLR4 is unique in its capacity to sigtmough both MyD88-dependent
and MyD88-independent pathway3o determine whether one of these pathways is
differentially affected by plasma, we determined #ffects of cord blood plasma and
adult plasma on responses to TLR3, which signataitih MyD88-independent/TRIF
dependent pathways, and TLR8, which signals MyD&geddently (Fig 4).

Figure 3: Cord blood plasma suppresses TL R4-mediated | L-12p40 production by primary

monocytes.

Adult PBMC were stimulated with LPS (100 ng/mL) dfdN-y (20 ng/mL) in the presence of 10% cord
blood plasma or adult plasma. After 24 hours, sehalar levels of IL-12p40 in monocytes (CD14+/HLA
DR+), myeloid dendritic cells (mDC, CD3-/CD16-/C&®5CD14-/HLA-DR+/CD11c+) and B-cells (CD3-
/CD16-/CD56-/CD19+) were determined by flow cytorgetk; Proportion of monocytes, mDC and B-
cells among the total population of IL-1234flls. Bars represent means of five different pasamples.
B; Representative histograms of monocyte IL-12pdf@ipction upon TLR4-stimulation in the presence of
cord blood plasma or adult plasma. C; Mean fluarse intensity (MFI) of IL-12p40 in monocytes and
mDC upon TLR4-stimulation in the presence of cdabt plasma or adult plasma. Each dot represents
one individual plasma sample. D; Correlation betw&eR4-mediated monocyte IL-12p40 MFI and IL-
12p70 protein production by PBMC. Each dot repressene individual plasma sample. All data are
representative of three independent experimen{s<0;05.
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Cord blood plasma significantly suppressed IL-12piiluction to both agonists (Fig
4A), while increasing the production of IL-10 (). This indicates that cord blood
plasma polarizes TLR-mediated cytokine productiaough mechanisms independent of
MyD88. To exclude the possibility that suppressibiL-12p70 by cord blood plasma
was secondary to increased basal concentratioibs1df or to its increased release, we
stimulated PBMC in presence of IL-10 neutralizimgilzody. Blocking IL-10 increased
TLR4-mediated IL-12p70 production (Fig 4C), butddito neutralize the difference
between cord blood and adult plasma, indicatingshppression of IL-12p70 by cord
blood plasma is not mediated via IL-10.

Figure 4: Cord blood plasma polarizes cytokine responses to MyD88-dependent and independent

TLR agonists.

A-B; Agonist-induced production of IL-12p70 (A) aiid-10 (B) by adult PBMC stimulated in the

presence of 10% cord blood plasma or adult plaBB&IC were stimulated for 24h with medium, poly I:C
(TLRS3, 200pg/mL) or CL-075 (TLR8, 1qug/mL). After 24h, supernatants were collected aytdikine
concentrations were determined by ELISA. Bars gmemean+ SEM from five different plasma samples.
C; TLR4-mediated production of IL-12p70 by aduBNRC stimulated in the presence of 10% cord blood
plasma or adult plasma, with or without IL-10 neliing antibody (lug/mL). Each dot represents one
individual plasma sample. Data are representafithree independent experimentsp%0.05, **; p<0.01.
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Plasma regulates TLR4-mediated production of IL7I2and IL-10 through distinct
factors

We next aimed to characterize the factor(s) resptenfor the polarization of TLR4-
mediated cytokine production by cord blood plasWiaen assessing the stability of
this/these factor(s), we found that heat-inactoratiifferentially affected TLR4-mediated
production of IL-12p70 and IL-10 (Fig 5). While heaactivation did not affect plasma-
mediated suppression of IL-12p70 production (Fig,3Ae differential effect of cord
blood plasma and adult plasma on TLR4-mediatedOIptbduction disappeared (Fig
5B). To investigate whether the factor suppressing4-mediated IL-12p70 production
is a protein, we depleted plasma proteins by répetboiling. This approach resulted in a
robust reduction of plasma protein content (me&EM; 59.2+ 3.7 mg/mL vs 7.& 0.3
mg/mL, p<0.0001) (Fig 5C) and eliminated the induebf TLR4-mediated IL-10 by
cord blood plasma (Fig 5E). However, protein-deptedf plasma did not abrogate the
differential effect of cord blood plasma and agiitsma on TLR4-mediated IL-12p70
production (Fig 5D). This confirms regulation dfR4-mediated cytokine production by
distinct heat labile (IL-12p70) and heat-stable {0) factors in plasma. Furthermore,
failure of protein-depletion to neutralize the diéntial effect of cord blood plasma and
adult plasma on TLR4-mediated IL-12p70 productieiy 6D) indicates that the IL-
12p70 suppressive factor(s) in cord blood plasnmeisa protein.

The cord blood plasma factor suppressing TLR4-ntedilL-12p70 is not PGEor
vitamin D

Vitamin D and PGEare lipid molecules that are known to have IL-12gédppressive
potentiaf® 2% Indeed, 1,25-OHD (the active form of vitamin jse-dependently
suppressed TLR4-mediated IL-12p70 production by EBKt high concentrations,
1,25-OHD also suppressed IL-10 production comp#reethicle control. However,
concentrations of 25-OHD were similar in cord blgddsma and adult plasma (Fig 6F),
suggesting that suppression of TLR4-mediated IL702py cord blood plasma is not
mediated by vitamin D. Similarly, PGEonferred dose-dependent inhibition of TLR4-
mediated IL-12p70 production and at high conceiutngt stimulated TLR4-mediated IL-
10 production (Fig 6D-E). Inhibition of IL-12p70 wabserved for concentrations
physiologically present in plasfifasuggesting that plasma P&ight contribute to
suppression of TLR4-mediated IL-12p70 production.

However, concentrations of PG®ere elevated in cord blood plasma, but not ismpia
from neonates at the age of one month compareduio glasma (meath SEM; 2921+
534 pg/mL; 36% 105 pg/mL and 462 78 pg/mL, respectively<0.001) (Fig 6F). In
addition, there was no correlation between P&ihcentrations in individual adult
plasma samples and suppression of TLR4-mediatd@®H70 production (R=-0.02,
p=0.84) (Fig 6G). Because no TLR4-mediated IL-12p/#8 produced in presence of
cord blood plasma or plasma from neonates agednom¢h, no correlations with plasma
PGE; concentrations could be calculated for these agepg. Together, these data
suggest that PGHs not the major cord blood plasma factor causixaggerated
suppression of TLR4-mediated IL-12p70 productioeradult plasma.
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Fig 5: Cord blood plasma modulates TL R4-mediated production of IL-12p70 and IL-10 via distinct
factors.

A-B; TLR4-mediated production of IL-12p70 (A) and-1l0 (B) by adult PBMC stimulated in the presence
of heat-inactivated plasma (30 min af6% or control plasma. C-E; Effect of protein-depbtplasma on
TLR4-mediated cytokine responses. Plasma proteéme depleted by two consecutive cycles of boiling
and centrifugation and protein concentrations weeasured by BCA protein assay (C). Adult PBMC were
stimulated with LPS (100 ng/mL) and IRN20 ng/mL) in the presence of protein-depletedmia or

control plasma, and production of IL-12p70 (D) brl0 (E) were measured by ELISA. Each dot
represents one individual plasma sample. All degaepresentative of at least three individual
experiments. *p<0.05, **; p<0.01, ***; p<0.001.
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Fig 6: Effect of prostaglandin E, and vitamin D on TLR4-mediated IL-12p70 production.

A-B, TLR4-mediated production of IL-12p70 (A) and IL-{B) by adult PBMC stimulated in the presence
of increasing concentrations o25-dihydroxyvitamin D (1,25-OHD). C, Concentratsoof 25-
hydroxyvitamin D (25-OHD) in cord blood plasma aallt plasmagetermined by EIA. D-E, TLR4-
mediated production of IL-12p70 (D) and IL-10 (B) &dult PBMC stimulated in the presence of
increasing concentrations of prostaglandi{fBEGE). F, Concentrations of PGl cord blood plasma and
adult plasma. G, Correlation between plasma coregarrof PGE and its capacity to suppress TLR4-
mediated IL-12p70 production. Data are presentadeameart SEM of five to eight individual plasma
donors (A-F) and are representative of three indeéget experiments. In panel G, each dot represeets
individual plasma donor*; p<0.05, **; p<0.01; ***; p<0.001.
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Discussion

Despite increasing awareness of the importancehef LR system in the neonatal
defence against infectiohsnuch remains to be learned about the mechanisguating
neonatal TLR responses. Here, we demonstrate tndtldood plasma polarizes TLR-
mediated cytokine responses towards low produaifdh-12p70 and high production of
IL-10. We show that this polarizing effect is preséhroughout the first month of life,
thereby potentially contributing to high neonatasaeptibility to infection. Although to a
lesser extent, adult plasma also inhibited TLR44ated IL-12p70 production and
induced IL-10 production, suggesting that humarsmpka is a physiologic regulator of
TLR responses throughout life.

The strength of our model, namely the use of alsiR@MC donor to study the effects of
multiple plasmas, allowed us to analyze the eftécplasma on TLR responses while
eliminating any contribution of cellular differerecbetween neonates and adults. Of note,
adult plasma enhanced LPS-induced IL-12p70 produainly in adult PBMC (Fig 1A),
indicating that in addition to the pivotal solubidasma factors, cellular factors also
contribute to the difference in TLR-mediated IL-pBoduction between neonates and
adults.

Previous studies have identified multiple cellutlaechanisms that account for different
TLR responses between neonates and adults. Anntlestady by Goriely et al.
demonstrate that decreased TLR4-mediated IL-12pg@ugtion by cord blood dendritic
cells is due to impaired nucleosome remodellingulteng in decreased accessibility of
the IL-12p35 promotéf 2 In addition, despite similar basal levels of CE14eonatal
monocytes might express lower levels of MyB88> and demonstrate lower TLR4-
mediated p38 phosphorylatitn

In addition to cellular defects, the current stungicates that differences in the soluble
fraction of the blood play a pivotal role in polation of the neonatal TLR system
against T1-polarizing responses. The relativelyy eascessibility of plasma and the
existence of multiple plasma-replacement strate@eg. dialysis, filtration) clinically
approved for the treatment of neonatal kidney failuenders plasma a highly interesting
target for immune modulatory strategies aimedestting neonatal infection.

Our results demonstrate that polarization of TLRedmated cytokine responses by cord
blood plasma is not due to a single factor, butiated by multiple distinct factors that
independently suppress production of IL-12p70 duge production of IL-10 (Fig 5). Its
resistance to heat-inactivation and protein dephetsuggests that the IL-12p70
suppressive factor in cord blood plasma is notae.

First, vitamin D is an essential nutrient with npleé immune modulatory functions,
including inhibition of IL-12p70 production by deritic cells’* and PBMC (Fig 6).
However, concentrations of 25-OHD, the stable foffvitamin D, were similar in cord
blood plasma and adult plasma. Thus, although witddnmay contribute to suppression
of TLR4-mediated IL-12p70 by cord blood plasma aatlilt plasma, it is unlikely to
account for the enhanced suppression of TLR4-medliflt-12p70 by cord blood. Of
note, we did not exclude the possibility that irs®d neonatal conversion of 25-OHD to
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1,25-OHD might result in higher plasma concentraiof bioactive vitamin D and
increased suppression of TLR4-mediated IL-12p7@pctorf®,

Second, PGEis an important lipid mediator that can supprds&2p70 production by
LPS-stimulated dendritic ceff§ In figure 6, we confirm that PGEs a potent suppressor
of TLR4-mediated IL-12p70 which is present in irased concentrations in cord blood
plasma. However, the observation that R@Bncentrations in plasma from neonates
aged one month were similar to adult levels, anel lck of correlation between
concentrations of PGEin individual plasma samples and the extent toctvhihey
suppresses TLR4-mediated IL-12p70 production, sstgghat PGEis not the major
plasma factor that suppresses neonatal TLR4-meldiat&2p70 production.

In addition to vitamin D and PGEplasma contains many other non-protein factors
capable of suppressing TLR4-mediated IL-12 productincluding metabolited” 8
polyunsaturated fatty acitfsand carbohydrate structur®s Selective depletion and
separation strategies are needed to identify fadtmt suppress neonatal TLR4-mediated
IL-12p70 production.

In contrast to suppression of TLR4-mediated IL-12mfoduction, the factor in cord
blood plasma that induces IL-10 is heat-labile st upon protein depletion (Fig 5). A
hallmark example of heat-sensitive immune modulatéactors in plasma is the
complement family. Although multiple studies havmwn that complement factors can
suppress TLR-mediated production of pro-inflammatytokines® *2 their effect on IL-

10 is still subject of debate. Whereas C3b and k&ba increase IL-10 production in
response to allergéh or TLR stimulatiod® respectively, C1lq suppresses IL-10
production by human D& Moreover, neonatal plasma concentrations of cempht
are diminished, ranging from ~10-70% of adult le¥ef Thus, complement is unlikely
to account for the enhanced induction of TLR4-miediadL-10 by cord blood plasma.
Other plasma factors capable of enhancing TLR4-atedi IL-10 production include
low-density lipoprotein®, retinoic acid’, and adenosiii¢ The relative contribution of
these and other factors to induction of TLR4-mexdiatL-10 by whole plasma will
require further investigations.

Our results raise an important aspect of experiatatgsigns for study of TLR responses
in that the extracellular medium may significandffect results. Studies investigating
neonatal TLR responses have used different sofabtgions,” ** *3 2% #ranging from
5% FCS! to 100% autologous plastiialn this respect, a recent study by Kollmann et al
is of specific interest. These authors comparechatad and adult TLR responses by
isolated monocytes or dendritic cells (DC), stiniedbin whole blood or 10% human AB
serumt®. In this study, intracellular TNF-a and IL-12p40 heonatal monocytes and
myeloid DC were significantly decreased compareddults when cells were stimulated
in whole blood, but not in 10% human serum, sugagdhe differential presence of a
soluble modulator in neonatal or adult plasma.régténgly, this context-dependent effect
was not observed for pDC, which responded similadysingle-cell suspension or in
whole blood. A second methodological issue reltidbe in vitro preparation of plasma.
Plasma is a very complex fluid, full of potentialtyoactive molecules. Differences in
anticoagulant, centrifugation speed, temperature,aalditional steps such as filtration or
freeze-thawing, may affect the presence of thesdecules, thereby significantly
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affecting assay results. Overall, the current stuidjyes cautious interpretation of studies
investigating TLR-mediated responses using humasnph components.

In summary, we demonstrate that human newborn plagontained increased
concentrations of soluble factors that indepengesuppress IL-12p70 or increase IL-10
production to various TLR agonists, thereby potlyticontributing to compromised
neonatal innate immune responses. In additioncéineentration-dependent polarization
of TLR responses by adult plasma suggests thatmplamight contain multiple
physiologic regulators of TLR responses througHiet Further identification of these
plasma factors and the mechanism by which they aedheir effect might provide
novel therapeutic targets to promote immune resgoits case of infection, to enhance
responses to vaccination, and to limit excessiflariimation in patients with auto-
immune disease.
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Supplementary material

Supplemental table 1: Antibodies used for flow cytometric detection of intracellular
IL-12p40

Epitope Fluorochrome Manufacturer Clone
CD3 PE Biolegend UCHT1
CD11c PE-Cy7 eBioscience 3.9
CD14 PerCP-Cy5.5 Biolegend HCD14
CD16 PE Sanquin Reagents CLB-FcR gran/1, 5D2
CD19 Pacific blue Biolegend HIB19
CD56 PE Sanquin NKI-nbl-1
B159
HLA-DR FITC eBioscience LN3
IL-12p40 APC BD Biosciences C11.5
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Abstract

Background

Atopic dermatitis (AD) and respiratory syncytiatws lower respiratory tract infection
(RSV LRTI) are common diseases during early lifepaired Thl-cell polarizing Toll-

like receptor (TLR) responses play an importare: inlthe pathogenesis of both diseases.
Neonatal TLR-mediated production of Thl-type cytas is decreased at birth but
rapidly increases during the first month of life.

Objective
To determine whether decreased TLR-mediated pramucf Thl-polarizing cytokines
at the age of one month predisposes to subseqizotr RSV LRTI.

Methods

A prospective healthy birth cohort study was peried. Whole blood concentrations of
innate immune cells and TLR-mediated cytokine rasps were measured at the age of
one month in 291 neonates. AD was determined bgipiayn questionnaire at the age of
one year and RSV LRTI was defined as parent-regoréspiratory symptoms and
presence of RSV RNA in a nose-throat specimen.

Results

Of participating neonates, 45 (15%) developed AD 4h (14%) developed RSV LRTI.
Risks of AD and RSV LRTI were not associatéd, (p=1.00). AD was associated with
decreased concentrations of basophils gn? versd®x1¢/mL, p=0.002) and
plasmacytoid dendritic cells (17.0 versus 20.5%hQ, p=0.04), increased concentrations
of NK-cells (79.7 versus 45.1x¥nL, p=0.03), and 2-fold lower TLR4-mediated IL-10
production (p=0.001). In contrast, RSV LRTI wasthei associated with neonatal
concentrations of innate immune cells, nor with TitlRdiated TNFa, IL-12p70, IL-10

or IFN-a production.

Conclusion

AD, but not RSV LRTI, is associated with distincepymptomatic differences in the
innate immune system. We hypothesize that decressatatal IL-10-mediated immune
regulation during early life might play a causdkerim the initiation of AD.
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Introduction

Toll-like receptors (TLR) are key pathogen recognitreceptors of the innate immune
system that initiate the early antimicrobial resgoand orchestrate the ensuing adaptive
responsk We and others have shown that neonatal TLR ressoare characterized by
decreased production of Thl-polarizing cytokinek-12p70, TNFe, IFN-o) and
increased production of the regulatory cytokinellcompared to adult responsés
Polarized neonatal cytokine responses are thouwglprevent potentially harmful allo-
immune responses towards maternal antigens in ,utand to facilitate microbial
colonization after birth However, impaired generation of Thil-polarizingpenses
leaves the neonate highly susceptible to infeétitm addition, bias towards Th2-type
immune responses at the neonatal and infant agbdeasassociated with increased risk
of allergic disease in later Ift&°.

Atopic dermatitis (AD) is a chronic inflammatory iskdisorder, with a lifetime
prevalence of 20% in westernized countriedD occurs in the first 6 months of life in
45% of children and before the age of one in 80%yperreactive Th2-type immune
responses play a central role in the pathogendsisDd® ** Acute eczematous skin
lesions are infiltrated with Th2-cells expressirighhlevels of IL-4, IL-5 and IL-1%. In
addition, patients with AD have elevated IL-13-eeqming T-cells in the peripheral
blood", increased eosinophils and high serum‘fgEhis Th2-bias might be dictated by
the innate immune system, as both genetic and imadtdefects in TLRs and their
downstream signaling molecules are associated A8

Respiratory syncytial virus (RSV) is the most conmoause of childhood acute lower
respiratory tract infection worldwide, affecting%0of children before the age of two
years™ 22 RSV disease severity varies from mild upper mespiy tract infection to
lower respiratory tract infection (LRTI) necessitgt hospitalization. Decreased TLR-
mediated induction of pro-inflammatory responseghmnicontribute to severe RSV
disease. In vitro, RSV activates the immune sydteough TLR2, TLR4, and potentially
TLR3 and TLR7??* TLR4-deficient mice demonstrate decreased RSMdad IL-12
production by bronchoalveolar lavage cells and yislaviral clearanég. In humans,
genetic studies have demonstrated clear assocalietween severity of RSV disease
?Gn% polymorphisms in innate immune genes, includinB4 and its co-receptor CD¥%

Several studies suggest that specific patternd_&-mediated cytokine responses might
impact on disease sevefy®. Whereas most respiratory viruses induce robusttype
immune responses, immune responses in infants waithte RSV infection are
characterized by low levels of Thi-type cytokinEsl4y and IL-12p78* % In addition,
compared to upper respiratory tract infection, mtgawith RSV bronchiolitis have a
higher IL-10/IL-12 mRNA ratio in nasal lavage fluehd elevated IL-4/IFN-mRNA
ratios in nasal lavage fluid and in stimulated PBRICOf note, decreased serum
concentrations of IFN-were only observed in RSV-infected infants, wheregh serum
IL-4 levels were also observed in infants infectedth parainfluenzavirus and
adenoviru&’, suggesting that insufficient production of préiammatory or Thi-type
cytokines might contribute to severe RSV infectfoit.
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We have previously identified the first month ofelias a critical period for the
development of the TLR system. During this peribdR-mediated cytokine responses
rapidly mature from a Th2-biased profile towardsréased Thl-type responses
characteristic of later lifé. Postnatal maturation of TLR responses is likaljdgd by
exposure to innate immune stinitliwhich might thus modulate the risk of subsequent
disease. In the current study, we hypothesizedrtbahates with delayed maturation of
TLR responses during the first month of life, réisgl in persistent impairments in Thl-
immunity, may have increased susceptibility to sev®&SV infection and atopic
dermatitis in infancy and childhood. We thereforedged the impact of different TLR
responses at the age of one month on the subsegsiemf AD and RSV LRTI in the
first year of life in a healthy birth cohort.

Methods

Study design and population

A prospective observational birth cohort study wagormed in two urban hospitals in
Utrecht, The Netherlands, from March 2006 to Fety2810. Study design and
inclusion criteria have been published previotislgligible were healthy neonates born
after uncomplicated pregnancy=87 weeks through either vaginal delivery or elextiv
caesarean section. Clinical characteristics welteated from hospital charts and
standardized parental questionnaitest the age of one month, neonatal venous blood
was obtained in sterile sodium heparin tubes. Nribe participants had any signs or
symptoms of infectious disease (e.g. runny noserfen the two weeks prior to
sampling. The study was approved by the ethicaéveboards of the University Medical
Center Utrecht and the Diakonessen Hospital Utredhparents provided written
informed consent for study participation.

Innate immune cellularity

Whole blood concentrations of innate immune ceksendetermined as previously
described®. Concentrations of neutrophils, eosinophils arsbpails were obtained from
differential leukocyte count. Concentrations of raoytes, natural killer (NK)-cells,
myeloid dendritic cell (mDC) and plasmacytoid deticcells (pDC) were determined by
flow cytometry. Monocytes were identified as HLA-DRD14", NK-cells as CD3
/CD16/CD56", mDC as HLA-DR/lineage/CD11¢ and pDC as HLA-DRlineagé
/CD123 (supplementary table %)) To obtain absolute concentrations, the percentég
cells in the lymphocyte/monocyte gate (as deterchimeforward-sideward scatter
properties) was multiplied with the total numbefdymphocytes and monocytes from
the differential leukocyte count.

TLR stimulation

In vitro TLR stimulation was performed in 1:14 diluted widblood, using optimal
concentrations of TLR agonists and incubation tirfas cytokine measurements, as
titrated in pilot experiments and described presipiisupplementary table 2)After a 4h
(TNF-a) or 24h (IFN@, IL-12p70, IL-10) incubation at 37°C and 5% & ®amples were
centrifuged at 1000xg for 5 min. Supernatants veatiected and stored at —80°C until
further analysis.
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Cytokine protein detection

Cytokine concentrations in culture supernatantseweetermined by enzyme-linked
immunosorbent assay (ELISA) according to manufactsiinstructions: TN, IL-10
(both from Sanquin/CLB, Amsterdam, The Netherlantis)12p70 (Diaclone Research,
Besancon, France) and IFiN(Bender Medsystems, Burlingame, CA, USA). The lowe
limits of detection were 1.0 pg/mL (TNé-and IL-10) and 2.0 pg/mL (IL-12p70 and
IFN-co). For samples in which the cytokine concentratias below the detection limit,
the concentration was arbitrarily defined as hathe detection limit.

Clinical outcomes

The primary outcome RSV LRTI was defined as (1)epareported LRTI symptoms,
and (2) simultaneous presence of RSV RNA in a nloss&t specimen. Throughout the
first year of life, parents completed prospectiogsl to record presence and severity of
respiratory symptoms. LRTI was defined by two inglegent researchers using strict
criteria: moderate or severe cough or wheeze ofsamgrity lasting for at least two days.
At every respiratory episode, parents obtaineds@broat swab. Samples were sent to
the researchers in viral transport medium and uposipt frozen at -8C. The presence
of RSV RNA was determined by real-time polymerasairc reaction (PCR) as described
previously®. Secondary outcomes were ‘physician-attended Rttion’ and 'atopic
dermatitis’. Physician-attended RSV infection wadirted as an episode of respiratory
tract symptoms for which the general practitioner pediatrician was visited, and
simultaneous presence of RSV RNA in a nose-threatbs At the age of one year,
general physicians of all participants were comé¢b answer a standardized, four-item
guestionnaire. Atopic dermatitis assessed by tlestépn “Was this participant diagnosed
with one or multiple episodes of “atopic eczemaitéinational classification of primary
care code S87) in his/her first year of life?” Fansitivity analysis, parent-reported
atopic dermatitis was derived from parental questiire at the age of one year, defined
as a positive answer to the question “Did yourdlekperience any eczema or pruritic
skin rash in the first year of life?”.

Statistical analysis

Means of logarhythmic transformed variables werengared between groups using
Student'st-test, or one-way ANOVA with post-hoc analysis (Bondai). Differences
between dichotomic variables were determined usirggX’-test. Logistic regression
analysis was used to determine the effect of inimataune determinants on outcome
variables, while adjusting for possible confoundifagtors. Based on results from
univariate analysis, ‘birth weight’, ‘birth seasanid ‘day care’ were considered potential
confounders for the association between innate inemvariables and RSV LRTI.
Similarly, ‘birth season’, ‘day care’ and ‘parentatopy’ were considered potential
confounders for the association between innate inewariables and AD.
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Figure 1: Flow chart of study population.

First interview at birth
(n=1298)

Excluded (n=83, 6%)
+ Language barrier (n=34, 3%
+ Wedical issues (n=49, 4%)

Second interview at age one month
(n=1215, 94%])

No consent (n=813, 67%):

+ Mot reachable for second interview (n=64, §%)
+ Objections (n=730, 90%])

+ Unknown (n=19, 2%)

Informed consent
(n=402, 33%)

No data on innate immune function at age one
month {n=111, 28%]):

+ Did not show up for appointment (n=47, 42%)

+ Technical issues with blood collection {n=64, 58%)

Included
(n=291, 72%)

Results

During the study period, 1298 neonates were ebdibt study participation (figure 1). Of
these, 402 gave informed consent. Due to missedimtppents (n=47) or technical
reasons (e.g. failure in blood collection, bloodtithg, n=64), innate immune parameters
at the age of one month were not available for BP6) of participants, resulting in a
final cohort of 291 neonates. Baseline charactesistid not differ between participating
neonates and non-participants (supplementary tapleAt the age of one year, 45
participants (15%) had AD (table 1). Baseline chtmastics were similar between
neonates with and without AD. In addition, 41 (14p@yticipants had experienced an
episode of RSV LRTI (table 1), and twenty-two papants (7%) had physician-attended
RSV infection. Neonates who developed RSV LRTI fzadhigher birth weight and
gestational age compared to those who did notbasreed previousfy. There was no
relation between risk of AD and RSV LRT{X p=1.00).

AD

Distinct neonatal concentrations of innate immued#scare associated with subsequent
AD

Whole blood concentrations of innate immune cellsthe age of one month were
compared between neonates with and without subeed (figure 2). Neonates with
subsequent AD had decreased concentrations of hi&s¢p.6 vs 14.00°/L, p=0.002)
and pDCs (17.0 vs 20BF/L, p=0.04), and increased concentrations of NKscgl9.7
vs 45.1x16/L, p=0.03) compared to neonates without subsegAentAll associations
remained significant after adjustment for potent@hfounders (table 2) and an additional
borderline significant association was found betweghole blood concentrations of
eosinophils and subsequent risk of AD (p=0.05).

108



Low neonatal TLR4-mediated IL-10 is associated \sitbpic dermatitis

Decreased TLR4-mediated IL-10 production is asgediawith increased risk of
subsequent atopic dermatitis

We next investigated whether TLR-mediated cytokesponses at the age of one month
were associated with prospective susceptibility AD (figure 3). Neonates who
developed physician-diagnosed atopic dermatitis h8efold lower TLR4-mediated IL-
10 responses at the age of one month comparedde thho did not (533 pg/mL vs 954
pg/mL, p=0.003). Logistic regression analysis, adjustingtisth season, parental atopy
and daycare as potential confounders, showed simekults B=0.13 (95%-CIl 0.04-
0.41), p<0.001) (table 2). Sensitivity analysesngsparent-reported atopic dermatitis’
(defined as eczema or pruritic skin rash, derivedhfparental questionnaire at the age of
one year) rendered similar findings, both in urist&r analysis (588 pg/mL vs 995
pg/mL, p=0.001) and in multivariate analysiB=0.24 (0.10-0.62), p=0.003). No
significant correlations were found between conetiuns of NK-cells, pDC, basophils,
eosinophils and TLR4-mediated IL-10 production.

Table 1: Characteristics of study population

RSV LRTI Atopic dermatitis
Yes(n=41) No(n=250) p-value | Yes(n=45) No (n=246) p-value
Gestational age, wks (SEM) 40.3 (0.2) 39.9(0.1) 010.| 40.1(0.1) 39.9 (0.1) 0.27
Birth weight, g (SEM) 3834 (73) 3574(29) 0.001  3431) 3603 (29) 0.52
Gender, n (%) 0.61 0.87
Male 18 (44) 123 (49) 21 (47) 120 (49)
Female 23 (56) 127 (51) 24 (53) 126 (51)
Delivery mode, n (%) 0.09 1.00
Vaginal 39 (95) 212 (85) 39 (87) 212 (86)
Elective caesarean section 2 (5) 38 (15) 6 (13) 34 (14)
Birth season, n (%) 0.06 0.12
Winter 8 (20) 62 (25) 5(12) 65 (26)
Spring 9 (22) 67 (27) 16 (37) 60 (24)
Summer 17 (41) 55 (22) 11 (26) 61 (25)
Fall 7(17) 66 (26) 13 (30) 60 (24)
Siblings, n (%) 25 (61) 161 (66) 0.73 29 (64) 167)( 1.00
Pets, n (%) 12 (29) 80 (33) 0.72 16 (36) 65(33)  730.
Feeding, n (%)
Ever breastfed 24 (85) 211 (87) 0.81 37 (84) [r26Y) 0.63
Exclusive breastfeeding >1 mo 24 (59) 130 (54) .610 20 (46) 134 (54) 0.25
Age at start formula, mo (SEM) 4.3(0.8) 4.2(0.3) 0.93 4.8 (0.9) 4.1 (0.3) 0.38
Day care attendance, n (%) 30 (79) 128 (64) 0.09 (781 127 (51) 0.07
Maternal atop{; n (%) 12 (29) 93 (38) 0.30 15 (34) 90 (37) 0.74
Parental atopy n (%) 23 (56) 137 (56) 1.00 24 (55) 136 (55) 0.87
Maternal atopic dermatitis, n (%) 10 (24) 46 (19) .40 9 (20) 47 (19) 0.84
Parental atopic dermatitis, n (%) 68 (28) 14 (34) .460 17 (39) 65 (26) 0.15
Parental smoking, n (%) 4 (10) 69 (28) 0.10 8(18) 65 (26) 0.26

TParental atopy was defined as parent-reported phpsitagnosed asthma, atopic dermatitis or hayrfeve
SEM; standard error of the mean.

RSV LRTI

Neonatal whole blood innate immune cells are nebemted with RSV LRTI

The primary outcome RSV LRTI in the first year delwas analyzed in relation to
neonatal whole blood concentrations of innate imenaells (figure 2). There were no
differences in concentrations of mDCs, pDCs, nguiile and basophils at the age of one
month between neonates with and without subseq®SW¥ LRTI. Neonates who
developed RSV LRTI had decreased concentrationsiaiocytes (363 vs 46BF/L,
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p=0.05) and eosinophils (363 vs 4BF/L, p=0.05) compared to those without RSV
LRTI, but significance was lost after adjustmentr fpotential confounders. No

differences in cell concentrations were found itatien to the secondary outcome
physician-attended RSV (data not shown). Analyssagucell percentages instead of
absolute concentrations (e.g. eosinophils as aeptage of total leukocytes) rendered
similar results (data not shown).

Neonatal TLR-mediated cytokine responses are rsoicéated with RSV LRTI

No differences in cytokine responses to agonistsTidR2, TLR3, TLR4, TLR7 and
TLR9 were found between neonates who developed RSWM in the first year of life
and those who did not (figure 3). The secondarycamt ‘physician-attended RSV
infection’ was associated with higher TLR3-mediated2p70 production at the age of
one month (676 pg/mL vs 316 pg/mL, p=0.015). Tlmained statistically significant
after adjustment for potential confoundeBs7.48 (1.67-33.4, p=0.021)).

Figure 2: Atopic dermatitis is associated with distinct concentrations of innate immune cells at the

age of one month. Whole blood concentrations of innate immune cetlgshe age of one month were
measured by flow cytometry and compared betweenates with subsequent atopic dermatitis (n=45) and
those without (n=246) (panel a-g), or between nenavith subsequent RSV LRTI (n=41) and those
without (n=250) (panel h-n). Bars represent geoimetieans and 95% confidence intervals derived from
log transformed data.
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Table 2: Independent associations between concentrations of innateimmune cellsand TL R-mediated
cytokine responses at the age of one month and the subseguent risk of atopic dermatitis. Logistic
regression analysis was performed comparing coraténis of innate immune cells and TLR-mediated
cytokine responses between neonates with subsegtagit dermatitis (n=45) and those without (n=246)
while adjusting for birth season, parental atopy daycare as potential confounders. Only significan
associations are shown.

OR (95%-Cl) p-value
pDC 0.19 (0.40 to 0.91) 0.04
NK cells 1.83 (1.12-3.02) 0.02
Eosinophils 3.00 (1.00 to 8.97) 0.05
Basophils 0.28 (0.12 t0 0.71) 0.01
TLR4-mediated IL-10 0.13 (0.04 to 0.41) <0.001

Figure 3: Decreased TLR4-mediated | L-10 production in neonates with subsequent atopic der matitis.
Whole blood TLR-mediated cytokine production at Hge of one month was measured by ELISA and
compared between neonates with subsequent atopiatigs (n=45) and those without (n=246) (panel a-
i), or between neonates with subsequent RSV LREAL) and those without (n=250) (panel j-r). Bars
represent geometric means and 95% confidence aitetterived from log transformed data.
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Discussion

This prospective unselected birth cohort study destrates that AD is preceded by
marked differences in the innate immune systerheatge of one month. Neonates who
subsequently developed AD had decreased TLR4-neediat10 production, decreased
concentrations of basophils and pDC and increasadentrations of NK-cells compared
to those who did not. By contrast, except for a esb@ssociation with increased TLR3-
mediated IL-12p70 production, RSV LRTI was assadatwith presymptomatic
differences neither in innate immune cellularitgy m TLR-mediated cytokine responses
at the age of one month,

TLR-mediated cytokine responses play an importale m the pathogenesis of AD.
Genetic studies have associated polymorphisms RZT{R753Q and A1694T) and the
TLRY promoter (C12377§ “° to increased risk and severity of AD. However, the
mechanism by which these polymorphisms contriboitd®@ pathogenesis remains to be
defined. In vitro, monocytes from AD patients cémg/the TLR2 R753Q polymorphism
produce significantly more IL-6 and IL-12 upon TLR&mulation than monocytes from
patients carrying the wild-type TLR2 vari&htin contrast, macrophages from patients
with AD express less TLR2 and produce less TLR2imted production of pro-
inflammatory cytokines (IL-6, IL-8, ILt) compared to macrophages from healthy
donor€? In addition, no differences in TLR expressionTR2-, TLR3- and TLR4-
mediated production of IL-12 and TNFwere observed between monocyte-derived DC
from highly atopic individuals and healthy contf8lsThus, although TLR responses are
evidently associated with AD, their exact role iD pathogenesis remains to be defined.
Whether TLR signalling predisposes to or protectsnf AD likely depends on the
specific TLR, cytokine and cell type, and might feiif between AD initiation and
propagation of existent disease.

Multiple studies suggest that increased TLR-medigieoduction of pro-inflammatory
cytokines might contribute to the initiation of AD Cord blood mononuclear cells
(CBMC) from atopic mothers produce higher TLR2-,R3- and TLR4-mediated 1L-12
and IFNy compared to those from non-atopic motftrén addition, in high-risk
neonates, increased production of TLR2-, TLR4- ah&5-mediated IL-6 and TN~
production by CBMC was associated with increasett of childhood AD*. These
associations suggest that early-life TLR hyper oesjveness might play a causal role in
the pathogenesis of AD.

Disrupted postnatal development of the TLR systemghmalso contribute to AD
pathogenesis. Lack of early life exposure to inmate@une stimuli, including the TLR4
agonist endotoxin, contributes to the subsequemeldpment of asthma, allergic
sensitization and A# “**’ Additionally, in contrast to the age-dependentvdo
regulation of Th2-type immune responses observechon-atopic children, atopic
children demonstrate persistent Th2-skewed allesgetific immune responses (i.e.
increased IL-4, IL-13, decreased IRiN-between birth and the age of two yé&aré’
Persistent Th2-deviated adaptive immune responsghtbe due to lack of Thl-
polarizing innate immune signals, as atopic chiidddemonstrate an inverse pattern of
innate immune maturation from non-atopic childrdacreasing, rather than increasing,
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TLFgBmediated production of TNE; IL-12, IL-6 and IL-3 from birth to the age of
five™.

Together, these studies suggest that altered lfarljLR responses, either due to genetic
predisposition or to disrupted postnatal maturatioight result in persistent dysfunction
of innate and adaptive immunity, thus predisposingtopy. Previously, we identified the
first month of life as a period of rapid developmef the TLR system, providing a
potential window of opportunity for immune modulatointerventions aimed at
preventing atopy The association between TLR4-mediated IL-10 at &lge of one
month and subsequent risk of AD stresses the impoet of the first month of life as a
critical period in the development of the immunstsyn and might suggest that strategies
aimed at increasing IL-10 production during thighty sensitive period might restore the
immune balance and protect from subsequent AD.

Several explanations may account for the assonidbetween low neonatal TLR4-
mediated IL-10 production and AD. First, IL-10 is enportant regulatory cytokin&>*

In mice, intradermal injections of IL-10 plasmid BNsuppress the development of AD
skin lesion®’. In apparent contrast, human AD skin lesions esgriacreased IL-10
compared to psoriatic and healthy SRir". This increase is accompanied by a parallel
increase in pro-inflammatory cytokinés®. As the balance between inflammatory and
regulatory cytokines, rather than their absolutacentrations determines the ensuing
adaptive immune resporeelevated concentrations of IL-10 in AD do noteraiut its
relative insufficiency. In support of a beneficiale of IL-10, subcutaneous allergen-
specific immunotherapy increases IL-10 expressipAD skin, coinciding with clinical
improvement’. Thus, deficient IL-10-mediated immune regulatimight predispose to
AD. As a second potential explanation, decreasemhatal IL-10 production to TLR4
stimulation might reflect a general dysregulatioh responses mediated by TLR4,
including responses to allergens associated witA’ABeveral allergens associated with
AD®! are structurally homologous to components of thé&4 receptor complék®
Moreover, one of these allergens, Der p 2, alsavstddunctional homology to the MD-2
part of TLR4, initiating TLR4-signaling in MD-2 diefent micé&®. Thus, similarities in
the structure and biological functions of LPS arlktrgens might account for the
association between neonatal TLR4-mediated IL-1d AD. No association was found
between TLR4-mediated IL-12p70 production and Alygesting that other mechanisms
also play a role. Third, differences in microbikdr& might account for the association
between neonatal innate immune responses and Afly Ea microbial colonization
drives innate immune maturatfbrThis process might be different in AD, as AD pats
have distinct microbial flora of their skihand gut® compared to non-atopic subjects.
Interestingly, differences in gut colonization pede the development of clinical AP
suggesting that dysregulated microbial-induced imendevelopment might play a causal
role in the initiation of AB*. However, differences in microbial flora might @lbe the
result, rather than the cause of dysregulated inenmeaponses associated with AD, and
future studies will be needed to address this issue

AD was also associated with decreased whole bloodentrations of basophils and (in
regression analysis) increased concentrations sihephils. This might be due to the
distinct cytokine environment in AD neonates, whichight preferentially drive
differentiation of eosinophil/basophil precursoli€¢éowards the eosinophil lineage. One

113



Chapter 7

of the key factors driving eosinophil differentiiis IL-5°". A key Th2-cytokine, IL-5
plays an important role in the pathogenesis of°®Ams illustrated by its increased
expression in peripheral blood T-cells and skirpbies of AD patienfd ° In addition,
increased IL-5 production during the neonatal anfant period is associated with
elevated concentrations of eosinophils and tot&lignd increased risk of atopy at the
age of one yed.

Why do neonatal innate immune responses assocititeA®, but not RSV LRTI? The
lack of associations between neonatal innate immegle concentrations or TLR-
mediated cytokine responses measured in this samy subsequent RSV LRTI
challenges the concept that decreased Thl-type iremasponses during and after severe
RSV infection are due to predisposed innate immdysfunctiori®*. Instead, it might
suggest that these distinct immune responses ameshilt, rather than the cause of severe
RSV disease.

Several studies indicate that RSV virulence factoight actively suppress host Thl-type
immune responses. Firsh vitro, compared to influenza or parainfluenza, DC irddct
with RSV in vitro produce decreased IL-12p70, andéased amounts of IL-10, IL-11
and PGE, consistent with a decreased Thil-type resgdn&eSecond, both RSV and
measles virus, another member of Beramyxoviridaefamily, are capable of blocking
TLR7- and TLR9-mediated IFI8-secretion by pD&. Third, in murine models, IFN-
receptor knockout mice experience aggravated R8\eed pulmonary patholoffy
Interestingly, this was not observed in IL-4 defiti mice, suggesting that insufficient
Thl-type responses, rather than enhanced Th2-pafimm predispose to severe RSV
infection. Fourth, RSV-infected infants have lowéMF-a in nasopharyngeal aspirates
compared to infants with influenza A infectidrand decreased serum concentrations of
IFN-y compared to infants with influenza, parainfluen@a adenovirus infectidt,
supporting the idea that suppressed Thl-type imnmaésponses are not a general
consequence of severe respiratory tract infechahmight be specific for RSV.

Of note, when studying the role of T-cell polarigatin RSV infection, one has to take
into account that the causal role of adaptive imengells in RSV pathogenesis is still
controversial. The majority of immune cells in R8Wected airways are neutrophils, and
T-cells only occur at later time points, coincidimgth recovery” "® In light of this
controversy, our results suggest that impaired Thétiated production of Thl-type
cytokines is not the cause of severe disease,leasit indicate that this impairment is not
a predefined characteristic of a susceptible host.

This study has several strengths, includinngve were able to follow a large cohort of
healthy neonates born at term after uncomplicatsdagion and delivery prospectively;
2) venous blood was collected at the age of onetim@neventing any potential artefacts
present in cord blood (e.g. hypoglycaemia, low pirtulating maternal celf$ and 3) all
respiratory symptoms suspected to arise from RS¥ciion were confirmed by PCR.
Potential limitations also deserve discussion. tFinge did not identify the cell type
responsible for TLR-mediated cytokine productionon€equently, the observed
association between TLR4-mediated IL-10 and AD rinlgh secondary to differences in
innate immune cell concentratioidowever, the cell types that were relatively deseela
in atopic neonates either lack TLR4 (pB3Tyr are incapable of responding to LPS
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vitro (basophils}'. Furthermoreadjustmentfor concentrations of innate immune cells
rendered a similar significamtssociation between TLR4-mediated IL-10 and ADgdat
not shown). In the future, flow cytometry-basedd#&s will be required identify the cell
type responsible for the decreased IL-10 produdtioAD. Secongdthein vitro whole
blood model is likely very different from the vivoresponse in AD skin or RSV-infected
airway<® Third, our comprehensive characterization of @ innate immunity
includes multiple comparisons. To minimize the rigkfalse discovery, we focused on
associations that were highly significant, that a@mad significant after adjustment for
potential confounders and that were present fotiplelrelated outcomes (e.g. physician-
diagnosed AD and parent-reported AD). No attemps weade to correct for multiple
testing, and future studies will be needed to eédur findings.

In summary, this study demonstrates that atopiandgtis, but not RSV LRTI, is

associated with presymptomatic decreased TLR4-rextlifl-10 at the age of one
month. Future studies aimed at characterizing #scbmechanism and clinical factors
modulating neonatal TLR responses might identifyeptial targets for prevention of
AD.

References

1. Akira S, Takeda K. Toll-like receptor signatii Nat Rev Immunol 2004; 4(7):499-511.

2. Kollmann TR, Crabtree J, Rein-Weston A efNmonatal innate TLR-mediated responses are
distinct from those of adults. J Immunol 2009; 1183(7150-7160.

3. Levy O. Innate immunity of the newborn: basiechanisms and clinical correlates. Nat Rev
Immunol 2007; 7(5):379-390.

4. Nguyen M, Leuridan E, Zhang T et al. Acquesitof adult-like TLR4 and TLR9 responses during
the first year of life. PLoS One 2010; 5(4):e10407.

5. Simon D, Braathen LR, Simon HU. Increaseddigdgsaccharide-induced tumour necrosis factor-

alpha, interferon-gamma and interleukin-10 produrctn atopic dermatitis. Br J Dermatol 2007;
157(3):583-586.

6. Belderbos ME, van Bleek GM, Levy O et al. Skdvpattern of Toll-like receptor 4-mediated
cytokine production in human neonatal blood: lowstiRduced IL-12p70 and high IL-10 persist
throughout the first month of life. Clin Immunol @®; 133(2):228-237.

7. Black RE, Cousens S, Johnson HL et al. Glakgipnal, and national causes of child mortality i
2008: a systematic analysis. Lancet 2010; 375(97869-1987.
8. Gereda JE, Leung DY, Thatayatikom A et al. Ratebetween house-dust endotoxin exposure,

type 1 T-cell development, and allergen sensitisaith infants at high risk of asthma. Lancet
2000; 355(9216):1680-1683.

9. Prescott SL, Taylor A, King B et al. Neonataérleukin-12 capacity is associated with variasio
in allergen-specific immune responses in the nedb@aid postnatal periods. Clin Exp Allergy
2003; 33(5):566-572.

10. Prescott SL. Early origins of allergic diseas review of processes and influences during earl
immune development. Curr Opin Allergy Clin Immural03; 3(2):125-132.

11. Kay J, Gawkrodger DJ, Mortimer MJ, Jaron A@e prevalence of childhood atopic eczema in a
general population. J Am Acad Dermatol 1994; 333)39.

12. Romagnani S. Immunologic influences on ajtergd the TH1/TH2 balance. J Allergy Clin
Immunol 2004; 113(3):395-400.

13. Spergel JM. From atopic dermatitis to asthima:atopic march. Ann Allergy Asthma Immunol

2010; 105(2):99-106.
14. Leung DY, Boguniewicz M, Howell MD, NomuraHamid QA. New insights into atopic
dermatitis. J Clin Invest 2004; 113(5):651-657.

115



Chapter 7

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Aleksza M, Lukacs A, ntal-Szalmas P, Hunyhdzegedi A. Increased frequency of intracellular
interleukin (IL)-13 and IL-10, but not IL-4, expieeg CD4+ and CD8+ peripheral T cells of
patients with atopic dermatitis. Br J Dermatol 20027(6):1135-1141.

Hasannejad H, Takahashi R, Kimishima M, HayakK, Shiohara T. Selective impairment of
Toll-like receptor 2-mediated proinflammatory cyiteé production by monocytes from patients
with atopic dermatitis. J Allergy Clin Immunol 200720(1):69-75.

hmad-Nejad P, Mrabet-Dahbi S, Breuer K eThe toll-like receptor 2 R753Q polymorphism
defines a subgroup of patients with atopic deriisatiaving severe phenotype. J Allergy Clin
Immunol 2004; 113(3):565-567.

De Benedetto A, Agnihothri R, McGirt LY, Bamla LG, Beck LA. Atopic dermatitis: a disease
caused by innate immune defects? J Invest Derr@@@; 129(1):14-30.

Hall CB, Weinberg GA, Iwane MK et al. The 8en of respiratory syncytial virus infection in
young children. N Engl J Med 2009; 360(6):588-598.

Nair H, Nokes DJ, Gessner BD et al. Globatlbn of acute lower respiratory infections due to
respiratory syncytial virus in young children: stmatic review and meta-analysis. Lancet 2010;
375(9725):1545-1555.

Awomoyi AA, Rallabhandi P, Pollin Tl et alsgociation of TLR4 polymorphisms with
symptomatic respiratory syncytial virus infectianhigh-risk infants and young children. J
Immunol 2007; 179(5):3171-3177.

Hornung V, Schlender J, Guenthner-Biller MileReplication-dependent potent IFN-alpha
induction in human plasmacytoid dendritic cellsabgingle-stranded RNA virus. J Immunol 2004;
173(10):5935-5943.

Kurt-Jones EA, Popova L, Kwinn L et al. Patteecognition receptors TLR4 and CD14 mediate
response to respiratory syncytial virus. Nat Imm®aD0; 1(5):398-401.

Rudd BD, Burstein E, Duckett CS, Li X, Luka¢#/. Differential role for TLR3 in respiratory
syncytial virus-induced chemokine expression. dM2005; 79(6):3350-3357.

Haynes LM, Moore DD, Kurt-Jones EA, Finbe/RAnderson LJ, Tripp RA. Involvement of
toll-like receptor 4 in innate immunity to respiva¢ syncytial virus. J Virol 2001; 75(22):10730-
10737.

Janssen R, Bont L, Siezen CL et al. Genatceptibility to respiratory syncytial virus
bronchiolitis is predominantly associated with itenenmune genes. J Infect Dis 2007;
196(6):826-834.

Murawski MR, Bowen GN, Cerny AM et al. Respary syncytial virus activates innate immunity
through Toll-like receptor 2. J Virol 2009; 83(3392-1500.

Bont L, Kavelaars A, Heijnen CJ, van Vugh{ Kimpen JL. Monocyte interleukin-12 production
is inversely related to duration of respiratoryiee in respiratory syncytial virus bronchiolitis.
Infect Dis 2000; 181(5):1772-1775.

Byeon JH, Lee JC, Choi IS, Yoo Y, Park SHo@ig JT. Comparison of cytokine responses in
nasopharyngeal aspirates from children with viraldorespiratory tract infections. Acta Paediatr
2009; 98(4):725-730.

Legg JP, Hussain IR, Warner JA, Johnstonv&arner JO. Type 1 and type 2 cytokine imbalance
in acute respiratory syncytial virus bronchiolithen J Respir Crit Care Med 2003; 168(6):633-
639.

Welliver RC, Sr. The immune response to raspiy syncytial virus infection: friend or foe?icl
Rev Allergy Immunol 2008; 34(2):163-173.

Klein KP, Tan L, Werkman W, van Bleek GM, @erts F. The role of Toll-like receptors in
regulating the immune response against respiratmgytial virus. Crit Rev Immunol 2009;
29(6):531-550.

Belderbos ME, Bleek G, Levy O. Skewed patt#rioll-like receptor 4-mediated cytokine
production in human neonatal blood: low LPS-induted2p70 and high IL-10 persist
throughout the first month of life. Clinical Immulegy 2009.

Strachan DP. Hay fever, hygiene, and housdesiné. BMJ 1989; 299(6710):1259-1260.
Houben ML, Bont L, Wilbrink B et al. Clinic&rediction Rule for RSV Bronchiolitis in Healthy
Newborns: Prognostic Birth Cohort Study. Pediat#igd1; 127(1):35-41.

116



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Low neonatal TLR4-mediated IL-10 is associated \sitbpic dermatitis

Lakwijk N, van Strien RT, Doekes G, BrunekrBeGerritsen J. Validation of a screening
questionnaire for atopy with serum IgE tests iropyation of pregnant Dutch women. Clin Exp
Allergy 1998; 28(4):454-458.

Meerhoff TJ, Houben ML, Coenjaerts FE eDadtection of multiple respiratory pathogens during
primary respiratory infection: nasal swab versusopharyngeal aspirate using real-time
polymerase chain reaction. Eur J Clin Microbioleleif Dis 2010; 29(4):365-371.
van der Zalm MM, van Ewijk BE, Wilbrink B, téirwaal CS, Wolfs TF, van der Ent CK.
Respiratory pathogens in children with and with@spiratory symptoms. J Pediatr 2009;
154(3):396-400, 400.

Novak N, Yu CF, Bussmann C et al. Putatisoeiation of a TLR9 promoter polymorphism with
atopic eczema. Allergy 2007; 62(7):766-772.

Mrabet-Dahbi S, Dalpke AH, Niebuhr M et ah€eTToll-like receptor 2 R753Q mutation modifies
cytokine production and Toll-like receptor expressin atopic dermatitis. J Allergy Clin Immunol
2008; 121(4):1013-1019.

Niebuhr M, Langnickel J, Draing C, Renz Hpka\, Werfel T. Dysregulation of toll-like
receptor-2 (TLR-2)-induced effects in monocytesrfrpatients with atopic dermatitis: impact of
the TLR-2 R753Q polymorphism. Allergy 2008; 63(&87734.

Niebuhr M, Lutat C, Sigel S, Werfel T. ImpadrTLR-2 expression and TLR-2-mediated cytokine
secretion in macrophages from patients with atdpitnatitis. Allergy 2009; 64(11):1580-1587.
Terhorst D, Kalali BN, Weidinger S et al. Mmyte-derived dendritic cells from highly atopic
individuals are not impaired in their pro-inflammat response to toll-like receptor ligands. Clin
Exp Allergy 2007; 37(3):381-390.

Prescott SL, Noakes P, Chow BW et al. Presymatic differences in Toll-like receptor function
in infants who have allergy. J Allergy Clin Immur008; 122(2):391-9, 399.

Gehring U, Bolte G, Borte M et al. Exposuwrehdotoxin decreases the risk of atopic eczema in
infancy: a cohort study. J Allergy Clin Immunol 20@08(5):847-854.

Gehring U, Bischof W, Fahlbusch B, Wichmartg, Heinrich J. House dust endotoxin and
allergic sensitization in children. Am J Respirt@are Med 2002; 166(7):939-944.

Gehring U, Strikwold M, Schram-Bijkerk D ét Asthma and allergic symptoms in relation to
house dust endotoxin: Phase Two of the Internati®haly on Asthma and Allergies in
Childhood (ISAAC Il). Clin Exp Allergy 2008; 38(12)911-1920.

Prescott SL, Macaubas C, Smallacombe T, BihISly PD, Holt PG. Development of allergen-
specific T-cell memory in atopic and normal childréancet 1999; 353(9148):196-200.

Prescott SL, Macaubas C, Smallacombe T &ealiprocal age-related patterns of allergen-
specific T-cell immunity in normal vs. atopic infanClin Exp Allergy 1998; 28 Suppl 5:39-44.
Tulic MK, Hodder M, Forsberg A et al. Differges in innate immune function between allergic
and nonallergic children: New insights into immuwmrgogeny. J Allergy Clin Immunol 2010.
de Waal-Malefyt R., Abrams J, Bennett B, BiIg8G, de Vries JE. Interleukin 10(IL-10) inhibits
cytokine synthesis by human monocytes: an autoaégyl role of IL-10 produced by monocytes.
J Exp Med 1991; 174(5):1209-1220.

Fillatreau S, Sweenie CH, McGeachy MJ, Grapbderton SM. B cells regulate autoimmunity
by provision of IL-10. Nat Immunol 2002; 3(10):985%0.

Levings MK, Sangregorio R, Roncarolo MG. Huned25(+)cd4(+) t regulatory cells suppress
naive and memory T cell proliferation and can bgagxed in vitro without loss of function. J Exp
Med 2001; 193(11):1295-1302.

Moore KW, de Waal MR, Coffman RL, O'Garraliterleukin-10 and the interleukin-10 receptor.
Annu Rev Immunol 2001; 19:683-765.

Jung BG, Cho SJ, Ko JH, Lee BJ. Inhibitoffee&s of interleukin-10 plasmid DNA on the
development of atopic dermatitis-like skin lesiam&NC/Nga mice. J Vet Sci 2010; 11(3):213-
220.

Gambichler T, Skrygan M, Tomi NS et al. Diéfetial mMRNA expression of antimicrobial
peptides and proteins in atopic dermatitis as coetpt psoriasis vulgaris and healthy skin. Int
Arch Allergy Immunol 2008; 147(1):17-24.

Howell MD, Novak N, Bieber T et al. InterlénklO downregulates anti-microbial peptide
expression in atopic dermatitis. J Invest Derma6dl5; 125(4):738-745.

117



Chapter 7

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Kawai T, Akira S. The role of pattern-recd@m receptors in innate immunity: update on Toll-
like receptors. Nat Immunol 2010; 11(5):373-384.

Bussmann C, Maintz L, Hart J et al. Clinicaprovement and immunological changes in atopic
dermatitis patients undergoing subcutaneous imnienapy with a house dust mite allergoid: a
pilot study. Clin Exp Allergy 2007; 37(9):1277-1285

Dai X, Sayama K, Tohyama M et al. Mite allrgs a danger signal for the skin via activatibn o
inflammasome in keratinocytes. J Allergy Clin Immoug011.

Schafer T, Heinrich J, Wjst M, Adam H, RingNichmann HE. Association between severity of
atopic eczema and degree of sensitization to aergafts in schoolchildren. J Allergy Clin
Immunol 1999; 104(6):1280-1284.

Ichikawa S, Takai T, Yashiki T et al. Lipopsdccharide binding of the mite allergen Der f 2.
Genes Cells 2009; 14(9):1055-1065.

Mueller GA, Edwards LL, Aloor JJ et al. Theusture of the dust mite allergen Der p 7 reveals
similarities to innate immune proteins. J Allergfndmmunol 2010; 125(4):909-917.

Trompette A, Divanovic S, Visintin A et alllérgenicity resulting from functional mimicry of a
Toll-like receptor complex protein. Nature 2009748229):585-588.

Zollner TM, Wichelhaus TA, Hartung A et ablBnization with superantigen-producing
Staphylococcus aureus is associated with incresesestity of atopic dermatitis. Clin Exp Allergy
2000; 30(7):994-1000.

Penders J, Thijs C, van den Brandt PA e&baf.microbiota composition and development of
atopic manifestations in infancy: the KOALA BirtloBort Study. Gut 2007; 56(5):661-667.
Ebisawa M, Saito H, Reason DC et al. Effe€tsuman recombinant interleukin 5 and 3 on the
differentiation of cord blood-derived eosinophitedebasophils. Arerugi 1989; 38(5):442-445.
Akdis CA, Akdis M, Trautmann A, Blaser K. Inume regulation in atopic dermatitis. Curr Opin
Immunol 2000; 12(6):641-646.

Akdis M, Akdis CA, Weigl L, Disch R, Blaser. iSkin-homing, CLA+ memory T cells are
activated in atopic dermatitis and regulate IgEabyiL-13-dominated cytokine pattern: IgG4
counter-regulation by CLA- memory T cells. J Immuh©97; 159(9):4611-4619.

Akdis CA, Akdis M, Simon D et al. T cells amccell-derived cytokines as pathogenic factors in
the nonallergic form of atopic dermatitis. J InvBsrmatol 1999; 113(4):628-634.

Neaville WA, Tisler C, Bhattacharya A et@evelopmental cytokine response profiles and the
clinical and immunologic expression of atopy durthg first year of life. J Allergy Clin Immunol
2003; 112(4):740-746.

van der Velden V, Laan MP, Baert MR, de WMR), Neijens HJ, Savelkoul HF. Selective
development of a strong Th2 cytokine profile inthigsk children who develop atopy: risk factors
and regulatory role of IFN-gamma, IL-4 and IL-10inExp Allergy 2001; 31(7):997-1006.

Bartz H, Buning-Pfaue F, Turkel O, SchaueRBspiratory syncytial virus induces prostaglandin
E2, IL-10 and IL-11 generation in antigen presentells. Clin Exp Immunol 2002; 129(3):438-
445,

Bueno SM, Gonzalez PA, Pacheco R et al. Hasunity during RSV pathogenesis. Int
Immunopharmacol 2008; 8(10):1320-1329.

Schlender J, Hornung V, Finke S et al. Irttohiof toll-like receptor 7- and 9-mediated alfgieta
interferon production in human plasmacytoid demnddells by respiratory syncytial virus and
measles virus. J Virol 2005; 79(9):5507-5515.

Boelen A, Kwakkel J, Barends M, de RL, DorsmidnKimman T. Effect of lack of Interleukin-4,
Interleukin-12, Interleukin-18, or the Interferoargma receptor on virus replication, cytokine
response, and lung pathology during respiratorgygyal virus infection in mice. J Med Virol
2002; 66(4):552-560.

Sung RY, Hui SH, Wong CK, Lam CW, Yin J. Angparison of cytokine responses in respiratory
syncytial virus and influenza A infections in infanEur J Pediatr 2001; 160(2):117-122.
Lukens MV, van de Pol AC, Coenjaerts FE efAadystemic neutrophil response precedes robust
CDB8(+) T-cell activation during natural respirat@yncytial virus infection in infants. J Virol
2010; 84(5):2374-2383.

Hall JM, Lingenfelter P, Adams SL, LasseHansen JA, Bean MA. Detection of maternal cells
in human umbilical cord blood using fluorescencsitn hybridization. Blood 1995; 86(7):2829-
2832.

118



80.

81.

Low neonatal TLR4-mediated IL-10 is associated \sitbpic dermatitis

Hornung V, Rothenfusser S, Britsch S et alaitative expression of toll-like receptor 1-10
mRNA in cellular subsets of human peripheral blamzhonuclear cells and sensitivity to CpG
oligodeoxynucleotides. J Immunol 2002; 168(9):4833B87.

Sabroe |, Jones EC, Usher LR, Whyte MK, Do8lIr Toll-like receptor (TLR)2 and TLR4 in
human peripheral blood granulocytes: a critica¢ folr monocytes in leukocyte
lipopolysaccharide responses. J Immunol 2002; 1)68{01-4710.

119



Chapter 7

Supplementary material

Supplementary table 1: Markersused to identify innate immune cells by flow cytometry

Cell type Marker Fluorochrome Clone
Monocytes HLA-DR PerCP L243
CD14 FITC MoP9
NK-cells CD3 APC SK7
CD16 PE B73.1
CD56" FITC NCAM16.2
Plasmacytoid DC HLA-DR PerCP L243
CD123 PE 9F5
Lineagé FITC
CD3 SK7
CD16 3G8
CD19 SJ25C1
CD20 L27
CD14 MoP9
CD56 NCAM16.2
Myeloid DC HLA-DR' PerCP L243
Lineagé FITC
CD3 SK7
CD16 3G8
CD19 SJ25C1
CD20 L27
CD14 MoP9
CD56 NCAM16.2
cbiid APC S-HCL-3
Supplementary Table 2: Agonistsused for in vitro TLR stimulation
TLR Agonist used Concentration Manufacturer

2

3
4

PamCys SSNA 1 pg/mL

Polyinosinic:polycyticylic acid (Poly I:C) 200ug/mL
Ultrapure lipopolysaccharide  derived.00 ng/mL
fromE. Coli

Interferony (IFN-y) 20 ng/mL
Loxoribine 1 mM
CpG oligodeoxynucleotide (CpG ODN) 30 ug/mL

Bachem Biosciences, Weil am
Rhein, Germany

Invivogen, San Diego, CA
Invivogen

Preprotech Inc, Rocky Hill, NJ
Invivogen
Invivogen
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Supplementary Table 3: Baseline characteristics of study population compared to all eligible
neonates

Included in Not included in  p-value
study study
population population
(n=291) (n=1007)
Birth weight, g (SE) 3611 (27) 3571 (36) 0.56
Gestational age, wks (SE) 40.0 (0.06) 40.0 (0.03) 940
Siblings, n (%) 186 (64) 622 (62) 0.63
Male gender, n (%) 141 (48) 517 (51) 0.39
Birth Season, n (%) 0.93
Winter 70 (24) 248 (25)
Spring 76 (26) 246 (24)
Summer 72 (25) 263 (26)
Fall 73 (25) 250 (25)
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Chapter 8

Abstract

Background

Respiratory syncytial virus (RSV) is the most impot pathogen causing severe lower
respiratory tract infection (LRTI) in infants. Epichiological and basic studies suggest
that vitamin D may protect against RSV LRTI.

Objective
To determine the association between plasma vitdngoncentrations at birth and the
subsequent risk of RSV LRTI.

Methods

A prospective birth cohort study was performed éalthy term neonates. Concentrations
of 25-hydroxyvitamin D (25-OHD) in cord blood plaamvere related to RSV LRTI in
the first year of life, defined as parent-reportd®Tl symptoms in a daily log, and
simultaneous presence of RSV RNA in a nose-thipatimen.

Results

The study population included 156 neonates. Eigh(@2%) developed RSV LRTI. The
mean plasma 25-OHD concentration was 82 nmol/L.ralve27% of neonates had 25-
OHD concentrations <50 nmol/L, 27% had 50-74 nmafid only 46% had 25-OHD
>75 nmol/L. Cord blood 25-OHD concentrations werergyly associated with maternal
vitamin D3 supplementation during pregnancy. Cotregions of 25-OHD were lower in
neonates who subsequently developed RSV LRTI cosdpaith those who did not (65
nmol/L versus 84 nmol/Lp=0.009). Neonates born with 25-OHD concentratiob8 <
nmol/L had a sixfold (95% confidence interval 142 p=0.01) increased risk of
developing RSV LRTI in the first year of life commed to those with 25-OHD
concentration&75 nmol/L.

Conclusion

Vitamin D deficiency in healthy neonates is assedawith increased risk of RSV LRTI
in the first year of life. Intensified routine wvitan D supplementation during pregnancy
may be a useful strategy to prevent RSV LRTI dunigncy.
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Introduction

Respiratory syncytial virus (RSV) is the most intpat respiratory pathogen in young
children, in whom it may cause significant morbydihlthough >90% of all infants
encounter RSV before the age of 2 years, only 189&ldp a severe lower respirator
tract infection (LRTI). Several risk factors foSR LRTI have been described, but th
majority of infections occur in infants without akgown risk factors' 2 Insight into

the factors that predispose infants to RSV LRTI mesult in new strategies to prevent
infection.

Vitamin D is an essential nutrient, with functighsit extend beyond its classical role in
bone metabolism. Vitamin D regulates >1000 humaregewith receptors present in
most cells throughout the botlyn westernized countries, 40% of pregnant wonreh a
50% of newborns and infants have vitamin D insigficy"®. Concentrations of vitamin

D in the fetus and newborn are dependent on andlate with maternal serum 25-
hydroxyvitamin D (25-OHD) concentratioh¥. Accordingly, maternal vitamin D
insufficiency has been related to many diseaséimffspring, including type |
diabete¥’, multiple sclerosi¥, schizophreni&, infant wheez€ and acute respiratory
infectiong? '

Basal and epidemiologic evidence suggests thamuitdd may protect against severe
RSV LRTI. In vitro, vitamin D decreases the inflammatory responsairefay epithelial
cells to RSV infection, without jeopardizing virelearanc®. In humans, RSV occurs in
a seasonal pattern with peaks in winter, when setantentrations of vitamin D are
lowest®. Genetic polymorphisms in the vitamin D receptae associated with
hospitalization for acute LRTIs, predominantly RShfonchiolitis, in infanc§’.
Furthermore, several studies have demonstratedpthata concentrations of 25-OHD
are lower in infants hospitalized for acute LRThgmared with healthy contrdfs'® 2% 22
However, these studies were cross-sectional ataded a limited number of subjects.

In this healthy birth cohort study, we aimed toedetine the association between cord
blood vitamin D status and the subsequent risk®¥ RRTI in the first year of life.

Methods

Study design and recruitment criteria

This study was part of a prospective birth cohtutlg on early life determinants of RSV
LRTI performed in 2 medical centers in Utrecht, iNetands. Study design and
recruitment criteria have been published previdislgligible study participants were

healthy newborns, born after uncomplicated gestatic=37 weeks. To avoid extensive
counseling of parents just after delivery, a 2-stpproach was used (Fig 1). The first
consent interview took place soon after deliverwyribg this interview, parents were
informed that cord blood had been collected andewspvided with oral and written

information on the study. A second interview wabkestuled when the infant was 1-3
weeks, during which we provided further informatiand obtained informed consent.
The study was approved by the ethics review boafdbee University Medical Center

Utrecht and the Diakonessen Hospital Utrecht, asigtnts of all participants provided
written informed consent for study participation.
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Clinical characteristics

Data on baseline characteristics and use of vitdinsupplements were collected from
hospital charts and standardized parental questiesf. Maternal ethnicity was defined
as caucasian or other on the basis of countryrti.tfseason of birth was designated as:
winter (December, January, February), spring (Ma#gril, May), summer (June, July,
August) or fall (September, October, November). asess the relation between cord
blood 25-OHD levels and sun exposure, monthly hadirsunshine in The Netherlands
during the study period were obtained from the igesh of the Dutch Royal
Meteorological Institut€.

Plasma vitamin D measurement

Cord blood was collected directly after deliverydaanticoagulated by use of sodium
heparin. Plasma was prepared by centrifugationnfitutes at 500 xj), and stored at -
80°C. Plasma 25-OHD concentrations (nmol/L, to conterng/mL divide by 2.496)
were measured with the Modular E170 analyzer (RoBlasel, Switzerland). Interassay
variability for pooled serum analyses was 19% abhB®I/L 25-OHD, 12% at 62 nmol/L
and 10% at 99 nmol/L. Plasma concentrations of PBOwere analyzed both as a
continuous variable and divided into quartiles («@80l/L, 25-49 nmol/L, 50-74 nmol/L
and 275 nmol/LY. Because of the low number of neonates in the ”R@6l/L group
(n=7), for outcome analyses the lower quartileS(gld 25-49 nmol/L) were pooled.

Primary and secondary outcome

The primary outcome was defined as parent-repd®d LRTI, which was defined as
(1) LRTI symptoms, and (2) simultaneous presenceR8V RNA in a nose-throat
specimen. Parents were instructed to record presemd severity of respiratory
symptoms during the first year of life in a daibgt’. LRTI symptoms were defined by 2
independent researchers who used strict criteretemate or severe cough or wheeze of
any severity lasting for at least 2 days. At theosel day of every respiratory episode,
parents obtained a nose-throat swab specimen. 8am@re sent to the researchers in
viral transport medium and frozen at %8%°. The presence of RSV RNA was determined
by real-time polymerase chain reaction as desciipedously”.

The secondary outcome ‘physician-attended RSV LRWS defined as (1) respiratory
illness for which the general practitioner or paddtian was visited, and (2)
simultaneous presence of RSV RNA in a nose-thmwabs

Statistical analysis

Cord blood plasma 25-OHD concentrations were ndynaistributed, and means were
compared by using Student’s t-teXf. analysis was used to test associations between
categorical variables. Seasonality of 25-OHD wastet by fitting the data to a sine
function with a period of 12 months in a nonlineagression model. Statistical
significance of seasonal distribution was determhifey comparing the resulting
sinusoidal model with the best fitting linear mqdasing the F-test. Logistic regression
analysis was performed to determine the effectoofl ®lood 25-OHD concentrations on
the risk of subsequent RSV LRTI adjusted for paténtonfounders. Because of the
limited number of cases, only a restricted numbepatential confounders could be
analyzed. The variables birth month, birth weightl anaternal ethnicity showed the
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highest association with both cord blood 25-OHD concentration and risk of RSV disease
in single-variable analyses and were therefore included in regression models. To adjust
for birth month, 2 approaches were used. In the first approach, we used
‘deseasonalization’ of 25-OHD concentrations (Supplemental Figuie I this
approach, the predicted 25-OHD concentrations for each subject, derived from the
sinusoidal model, were subtracted from the actual observed value. Subsequently, the
overall mean was added and the resulting deseasonalized 25-OHD concentrations were
analyzed using logitistic regression analysis, also adjusting for maternal ethnicity and
birth weight. In the second approach, we used regression analysis in which we adjusted
for birth +10 weeks from the start of the RSV season (yes versus no), next to maternal
ethnicity and birth weightAnalyses were performed in SPSS 15.0 (SPSS Incagbjc

IL).

Results

Population characteristics

From November 2006 to December 2009, 1007 neonates were eligible for study
participation (Fig 1). Of these, cord blood was collected from 481 neonates (48%), and
for 161 (33%) of these infants the parents agreed to their participation in follow-up.
Because of technical reasons, plasma 25-OHD concentrations were not measured in 5
(3%) of participating neonates, which resulted in a final cohort of 156 neonates. Baseline
characteristics did not differ between participating subjects and non-participants
(Supplemental table 1). Of the participating neonates, 18 (12%) developed RSV LRTI in
their first year of life, of whom 10 neonates had a physician-attended RSV LRTI.
Neonates who subsequently developed RSV LRTI had a higher birth weight (3903 versus
3523 g, 0.001), and trended toward higher gestational age (40.4 versu$39.96)
compared with those who did not, as observed previously (Supplemental fAblde)e

were no differences in birth season, number of siblings, maternal ethnicity, mode of
feeding and use of vitamin D supplements between neonates who did and those who did
not develop RSV LRTI.

Figure 1: Flow chart of study population.

Potentially eligible neonates
(n=1007, 100%)

l—-| No cord blood collected (n=526, 52%)

‘ First interview at birth ‘

(n=481, 48%) Excluded (n=16, 3%)
+ Language barrier (n=11, 69%])

‘ +Medical issues (n=5, 31%)

Second interview at age one month
(n=465, 97%)

No consent (n=304, 658%):

+ Mot reachahble for second interview (n=42, 14%)
= Objections {(n=218, 71%)

= Unknown (n=44, 14%)

{n=161,33%)

1—>| 25-0HD not measured (n=5, 3%)

‘ Included ‘

‘ Informed consent

(n=156, 97%)

RSV LRTI No RSV LRTI
(n=18, 12%) {n=138, 88%)
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Table 1: Characteristics of study population according to cord blood vitamin D status.

Cord blood 25-OHD concentration

<25 nmol/L 25-49 50-74 >75 nmol/L p-
(n=7) nmol/L nmol/L (n=72) value
(n=29) (n=48)

Birth weight, g (SE) 3237 (167) 3529 (90) 3604 (74) 3574 (50) 0.246
Gestational age, wks (SE) 39.8(0.41) 40.1(0.21) 40.2 (0.14) 39.8(0.13) 0.345
Any siblings, n (%) 0(0) 12 (41) 18 (38) 31 (43) 0.17
Male gender, n (%) 4 (57) 13 (45) 24 (50) 30 (42) 0.75
Birth Season, n (%) 0.012

Winter 3 (43) 11 (38) 16 (33) 13 (18)

Spring 1(14) 6 (21) 7 (15) 18 (25)

Summer 1(14) 3(10) 7 (15) 28 (39)

Fall 2 (29) 9 (31) 18 (38) 13 (18)
Maternal Ethnicity, n (%)

Caucasian 2 (29) 15 (52) 33 (69) 63 (88) <0.001

Other 5 (71) 14 (48) 15 (31) 9 (13)
Ever breastfed, n (%) 6 (100) 19 (79) 33(87) 51 (81) 0.56
Maternal vitamin D supplement0 (0) 9 (32) 18 (38) 51 (71) 0.005
use during pregnancy, n (%)
Neonatal vitamin D supplement4 (67) 12 (63) 30 (81) 46 (75) 0.50
use, n (%)

High prevalence of vitamin D deficiency in healthy newborns

The mean cord blood plasma 25-OHD concentration among healthy newborns was 82
nmol/L (SE: 3.5 nmol/L). Overall, 4% of neonates had 25-OHD levels of <25 nmol/L and
23% had levels <50 nmol/L; 27% had 25-OHD levels of 50-74 nmol/L, and only 46%
had 25-OHD levels of 75 nmol/L or higher.

Use of vitamin D supplements during pregnancy increases cord blood 25-OHD
concentrations

Of participating women, 46% reported use of vitamin D-containing supplements during
pregnancy. The majority of these (97%) were multivitamin preparations that contained a
daily dose of 400 IU (1fg) vitamin D3. Of these women, 74% used supplements during
the first trimester, 86% during the second trimester, and 81% during the third trimester. In
total, 54% of participating women used vitamin D supplements throughout pregnancy.
Maternal use of vitamin D supplementation during pregnancy was associated with
increased concentrations of 25-OHD in cord blood (73 versus 96 nmpellQ03). After

birth, 75% of all neonates received vitamin D supplements (daily recommended dose 400
IU vitamin D3) during the first month of life. Characteristics of participants according to
vitamin D status at birth are shown in Table 1.

25-OHD concentrations show a seasonal pattern

To explore the seasonal variation in the concentrations of 25-OHD, cord blood 25-OHD
concentrations and birth month were fitted to a sinusoidal model. Cord blood
concentrations of 25-OHD showed a seasonal distribution with a baseline level of 84
nmol/L and an amplitude of 15 nmol/p=<0.001, Fig 2a). Maximum fitted concentrations

of cord blood 25-OHD were observed in neonates born in July, and concentrations
reached their nadir in January. Of neonates born in winter, 33% had cord blood 25-OHD
concentrations <50 nmol/L and 70% had concentrations <75 nmol/L, compared with 10%
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and 28% of neonates born in summer (Fig 2bp=0.012). Seasonality of 25-OHD
concentrations was present for all birth years un aohort (data not shown). We also
related cord blood 25-OHD levels to monthly houfrsunshine during the study period,
according to the Royal Netherlands Meteorologiaastitutd®, and found a strong
correlation between cord blood 25-OHD levels andihly sun hours (Fig 2d3=0.196,
p=0.01).

Cord blood vitamin D concentrations are associatgth RSV LRTI in the first year of
life

Plasma concentrations of 25-OHD at birth were eeldb the risk of RSV LRTI in the
first year of life (Fig 3). Neonates who subseglyedéeveloped RSV LRTI had 1.3-fold
lower cord blood concentrations of 25-OHD compangith those who did not (6% 7
versus 84t 11 nmol/L,p=0.009) (Fig 3a). Logistic regression analysishwibrrection
for birth month, birth weight and maternal ethnjicis potential confounders,
demonstrated that cord blood 25-OHD concentratioere independently associated with
subsequent risk of RSV LRTI (B=0.978 (95% CI: 0.95997),p=0.024). Sensitivity
analyses, corrected for birth 10 weeks of the start of the RSV season, maternal
ethnicity, and infant birth weight, also revealesignificant negative association between
cord blood 25-OHD concentrations and risk of RSVTLRB=0.976 (95% CI: 0.957-
0.996),p=0.018). With the use of the secondary outcome iplaysattended RSV LRTI,

a similar trend was observed (63 vs 83 nmol/L, B88. (95% CI: 0.962-1.004),
p=0.117).

We also analyzed the risk of RSV LRTI in neonaté®were born with cord blood 25-
OHD levels <50 nmol/L, 50-75 nmol/L and75 nmol/L (Fig 3b). Compared with
neonates with cord blood 25-OHD levelg5 nmol/L, the adjusted relative risk of RSV
LRTI was 6.2 (95%-ClI: 1.6-24.9=0.01) in neonates with 25-OHD levels <50 nmol/L.

Figure 2: High prevalence of vitamin D deficiency in healthy newborns. Concentrations of 25-OHD in
cord blood plasma (n=156) were measured with thellN&or E170 analyzer, and related to birth month (a)
or birth season (b). Seasonality of cord blood 280wvas assessed by fitting the data to the besidit
linear and sinusoidal model. C, monthly hours ofi sluring the study period were obtained from the
archives of the Dutch Royal Meteorological Insttfitand related to cord blood 25-OHD by using Pearson
correlation. Bars represent mean + SE of the meamd c), or percent of subjects (b).
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Figure 3: Association between cord blood vitamin D concentrations and RSV LRTI in the first year

of life. (&) Cord blood concentrations of 25-OHD in neonatt® subsequently developed RSV LRTI
(n=18) and those who did not (n=138). (b) Risk &RLRTI per quartile of 25-OHD levels. Because of
the limited number of cases, the lower quartile5(xmol/L, n=7 and 25-49 nmol/L, n=29) were pooled.
Bars represent mean + SE of the mean (a), or fiSkSY LRTI relative to neonates with 25-OHEY5
nmol/L (b).
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Discussion

In this prospective birth cohort study, we dematstithat 54% of healthy newborns in
the Netherlands are born with insufficient 25-OHihcentrations required for maximum
healtf® 2° and that low plasma concentrations of 25-OHDighlare associated with
increased risk of RSV LRTI in the first year oklif

RSV is the most important respiratory pathogen rfaricy, yet the mechanisms
responsible for severe RSV disease are incompletetierstood. Although antibody
therapy is recommended for children at high risksefere infection, the majority of
infections occur in children without any known rifdctors®, for whom no preventive
strategies are currently available. Micronutriempglementation to pregnant women and
their newborns could be an easy and affordabléeglyeto prevent RSV LRTI.

The prevalence of vitamin D deficiency in our cdheras comparable to reported
prevalences in other Westernized counfri&s?® 3! Cord blood vitamin D concentrations
demonstrated a seasonal pattern, with maximum otrat®ns in neonates born in July
and lowest concentrations in neonates born in DbeenThis vitamin D concentration
peak, which was relatively early compared with gealbserved in previous cohort
studied™ *> may have occurred because pregnant mothers empedieextraordinarily
high sun exposure in spring months during the stpeljod (Fig 1c). In addition, the
partial association between hours of sunshine and blood 25-OHD levels indicates
that other factors, including time spent outdoasse of sun protectidh ** and
nutritional intake of vitamin D by the mother migtwntribute to cord blood vitamin D
status.

To our knowledge, this is the first longitudinaldy to demonstrate a relationship of
plasma 25-OHD concentrations at birth and the sybe# risk of RSV LRTI. Previous
cross-sectional studies have related low plasmaerdrations of 25-OHD to increased
severity of respiratory tract infectitf®” 22 In Turkey and rural Bangladesh, plasma 25-
OHD concentrations during infection were obserthé lower in children hospitalized
with acute LRTI compared with age-matched healtoptols® ?2 and subclinical
vitamin D deficiency was associated with acute iraspry tract infection in Indian
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childrert’. In addition, a recent cohort study in 284 Finntildren hospitalized for
acute wheezing demonstrated a significant assoni&tetween plasma vitamin D levels
and risk of viral coinfection, specifically coinimns with RSV, rhinovirus, or bothin
contrast, studies in Canada failed to show a diffee in plasma 25-OHD between
children with and without respiratory tract infextt™ >

Several explanations may account for the proteafect of vitamin D at birth against
subsequent RSV LRTI, which we observed in our st&gywere RSV infection is thought
to arise from an interplay between the host immasponse, airway anatomy, and RSV
viral load. All these factors may be affected byaniin D.

Vitamin D has immune modulatory properties that rimdlpience the development of the
fetal and neonatal immune system. Low vitamin @Ketduring pregnancy is associated
with increased incidence of diseases related tounmemdysfunction in the offspring,
including type | diabetes, asthma and allergic itisit® *¢ *" In vitro, vitamin D has
many immune modulatory functions, including indantiof tolerogenic dendritic ceff
development of CDLD25 Foxp3 regulatory T-cell¥, activation of T-cell signalirf§
and elaboration of tolerizing and anti-inflammataesgtokines, including interleukin £
4142 Moreover, results of a recent study demonstra& maternal vitamin D intake
during pregnancy increases expression of toleregeenes in cord blody which
suggests that the immune modulatory function cmih D may already be occurring
prenatally.

In addition, vitamin D may modulate early lung dieypenent. In animal models, vitamin
D has been shown to promote lung development amfcsant production®*“® In
humans, 1,25(0OHD, the biologically active form of vitamin D, prores surfactant
productiort’, and downstream effectors of vitamin D have bezteaed in fetal lungs as
early as 14 weeks' gestational &yeVitamin D might thus accelerate fetal lung
development, thereby potentially protecting agaRSV disease.

Vitamin D also has many antimicrobial propertieatttnay result in decreased viral load
during infectiof”. Neonates who are born vitamin D deficient mayo aisve lower
serum concentrations during the neonatal periodiafahcy, which may confound the
demonstration of any association between cord blamnin D and RSV LRTI during
infancy. We did not measure vitamin D concentraidnring RSV infection. However,
75% of neonates and infants in our cohort receiigmin D supplements after birth
(400 IU per day), and there was no association éatvpostnatal vitamin D supplement
use and cord blood vitamin D levels (data not shHown risk of RSV LRTI
(Supplemental table 2).

Our results suggest that strategies aimed at innpgowaternal vitamin D status during
pregnancy might decrease the risk of RSV diseagbdroffspring. In agreement with
recommendations of the American Association fori&teéds and the World Health
Organization, the Dutch Health Council recommendiydsupplementation of 400 U
(10 pg) vitamin D to all pregnant women and breastfesdvbwng®. However, the
optimal dose of vitamin D supplementation is stilider debate. Especially during
pregnancy, doses up to 4000 IU per day may be detedebtain optimal maternal and
neonatal healfl' “* **%2 |n addition, adherence to the current guideliiegenerally
poor>. In our cohort, only 46% of women reported use vithmin D-containing
supplements during pregnancy. Although vitamin Ppementation during pregnancy
resulted in increased cord blood 25-OHD conceminati we did not find a significant
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association with risk of RSV LRTI. However, the @nt study was insufficiently
powered to answer this question. The associatiotwdss cord blood 25-OHD
concentrations and subsequent RSV LRTI suggestsldtger clinical trials should be
conducted to investigate the effect of vitamin PEementation during pregnancy on the
susceptibility to RSV LRTI in the offspring.

Potential limitations of this study warrant disdoss The sample size was relatively low
and the number of cases in our cohort was relatisedall. Limited statistical power
particularly affected analyses that used cord bl@6€DHD quartiles, which resulted in
wide confidence intervals. Nevertheless, despiteltkv number of cases, we were able
to demonstrate significant differences in RSV ridk. addition, lack of parental
compliance may have caused misclassification @hitsf who did experience RSV LRTI,
but whose parents forgot to take a nose-throat swvabll out the diary. However,
because of the low incidence of RSV LRTI, we do thotk that this limitation had a
significant effect on conclusions. Another limitatiwas thatletailed information on sun
exposure and dietary habits was not available fiatyais. As a surrogate marker of sun
exposure, birth month was included into our analySimilar results were found, which
indicated that cord blood 25-OHD is an indepengeeatictor of RSV LRTI.

In conclusion, vitamin D deficiency was highly patent in Dutch newborns, and cord
blood 25-OHD concentrations were associated witkteqitibility to subsequent RSV
LRTI. Increased awareness of vitamin D status afgpant women and intensified
routine vitamin D supplementation may help prev&®BV LRTI during infancy.
Randomized trials are required to address thistiures
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Supplemental information

Supplemental table 1: Baseline characteristics of the study population compared to all eligible.

Included in study Not included in  p-value

population study population
(n=156) (n=851)
Birth weight, g (SE) 3568 (37) 3583 (43) 0.88
Gestational age, wks (SE) 40.0 (0.09) 40.0 (0.04) 370
Siblings, n (%) 95 (61) 536 (64) 0.59
Male gender, n (%) 71 (46) 425 (50) 0.34
Birth Season, n (%) 0.77
Winter 43 (28) 239 (28)
Spring 62 (21) 186 (22)
Summer 39 (25) 181 (21)
Fall 42 (27) 245 (29)
Maternal Ethnicity, n (%) 0.32
Caucasian 106 541
Other 50 310

Supplemental table 2: Characteristics of study population accordingto RSV LRTI

RSV LRTI No RSV LRTI p-value
(n=18) (n=138)
Birth weight, g (SE) 3903 (374) 3523 (457) 0.001
Gestational age, wks (SE) 40.4 (0.25) 39.9 (0.09) .060
Siblings, n (%) 13 (72) 82 (59) 0.30
Male gender, n (%) 7 (39) 64 (46) 0.55
Birth Season, n (%) 0.54
Winter 3(17) 40 (29)
Spring 3(17) 29 (21)
Summer 5 (28) 34 (25)
Fall 7 (39) 35 (25)
Maternal Ethnicity, n (%) 0.15
Caucasian 15 (83) 92 (67)
Other 3(17) 46 (33)
Ever breastfed, n (%) 15 (83) 94 (83) 1.00
Maternal vitamin D supplement use during pregnandy(43) 51 (47) 0.78
n (%)
Neonatal vitamin D supplement use, n (%) 10 (71) () 0.76
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Supplemental figure 1: Strategy for deseasonalization of cord blood 25-OHD concentrations.
A sinusoidal model was fitted to cord blood 25-Okd@nhcentrations and birth month (t):
25-OHD=A+B*sin(C+2t)

12

The predicted values derived from this model (b} wabtracted from the actual 25-OHD concentration f

each subject (a), and the overall mean was addebtain deseasonalized 25-OHD concentrations (c).
Regression analysis, performed with either uncéere@5-OHD (d) or deseasonalized levels (e), showed
similar results. Bars represent mean + SEM.
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Theneonatal innate immune system isimmature

Human newborns are highly susceptible to infectiofise incidence of infections is
particularly high in the first weeks of life, andpidly decreases thereafter. Common
causes of infection in neonates include virusespmeensal bacteria such as group B
streptococci and coagulase negative staphylocandi,Gram-negative organisms like
coli. High neonatal susceptibility to infection appearsbe due to immaturity of the
neonatal immune system. Toll-like receptors (TLRsE key pathogen-recognition
receptors of the innate immune system, which seovimitiate the early antimicrobial
response and to instruct the ensuing adaptive inem@sponse. Neonatal Toll-like
receptor mediated immune responses at birth ateatisand characterized by decreased
production of Thl-polarizing cytokines, whereas duction of Th2-polarizing and
regulatory cytokines is increased. This bias isiti to prevent potentially harmful allo-
immune reactions towards maternal antigens in ytard to facilitate microbial
colonization after birth. However, impaired geninatof pro-inflammatory responses
renders the neonate highly susceptible to infestidn addition, mounting evidence
indicates that dysregulated innate immune respaatsieisth play an important role in the
pathogenesis of atopy and asthma.

Impairments in neonatal innate immune responsésgthat have been well characterized.

However, little is known on the early postnatal lepment of the human innate immune

system and its consequences for health and dis@dme.immunology part of the

Netherlands Amniotic Fluid Study is a prospectiviethb cohort study that aims to

characterize the ontogeny of the neonatal immus&esy during the first month of life

and its consequences for subsequent infectionsi@py. In the current thesis, we aim to

address the following questions:

— What is the ontogeny of the human TLR system?

- What are the clinical determinants of neonatal TuRction?

— What are the basic mechanisms causing distinctatabfLR responses?

— Does delayed postnatal TLR development increaserigie of respiratory tract
infections and atopy during infancy?

Postnatal ontogeny of the neonatal TLR system

First, we aimed to characterize the early postndéalelopment of the human innate
immune systemChapter 4). To this, we compared whole blood numbers of ianat
immune cells and TLR-mediated cytokine responsésdsn cord blood obtained from
health newborns directly after uncomplicated géstaand delivery, neonatal venous
blood obtained at the age of one month and aduibw® blood. Cord blood TLR-
mediated production of key Thl-polarizing cytokinkesl2p70 and IFNa was generally
impaired compared to adult responses, whereas gtiodwf IL-10 was increased. At the
age of one month, TLR3-mediated IL-12p70 and TLRid &LR9-mediated IFNx
production had matured to adult levels. In coniraBtR4 demonstrated slower
maturation, with low IL-12p70 and high IL-10 prodion up until the age of one month.
Together, these findings indicate that the neorBt& immune system rapidly changes
during the first month of life.
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Breast feeding isthe major environmental determinant of neonatal TLR function

The rapid development of the innate immune systemgests that the impact of
environmental exposure to immune modulatory factoay be highest in the first month
of life. To identify the major environmental facsomodulating the neonatal immune
system, we analyzed the effects of mode of delivergastfeeding, birth month, siblings,
pets and parental smoking on whole blood numbersiradte immune cells and TLR-
mediated cytokine responses at the age of one nfGhtpter 5). Breast feeding was the
major determinant of neonatal innate immunity. Egdby, the association between
breast feeding and TLR7-mediated IL-10 productioaswhighly significant. The

protective effects of breastfeeding against infedi might be due to its capacity to
modulate early life immune maturation.

Neonatal TLR4-mediated IL-10 and IL-12p70 production are differentially
modulated by distinct soluble factorsin plasma

We next aimed to characterize the basic mechanésmsing distinct neonatal Toll-like
receptor responses. Based on its relatively sloturaton during the first month of life
(Chapter 4), we chose to focus on TLR4-mediated productiotLef2p70 and IL-10. In
Chapter 6, we demonstrate that neonatal plasma polarizesATthBdiated production of
IL-12p70 and IL-10 via distinct factors. Comparedadult plasma, whole plasma derived
from cord blood significantly suppressed TLR4-méatiaproduction of IL-12p70, while
inducing production of IL-10. This pattern wasaalsbserved for TLR3- and TLR8-
mediated IL-12p70 and/or IL-10 production, demaatstg that plasma modulates
responses to MyD88-dependent and MyD88-independgonists. We also found that
the ontogeny of these factors was distinct. Wherpsma-mediated IL-12p70
suppression persisted up until the age of one madbhth0 stimulation disappeared by
one month of age. These results indicate that hysteama contains distinct factors that
induce IL-10 and that suppress TLR-mediated IL-IPproduction. These factors are
present at increased concentrations in neonatainalathereby potentially predisposing
to microbial infections and atopy. Identificatiofi these factors might provide insight
into the ontogeny of innate immune development &l &ws novel targets for the
prevention and treatment of neonatal infectionsatogy.

Low TLR4-mediated IL-10 production isassociated with atopic dermatitis

We hypothesized that delayed postnatal TLR matmatiesulting in impaired Thi-
polarizing responses at the age of one month, gwedes to microbial infections and to
atopy. To address this hypothesisCinapter 7, TLR-mediated cytokine responses at the
age of one month prospectively related to the risgkdRSV lower respiratory tract
infections or atopic dermatitis in the first yedrlife. Neonates with subsequent atopic
dermatitis had lower concentrations of basophil$ plasmacytoid dendritic cells, higher
concentrations of natural killer cells, and twoftdaver Toll-like receptor 4-mediated IL-
10 compared to neonates without subsequent atapinalitis. No differences in Toll-
like receptor-mediated cytokine production, nominole blood concentrations of innate
immune cells were observed between neonates withwéthout subsequent RSV LRTI.
This might indicate important differences in thehmgenesis of AD and RSV LRTI.
Differences in TLR-mediated cytokine responses oeskduring AD may reflect pre-
existent host immune dysfunction that predisposeallergy. In contrast, differences in

141



Chapter 9

TLR-responses during and after severe RSV infeatialy be the result, rather than the
cause of severe disease. Insight into the clindcal basic factors guiding postnatal
maturation of the neonatal TLR system might idgntiéw targets for the prevention of
AD.

Cord blood vitamin D deficiency predisposesto RSV bronchioalitis

Vitamin D is an essential nutrient and hormone wetliensive immune modulatory
functions. Basic and clinical studies suggest thtmin D may protect against RSV
infection. InChapter 8, we hypothesized that vitamin D might exert its potive effects
during fetal development of the airways and immsys&tem. To address this hypothesis,
we prospectively related cord blood concentratimii®5-hydroxyvitamin D (25-OHD) to
the risk of RSV LRTI. Cord blood vitamin D insuffimcy was highly prevalent,
affecting 54% of newborns. Concentrations of 25-OkltDcord blood plasma were
significantly lower in the neonates who subseqyetéiveloped RSV LRTI compared to
those who did not. Neonates born with 25-OHD cotre¢gions <50 nmol/L had six fold
increased risk of RSV LRTI in the first year ofditompared with those with 25-OHD
concentrationg75 nmol/L. We conclude that vitamin D deficiencyhighly common in
healthy term neonates and is associated with isetedsk of RSV LRTI in the first year
of life. Intensified routine vitamin D supplemeritet may be an effective strategy to
prevent RSV LRTI during infancy.

Conclusions and discussion

Reflecting on the research in this thesis withia tlontext of related literature, our main
findings are that early life immune developmentvisles a unique opportunity for
interventions aimed at preventing atopy and inferdi diseases. Suggested strategies
include promotion of breast feeding, intensifiedamin D supplementation during
pregnancy, and plasma-directed therapies. Howeherstudies presented in this thesis
are observational, and randomized clinical trials argently needed to establish the
feasibility of early life immune modulation in therevention of subsequent disease.
Advancement of these trials is hampered by theusjgpsition of pregnant women and
their offspring as research subjects. Novel guiglifor translational research during the
perinatal period are urgently needed to increase imsight into early life immune
development and to utilize this important periodhie prevention of subsequent disease.
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Chapter 10

Introduction

The immune system is like an orchestra. All sectiohthe orchestra contribute to the
beauty of the symphony, yet no player can creatasterpiece on his own. Whether it is
a peaceful ballad or a furious tango, the qualitthe final piece depends on continuous
interactions between the sections. If one or migltgections are out of rhythm or tune,
the quality of the music is greatly affected. ld@rto achieve such harmony, the director
coordinates the interplay between the sectiongrohétes the pace and dynamics of the
orchestra, and tailors this to the specific requenats of the audience. In this final
chapter, we will attempt to integrate our findirggs the neonatal immune orchestra with
pre-existent knowledge on its players and theirualuinteractions. Finally, we will
speculate on a potential role for plasma as thectlir of the neonatal immune orchestra.

Theorchestra

The neonatal immune system is markedly distinainftbe adult innate immune system
(reviewed inChapter 2). In general, neonatal innate immune responsesbmaged
against production of pro-inflammatory, Thl-typenieme responses. This bias is an
effective strategy to cope with the unique chalengf the neonatal period, including
maintaining tolerance to maternal antigens in uterd balancing the transition from the
sterile intrauterine environment to the antigerautside world However, decreased
generation of Thl-type immune responses leavesnd#wnate highly susceptible to
infection and limits responses to vaccination atmatal and infant age

Identification of the factors that contribute toctEased neonatal Thl-type immune
responses might result in new strategies to prakéstvulnerable population. Moreover,
insight into the mechanisms that maintain neonatahune tolerance in its highly
challenging environment might inspire novel theeapifor auto-immune and
inflammatory diseases in later life.

Theplayers

Innate

Multiple differences have been identified betweesomatal and adult innate immune
cells, including neutrophils and antigen-presentelis (APC).

At birth, human neonates have a higher proportibnimamature neutrophils with
decreased expression of complement receptor 3 (GR@) L-selectifi “ Neonatal
neutrophils are impaired in many functions, inchglichemotaxis, rolling adhesion,
transmigration and lamellipodia formatfonin addition, neonatal neutrophils have
reduced capacity to form neutrophil extracellula@ps (NETs), and contain decreased
amounts of the antimicrobial peptides lactofernid dactericidal-permeability increasing
factor éBPI), which correlates with their decreasadivity against Gram-negative
bacterid.

Neonatal APC are also distinct from their adult rtewparts. At birth, cord blood APC,
including monocytes, conventional dendritic cet®C) and plasmacytoid DC (pDC)
produce less IL-12p70, IFN-and TNFe compared to adult APC upoim vitro
stimulation with most TLR agonists®. In addition, cord blood myeloid DC (mDC)
display impaired TLR3- or TLR4-mediated phenotypi@turation, failing to increase
membrane expression of the co-stimulatory molec@Bg0, CD80 and HLA-DR *
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Together, impairments in neonatal innate immundgtdbute to the decreased neonatal
capacity to generate pro-inflammatory immune respenneeded for defense against
pathogens.

In Chapter 4, we aimed to characterize the postnatal developwofethe neonatal innate
immune system. We demonstrate that neonatal whioledbTLR-mediated cytokine
responses differentially mature during the firstmioof life. Whereas TLR3-mediated
IL-12p70 production and TLR7- and TLR9-mediated {&Nroduction reach adult levels
before the age of one month, TLR4-mediated respgoase polarized towards low IL-
12p70 and high IL-10 production throughout thetfireonth of life. Decreased neonatal
propensity to produce Thl-type cytokines upon Tldi#ulation might contribute to
infectior:;lwith pathogens that are recognized bRZ Lincluding Gram-negative bacteria
and RSV~

Adaptive

Neonatal adaptive immune responses are also didtimm adult responses. Neonates
have decreased whole blood CDahd CD8 T cell numbers, which have a more naive
phenotype compared with adult T c&lsFunctionally, both neonatal Cb4nd CD8 T
cells produce decreased amounts of WFMnd TNFe upon bacterial stimulation
compared to their adult counterpaftsin addition, cord blood contains increased
amounts of CDACD25 regulatory T-cells, with increased inhibitory patial compared
to adult regulatory T ceftd

Multiple differences between neonatal and adulteBschave also been described.
Neonates have increased percentages of naive 8thatl fail to up regulate expression
of CD86 and MHCII in response to antigen recepigation* *> Additionally, neonatal
antibody responses are delayed in onset, reaclr lpg@ak levels, are of shorter duration
and differ in the distribution of IgG isotypes coangd to adult responsés

Neonatal immunity: impaired or regulated?

Together, distinct neonatal innate and adaptive umenresponses have led to the
consideration of the neonatal immune system as elgdly impaired’. However,
production of certain cytokines, including IL-6,-110 and IL-23 by neonatal antigen
presenting cells actually exceeds that of adulstéf 17 In addition, multiple findings
indicate that under certain circumstances, neomatalne cells are capable of mounting
adult-like responses. First, when stimulated inowtith agonists of TLR8 or with whole
group B streptococcus, cord blood mononuclear cglIBMC) produce similar or
increased amounts of cytokines (including B-1FN-y and TNFe)) compared to adult
peripheral blood mononuclear cells (PBMCY. Second, certain vaccines, including
Mycobacterium bovibacillus Calmette-Guérin, induce memory Thl-typsponses of
similar magnitude when given at birth or later ife® 2% Third, in chapter 4, we
demonstrate that in contrast to the marked impaitma TLR7-mediated IFNx
production, cord blood TLR9-mediated IFiNresponses are already comparable to adult
level. Together, these findings indicate that thematal immune system is not generally
impaired, but rather suggest that suppression ofifflammatory immune responses
reflects a highly regulated system tailored to theque challenges of the neonatal
environment.
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Table 1: Anti-inflammatory factorsin human plasma

Factor Effect Reference

Cytokines

IL-4 L monocyte/macrophage pro-inflammatory cytokine patithn 7

IL-10 | monocyte activation, pro-inflammatory cytokine production 7

IL-13 1 monocyte/macrophage pro-inflammatory cytokine praidn 7

TGF-beta | Thl-type cytokine responsesregulatory T-cells 75

Antagonists of specific

cytokines

IL-1 receptor 1 IL-1 mediated cytokine synthesis 7

antagonist

Soluble IL-1 receptor | IL-1 mediated cytokine synthesis I

Soluble IL-2 receptor | IL-2 mediated immune activation 78

(sCD25)

Soluble IL-4 receptor | IL-4 mediated immune activation 7

Soluble IL-7 receptor | IL-7 mediated immune activation 8

(sCD127)

Soluble TNFx receptor | TNF-a mediated immune activation 8

Soluble gp130 | IL-6 mediated immune activation s

Soluble human IL-23 | IL-23 mediated immune activation &

receptom

Immune globulins

1gG* | Fc receptor expression and functiorDC activation,l Thl-type 34.84
cytokines,! NK cell activation,1 Treg function

IgA* | FcaR-mediated TNF and IL-6;1 TLR4-mediated IL-6 and ~ *>*°
TNF-a, t IL-1RA

Hormones

B-endorphin | neutrophil respiratory burst; T-cell mediated IL-2 and IFN- 87,89

Cortisol L IL-1, IL-6 and TNFe by APC;! Thl-type responses 9.9

Estrogen L TNF-a, IFN-y, IL-12, t Th2-type responses %

Testosterone* I macrophage activation, regulatory T-cells 9,94

Metabolites

Adenosine | TLR-mediated TNFa, IL-12. 9,96

ATP 1 IL-23; | IL-12 (however, also pro-inflammatory capacity) o %8

Lipids

Apolipoprotein Al
HDL

LDL-Inhibitor
N-3 polyunsaturated
fatty acids

| chemotaxis) adhesion, NF«B activation

| intracellular reactive oxygen speciesproteasome activation;
NF-kB activation

. lymphocyte activation

t TLR4-mediated IL-10 and IL-12p70 production by DC, T-
cell activation

99
100

101, 102
103, 104
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Factor Effect Reference
Carbohydrates
Mannose* 1 NF«B activation,! TLR4-mediated DC maturation, TLR4- 54,105
mediated IL-10, IL-12p35, IL-12p40, IL-6.
Fucose t TLR4-mediated IL-10; TLR4-mediated IL-12p35, IL-12p40, IL-6. **°
Vitamins
Vitamin A | Thi-cell cytokines; Th2-type responses;IL-4 gene expression. *°
Vitamin D DC: { maturation,l expression of MHCII, CD40, CD80 and CD&6, '*®
IL-12, 1 IL-10. T-cells:t Thl and Th17-cell responsesTreg
generation. B-cellst proliferation,! plasma-cell differentiation and
IgG production.
Minerals
Zinc 1 CAMP, | NF-kB activation,l LPS-induced TNFx (also pro- 107
inflammatory effects)
Adipokines
Adiponectin | granulopoiesis; NK-cell cytotoxicity; | phagocytosis, TNFw; 1
IFN-y; 1 IL-10; 1 IL-1RA
Other
Activin DC maturation 109
Albumin TLR-4 mediated TNFx s
BPI LPS-mediated immune activation 110,111
Cs5a monocyte TLR-mediated IL-12, IL-23, IL-27 e

Clara cell protein
CRP

Exosomes
Hepatocyte growth
factor

Histamine*

Inhibin

Lysozyme

Nitric oxide
P-selectin
Prostaglandin E2
Soluble CD8
Soluble CD40
ligand

Vascular
Endothelial Growth
Factor

IFN-y production and function

IL-10, t Treg, macrophage reprogramming
profliferation of activated CD4T-cells

DC antigen presentation

I e

Thl-type and Th2-type responses through interaction with HR2
DC maturation

neutrophils chemotaxis; lymphocyte activation and proliferation;
complement activation

T-cell mediated IFN¢

tolerogenic DC; regulatory T-cells

IL-12; | IL-6; ¢ TNF-0; t I1L-10

cytotoxic T-cell activation

TLR4-mediated IL-12 (however, also pro-inflammngtoapacity)

e e o e e

P

DC maturation; T-cell development

113
114
115
116

117
109
118,

120
121
122
123
124

125, 126
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Table 2: Clinical trials using plasma therapy for immune-mediated diseases

Disease Study Design Treat- Regimen  Concomittant Results Ref
Phase ment treatment
ANCA-associated Il RCT (aimed  PEX 7 cycles  Glucocorticoids  Ongoing ™
vasculitis n=500) (NCT
00987389)
Multiple sclerosis I Randomized PP 3 cycles Mitoxantrone Ongoing
trial (n=40) in 3 mo (NCT
01214317)
Idiopathic /1 Prospective  PEX Not Methylprednisol No effect %
crescentic randomized reported  one, prednisone,
glomerulonephritis trial (n=32) azathioprine
Polyneuropathy 1l Double-blind  PEX 6 cycles None Improvem *?°
associated with placebo- in 3 wks entin
monoclonal controlled clinical
gammopathy of RCT (n=39) symptoms
undetermined
significance
Systemic lupus Il Randomised PEX 6 cycles None Reduction **
erythematosus trial (n=20) in 2 wks in serum
Ig, no
difference
in clinical
improvem
ent
Guillain-Barré n/a Meta-analysis PEX n/a Supportive care  Shorter  **
syndrome of existent time to
trials recovery,
improvem
entin
clinical
symptoms
Multiple myeloma 1l RCT (aimed  PEX 7 cycles Dexamethasone, Ongoing
with acute renal n=280) in2wks  chemotherapy  (NCT
failure 00416897
Nephrogenic v RCT (aimed PP Oneto  None Ongoing ¥
fibrosing n=32) three 5- (NCT
dermopathy/nephro daily 01078987)
genic systemic courses
fibrosis
Acute liver failure 1l RCT (aimed PEX 3cycles  Standard Ongoing ¥
n=183) in 3days medical (NCT
treatment 00950508)
Maternal red cell  n/a Retrospective PP 3cycles IVIG 100% 132
alloimmunization multicenter in 6 days survival,
case series significant
(n=9) reduction
in maternal
antired cell
titres.

150



General discussion

Disease Study Design Treat- Regimen Concomittant ~ Results Ref
Phase ment treatment
Proliferative Lupus |l RCT (n=18) PP 1-2 weekly Corticosteroids  Reduction =°
nephritis cycles for in
6 months proteinuria
and
number of
urinary
podocytes
Acute immune I RCT (n=13) PEX 7 cycles in Prednisone Reduced ***
thrombocytopenic 7-10 days anti-
purpura platelet
antibody in
10/12 pts.
No
difference
in response
rate
Hepatitis C Il RCT (n=10) PP 5 cycles in Pegylated 20% 35
genotype | virus 10 days Interferona, sustained
infection Ribavirin viral
response
v RCT (aimed PP 5 cyclesin Pegylated Ongoing ¥’
n=116) 10 days Interferone, (NCT
Ribavirin 00977054)
Idiopathic 11 Non- PEX Single Rituximab, Ongoing ¥
pulmonary fibrosis randomized exchange corticosteroids (NCT
feasibility of 1.5x 01266317)
study (aimed estimated
n=10) plasma
volume
Myasthenia gravis Il RCT (n=87) PEX 5 cycles inNone Ongoing ¥
10 days (NCT
01179893)
Inflammatory Il Double-blind PEX 7 cyclesin None Ongoing ¥
demyelinating RCT (aimed 14 days (NCT
disease n=22) 00004645)
Childhood 111 RCT (aimed PP 5 cyclesin None Ongoing
Guillain-Barre n=170) 10 days (NCT
Syndrome 00004833)
Thrombotic n/a Retrospectiv. PEX Daily None 13/17 136
microangiopathiy e analysis exchange complete
(n=17) until remissions,
normalizat 2/17
io of partial
platelet remissions,
count 2no
response
Critical care 1/ RCT (n=70) PT Not Standard Ongoing %'
patients reported medical (NCT
treatment 00302965)

RCT: Randomized controlled trial; PP: plasmapher&dts plasma filtration.
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Thedirector

Plasma-mediated regulation of the immune system

Previous studies aimed at characterizing the mésmaregulating the neonatal immune
system have mainly focused on differences betweenatal and adult immune céfig’,
and the contribution of the soluble fraction of thdood has been relatively
underappreciated. Because all blood leukocytessaspended in plasma, continuous
reciprocal interactions between these cells and #mvironment are likely to exist.
Plasma is a complex mixture of numerous factork witmune modulatory potential. The
distinct composition of neonatal plasma might tpla/ a key role in suppression of the
immune system.

Plasma-mediated suppression of the TLR system

In Chapter 6, we studied the effect of neonatal plasma on TlL&thaied cytokine
responses. We demonstrate that mononuclear celly @dspended in neonatal plasma
produce decreased TLR4-mediated IL-12p70 and iserkdlL-10 compared to MC
suspended in adult plasma. This was not specificTidR4, as neonatal plasma also
suppressed IL-12p70 production and induced IL-I@pction in response to agonists for
TLR3 and TLR8. Through heat-inactivation and pnotgépletion, we show that neonatal
plasma modulates TLR4-mediated IL-12p70 and IL-¥0dpction through distinct
factors. Increased plasma concentrations of solfatth®rs that suppress TLR-mediated
pro-inflammatory cytokine production might contribuo the high neonatal susceptibility
to infection. Moreover, the observation that acilétsma also conferred concentration-
dependent inhibition of TLR4-mediated IL-12p70 aimduction of IL-10 production
suggests that human plasma contains factors tipgress TLR-mediated production of
pro-inflammatory cytokines throughout life.

One of the first studies demonstrating an antaiminatory effect of plasma on TLR-
mediated immune responses was performed by Lew}, evho showed that neonatal
plasma confers decreased production of TN response to TLR1/2, TLR2/6, TLR4
and TLR7®. In this study, titration of cord blood plasmaaitult hemocytes suspended in
10% autologous plasma dose-dependently inhibitddIl2 mediated TNFr production.
Contrary to our observations for TLR4-mediated RpIO, these authors report that
titration of adult plasma resulted in a dose-dependncrease in TN productior®,
suggesting that under certain circumstances, plageaved from adult donors) can
support pro-inflammatory responses.

Additional (although indirect) evidence for an immasuppressive role of plasma on the
TLR system may be provided by the study of Kollmatral, who aimed to provide a
comprehensive overview of differences between #m@natal and adult TLR system. In
this study,in vitro TLR stimulation was performed in whole blood (whiessentially
consists of cells in 100% plasma) and in mononuctedls suspended in medium
containing 10% AB serum. Although no formal compan of these two models was
made, distinct patterns can be observed. Comparetbhonuclear cells in 10% serum,
whole blood responses were characterized by demte@d&R3-, TLR7- and TLR9-
mediated IFNa, decreased TLR3-mediated IFN-y and decreased TLR3R4- and
TLR8-mediated IL-12p70, consistent with a Thl-s@sgive effect of plasma. Evidently,
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next to plasma concentrations, many other diffezenibetween the whole blood and
PBMC models (e.g. presence of neutrophils, redhals, platelets) may contribute to
these observations. However, this study, togettitr tive findings by Levy et al and our
own finding that plasma dose-dependently inhibitR4-mediated IL-12p70 production
(Chapter 6), strongly hints towards an anti-inflammatory eff®f plasma on TLR-
mediated cytokine responses.

Immune suppression by plasma: beyond TLRs

In addition to suppression of TLR-mediated prodnimatory cytokine production,
preliminary findings in our laboratory (data notogin) demonstrate that plasma also
dose-dependently suppresses T-cell mediated Ile@yation. This suggests that plasma
might have a more general inhibitory effect on tmnune system, suppressing both
innate and adaptive immune responses. Indeed, esgipe effects of plasma have been
described on many immune cells, including neutdgphNK-cells, macrophages,
dendritic cells, Thl-, Th17- and cytotoxic T-cellSgure 1). In addition, plasma contains
multiple factors that stimulate the proliferatiamdafunction of regulatory T cells, thereby
further contributing to its immune suppressive citya

Relatively little is known on the effects of solabfactors in plasma on Th2 cells,
eosinophils and basophils. @hapter 6, we demonstrate that plasma dose-dependently
induces TLR4-mediated production of IL-10, suggesthat plasma might stimulate Th2
type immune responses. However, we were unabletectdany T cell mediated IL-4 in
our assays (unpublished data). The effect of plasmadaptive immune responses will
be subject of further studies.

Plasma is a complex mixture of anti-inflammatorgtéas

The observation that plasma has anti-inflammatapacity has triggered numerous
studies characterizing individual plasma factorsiseag this effect. To generate an
overview of plasma factors with potential immun@messive activity, we performed a
systematic literature search, searching PubMedsymonyms of “plasma” and “anti-
inflammatory” (for search strategy, see supplenrgnfigure 1). The resulting immune
suppressive factors and their mode of action amwshin Table 1. Below, we will
elaborate on the immune suppressive effects ofibs&t abundant plasma proteins, lipids
and carbohydrates.

Anti-inflammatory effects of plasma proteins

Proteins represent the most commonly studied immuaulatory constituents of human
plasma. With an average plasma concentration ob34g/dL, albumin is the most
abundant protein in human plasma, accounting foP4-60the total protein contefit In

a mouse endotoxemia model, infusion of phosphatietad saline (PBS) containing 4%
albumin significantly reduces mortality comparedRBS only’. In humans, albumin-
containing solutions are commonly used in the reifation of critically ill patient&. In
addition to increasing intravascular oncotic presssuppression of pro-inflammatory
innate immune responses might be one of the mexinarty which albumin mediates its
beneficial effect. In vitro, albumin inhibits TLR#ediated TNFa production by human
umbilical vein endothelial cells in vitth Moreover, whereas albumin solutions are not
superior to crystalloid solutions for treatmenipatients with burns or hypovolemia, they
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do decrease mortality in patients with sefisi§hus far, no studies have addressed the
direct effect of albumin on immune cells in vitroio vivo, and this should be subject of
further investigation.

The second most abundant protein in plasmianimune gamma-globulifigG), which
has a concentration of 0.74 mg/dL (11% of totatgirocontent’. IgG has a dual role in
the immune system. One the one hand, it has imgoitamune-enhancing effects,
including agglutination, opsonization and neutwtiizn of microbial pathogeffs On the
other hand, increasing evidence indicates that hg& important immune suppressive
effect$®. Initially used as a replacement therapy for immudeficient patients,
intravenous immunoglobulin (IVIG) was noted to irope concomitant idiopathic
thrombocytic purpura (ITP). In a subsequent studghiildren with ITP, high-dose IVIG
resulted in a dramatic increase in platelet coantsoften resolution of clinical disedde
Currently, IVIG infusions are a cornerstone in treatment of a variety of inflammatory
and autoimmune disorders, including idiopathic thibocytopenic purpura, chronic
inflammatory demyelinating polyneuropathy and Kaakas diseas®. Multiple
mechanisms have been proposed by which IVIG meglidge immune suppressive
effects, including Fc receptor blockade, inhibitioof complement deposition,
enhancement of regulatory T cells, acceleratedaea of auto antibodies, modulation
of adhesion molecules and cell receptors and diiveof regulatory macrophages
through the FgRIIb receptor (reviewed iff). Many of these mechanisms are likely to act
in concert and additional mechanisms continue taliseoveretf. For now, it can be
concluded that immune suppression is an importamtegy by which IgG limits
excessive inflammation.

Anti-inflammatory effects of plasma lipids

Increasing evidence indicates that the lipid frattdf plasma has important immune
suppressive effects. Patients with cholera or pagobial sepsis have grossly lipemic
blood and high serum levels tfglycerides leading to the term ‘lipemia of sepsis=®
Several in vitro and in vivo studies suggest tHavaion of plasma lipids is an active
immunomodulatory mechanism that serves to protéet host from excessive
inflammation. In vitro,chylomicronsandVLDL bind endotoxin and inhibit its activity

0 In vivo, induction of hyperlipoproteinemia, thghu infusion of exogenous
lipoproteing’, synthetic emulsiorf§ recombinant lipoproteifi$ or diet** protects mice
against LPS-mediated toxicity. Moreover, hypolipide animals suffer increased LPS-
induced mortality, which is reversed when serunidfipare restored to physiological
rangé™. In humans, however, the effects of plasma limdsLPS-induced toxicity are
less clear. Although addition of a fat-rich emutsianhibits LPS-induced TNIe-
production in human whole blood in viffoinduction of hypertriglyceridemia by lipid
infusion in healthy adult volunteers failed to redU_PS-induced fever, leukocytosis or
TNF-a releas&. This lack of effect might be due to the abruplubcadministration of
LPS (which might saturate plasma lipids), to digfeces in metabolism or to differential
effects of various lipid substances (e.g. satura&zdus unsaturated phospholipids) on the
immune system. In addition to endotoxin, serum g'rmeins also inhibit pro-
inflammatory responses to bacterial lipopeptidesiruseé®*° and even parasit&s >
suggesting that lipid-mediated immune suppresssoa general mechanism to prevent
excessive inflammation in response to a broad rahggcrobial stimuli.
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Table 3: Immune indications for intravenous immune globulin (IVIG) therapy. Depicted are approved
indications for IVIG according to the United Statesod and Drug Administratioff or recommended
indications according to the United Kingdom Depainof Health clinical guideliné®

FDA-approved indications Off-label indications

Idiopathic thrombocytopenic purpura Graft versusthitisease following allogeneic bone marrow
transplant or hematopoietic stem cell transplamati

Kawasaki disease Polymyositis

Chronic inflammatory demyelinating Acute disseminated encephalomyelitis

polyneuropathy

Kidney transplant with high antibody Autoimmune diabetic proximal neuropathy

recipient or an ABO incompatible donor

Alloimmune thrombocytopenia Central nervous systasculitis

Autoimmune hemolytic anemia Polymyositis

Atopic dermatitis

Pediatric autoimmune neuropsychiatric disordere@ated
with streptococcal infection

Systemic vasculitides

Acute antibody-mediated rejection following solidyan
transplantation

Systemic lupus erythematosus

Anti-inflammatory effects of plasma carbohydrates

Plasmacarbohydratesand related substances significantly impact orirtireune system.

A specific family of pattern recognition receptothe C-type lectin receptors (CLR),
recognizesnannosgefucoseandglucan structuresAlthough most studies on CLR focus
on their interactions with pathogen-expressed shgoharides, many CLR ligands are
also present in human plasma. For example, maramabéucose, the main ligands for the
CLR DC-SIGN, are highly present in human pladhend are capable of suppressing
TLR4-mediated production of IL-12p40 and IP%6In addition, fucose also increases
TLR4-mediated production of IL-2& Based on these data, signaling through CLR is
thought an important evasion strategy for pathogensscape the immune systém
However, the evolutionary conservation of thesecstires among many species suggests
that CLR function is highly important for host sival®®® Maintenance of immune
tolerance in plasma might be one of these functions

Immune suppression by plasma: functional considzmat

The anti-inflammatory properties of human plasmay fp@ understood in relation to its
biological function. Plasma is an essential transpeedium, supplying oxygen, nutrients
to all cells of the body and allowing for commuriioa between distant cells or organ
systems. During infection, plasma serves to transiginals from the affected organ
throughout the body, alerting it to danger andiatitg its defense mechanisms.
Communication through plasma has multiple advastameer cell-cell contact. First,
production of soluble factors allows for one callrapidly reach multiple target cells
localized throughout the body. Second, whereas-cedll contact is hampered by
biological barrier¥, certain soluble factors, especially small lipdighinolecules, readily
cross these barriéfs thus providing a mechanism for immune signalingshielded
organs. Third, while cell-cell contact only transsnsignals from a single cell to another,
the presence in plasma of many factors producenhddiiple organ systems provides a
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cell with a more integrated picture of the hostditan, allowing it to tailor its immune
response in more detail.

Thus, plasma has the important task of rapidlyrithisting the signals that initiate host
defense mechanisms during infection. However, thiguitous presence of plasma and
the highly toxic nature of many of these sighatender this a highly dangerous task,
which, if left unchecked, might result in lethaflammatiorf®. Therefore, suppression of
pro-inflammatory immune responses might be a kegtfon of plasma, allowing for the
transport of danger signals throughout the bodyhaut causing systemic inflammation
to the host.

The symphony

The widespread presence of plasma and its interectvith virtually all organ systems in
the body render the effects of plasma on the imnsys&em highly relevant, not only as a
biological phenomenon, but also as a therapeutietaThe notion that plasma has anti-
inflammatory activity might provide a mechanistiqp&nation for the beneficial effect of
various plasma products that are currently usethéntreatment of multiple immune-
mediated diseases. Moreover, plasma might providattiactive target for prevention
and/or treatment of infections and inflammatoryedise.

Anti-inflammatory effects of plasma: culprit of natal infection

Enhanced suppression of pro-inflammatory cytokimedpction by neonatal plasma
might contribute to the high neonatal susceptibilit microbial infection. Accordingly,
reversal of plasma-mediated immune suppression tntighan effective strategy to
prevent and/or treat neonatal infection. One exangblsuch an approach would be to
transfuse neonates with adult plasma, assuming diation of the already present
plasma reduces its inhibitory effect. In a casesrgptreatment of a neonate with
disseminated echovirus infection with seventeemsfisgsions of 10 mi/kg maternal
plasma from day 6 to day 21 of life resulted in gbete recover§?. Although the authors
primarily attributed this to echovirus-specific dnaidy in maternal plasma, reduction of
plasma-mediated immune suppression might be anti@m@i mechanism for this
beneficial effect. Despite its obvious limitatiorthjs study provides the first evidence
that transfusion with adult plasma might offer asible and safe strategy to treat
neonatal infection.

Anti-inflammatory effects of plasma: useful in tleatment of inflammatory disease

In inflammatory or auto-immune disease, the arftainmatory capacity of plasma might
be overruled, resulting in excessive inflammatidm.these diseases, restoration of
plasma-mediated immune suppression might have efiber effect on disease outcome.
Indeed, advantageous effects of plasma therapy beee reported for multiple diseases
that are caused by excessive inflammation (TahléByeover, IVIG, a plasma product
consisting of the pooled IgG of over one thousandods, is FDA-approved for the
treatment of idiopathic thrombocytopenic purpuraawdsaki disease, and chronic
inflammatory demyelinating polyneuropathy and isedisoff-label for many other
immune-mediated diseases (Table 3).
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Figure 1: Targetsfor plasma-mediated immune suppression.

Human plasma suppresses pro-inflammatory immunporsgs at multiple levels. Plasma contains
multiple factors that inhibit innate immune antinwbial mechanisms, including NK-cell cytotoxicity,
neutrophil proliferation, chemotaxis and respirgtburst. In addition, plasma suppresses expression
MHC class Il and costimulatory molecules and praiduc of pro-inflammatory cytokines by antigen
presenting cells. Adaptive immune cells are alspoasive to the anti-inflammatory effects of plasma
Multiple plasma factors serve to decrease prolilenaand effector mechanisms of Thl-, Th17 and
cytotoxic T-cells. In contrast, generation and fiow of regulatory T cells (Treg) is induced. Figal
vitamin D in plasma suppresses proliferation, atién and immune globulin production by B-cells.
NK-cell: natural killer cell; PRR: Pattern-recogait receptor; TLR: Toll-like receptor.
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An example for the use of plasma therapy to treaessive inflammation is thrombotic
thrombocytic purpura (TTP). The majority of patemith TTP have auto antibodies
against von Willebrand factor (VWF)-cleaving praearesulting in ultra large vVWF-
fragments which attract and activate platelets iaddce a vicious cycle of widespread
thrombosis, systemic endothelial injury and inflaation. Plasma therapy
(plasmapheresis, plasma exchange or plasma tramsfus highly successful in the
treatment of TTP, decreasing mortality from 90%696°. However, controversy still
exists whether this effect is due to removal ofidogubstances or to repletion of a
deficient facto?* ® In light of this controversy, although plasma lexege is considered
the most effective treatment of TTP, simple trasi&n of plasma (i.e. without removing
any patient plasma) is also beneficial, suggegtiagrepletion of an immune suppressive
factor might account for its effe€t In summary, the example of TTP might provide
proof-of-principle evidence that plasma therapy barused in the treatment of immune
disease. As plasma is affordable and readily availevorldwide, the potential of plasma
to inhibit pro-inflammatory responses is of substdninterest as a novel immune
suppressive therapy for a wide variety of diseases.

Cord blood might provide a highly potent sourceptdsma for treatment of immune
disease

In chapter 6, we demonstrate that cord blood plasorders increased inhibition of
TLR4-mediated IL-12p70 and increased inductionlef® compared with adult plasma.
Based upon this observation and on previous stushesving that cord blood plasma
inhibits of TLR-mediated pro-inflammatory cytokipeoductiori' ?® we propose that the
immune suppressive effects of plasma therapy caanhanced when cord blood plasma
is used instead of adult plasma.

In addition to enhanced immune suppression, capsddplasma transfusion may have
additional advantages over adult plasma transfudtinst, some of the complications
associated with adult plasma transfusions (e.g.nstnission of infections,
alloimmunization) may be less evident when cordoblds used as a plasma solifce
Second, with the advent of cord blood banking,dabkection and storage of cord blood
plasma for autologous therapy in subsequent lifebecome a feasible goal. However,
for now, the plasma volume required for transfusi@nto 1.5 times the circulating
volume, i.e. 3-4 L plasma for a 70 kg adult), neitates the use of pooled plasma of
multiple donors. In future, optimization of plasrallection and transfusion strategies
will be needed to enhance the feasibility of thpgpr@ach. In addition, clinical trials are
needed to investigate whether the anti-inflammasgfgct of cord blood plasmia vitro
can be translateth vivo to enhance the efficacy of plasma therapy in ptievith
immune disease.

Potential risks of plasma therapy

Despite its widespread clinical use, there arersg¢visks associated with plasma therapy.
In clinical trials, the most common adverse eveamts mild to moderate nausea and
dizziness, which occur in 10% of patients and ae#f-lsniting®®. More serious
complications of plasma therapy include hypotensidmadycardia, haematoma,
coagulation abnormalities, alloimmunization andeatforf®. Some of these adverse
events (hypotension, coagulation abnormalities)daie to removal of a large volume of
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plasma in plasma exchange therapy and are ledy tixeoccur with plasma infusion.
Theoretically, the use of cord blood plasma instefaadult plasma could reduce the risk
of infection and alloimmunization. Large scale wal trials are required to evaluate the
effectiveness and potential side effects of plagsimerapy prior to its widespread
application in clinical practice.

Conclusionsand directionsfor futureresearch

In conclusion, in addition to previous studies destmting immune suppressive effects
of whole neonatal plasrffa®® or of individual plasma componefit€? the results in this
thesis demonstrate the age-dependent presenceasmal of multiple factors that
collectively serve to suppress stimulus-inducedipation of pro-inflammatory cytokines
while inducing production of IL-10.

In neonates, enhanced plasma-mediated immune sgppre might predispose to
microbial infection. In adults, insufficient plasmzediated immune suppression might
result in excessive inflammation or auto-immuneedg®. Unraveling the interactions
between plasma and the cellular part of the imnayséem is highly relevant, to enhance
our understanding of the basic mechanisms regglatinmune balance and for the
development of novel anti-inflammatory therapieshatvare the immune suppressive
factors in plasma? Where are they produced? Byhwimiechanism do they mediate their
effect? How do these factors impact on host susmkyt to infection and auto-
immunity? Can we use plasma as an immune-suppectisérapy for the treatment of
inflammatory disease? Future translational studiesed at answering these questions
might result in new therapeutic strategies to pmevand/or treat infections and
inflammatory disease.
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Chapter 10

Supplementary information

Supplementary figure 1: Search strategy used to identify immune suppressive factorsin plasma

A systematic Pubmed search was performed for estickith the key words “plasma” and “anti-
inflammatory” or related synonyms in their titlen total, 1294 records were identified, which were
subsequently screened by title. Excluded were gawih no apparent relevance (no immune suppressive
factor or one that is not present in plasma) orepapvritten in a language other than English, Dutch
German or French. Abstracts of the resulting 1Qitlas were read, of which 46 articles were inchlide
identifying 34 immune suppressive factors in plasiflarough related articles and expert’'s opinion, an
additional 13 factors were found, resulting in difviune suppressive plasma factors described in 1able

Anti-inflammatory [Title] OR

Antiinflammatory [Title] OR

Anti inflammatory [Title] OR
Immune suppression [Title] OR
Immune suppressive [Title] OR

Plasma [Title] OR

S:;ngrgrg!le] AND Immune modulation [Title] OR
Immune modulatory [Title] OR
Suppression [Title] OR
1294 records Suppressive [Title]
screened by n=56067
title

Excluded (n=1188):

- No apparent relevance (n=1176)
- Not available in English, Dutch,
Gemnan or French (n=12)

101 records

screened by
abstract
Excluded (n=55):
- Not available full text (n=2)
- Not relevant (n=53)
46 records
included
34 immune

suppressive
plasma factors

6 factors found 7 factors found
though expert through
suggestion related articles
47 immune

suppressive
plasma factors
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Hoofdstuk 11

Het afweer systeem van pasgeborenen isonrijp

Pasgeborenen (neonaten) hebben vaker en ernstiger infecties dan volwassenen. Dit komt
door onrijpheid van het neonatale afweersysteem, dat ons beschermt tegen virussen en
bacterién. Toll-like receptoren zijn ‘sensoren’ van het aangeboren afweersysteem. Met
een Toll-like receptor scant een afweercel continu zijn omgeving, op zoek naar
lichaamsvreemde eiwitten die kenmerkend zijn voor virussen of bacterién. Er zijn 10
verschillende Toll-like receptoren, die elk een ander viraal of bacterieel eiwit herkennen.
Wanneer de afweercel met zijn Toll-like receptor een virus of bacterie vindt, dan start hij
een afweerreactie, gericht op het vernietigen van het virus/de bacterie. Toll-like
receptoren vormen zo onze eerste verdediging tegen infecties.

Afweer tegen lichaamsvreemde stoffen kan echter ook schadelijk zijn. leder mens heeft
bijvoorbeeld miljoenen bacterién in zijn darm, die helpen om onze voeding te verteren.
Afweer tegen deze onschadelijke bacterién leidt tot ontsteking van de darm.
Zwangerschap is een tweede voorbeeld waarin afweer mogelijk schadelijk is. Tijdens de
zwangerschap wordt de ongeboren foetus continu blootgesteld aan allerlei
lichaamsvreemde eiwitten van de moeder. Afweer op deze eiwitten kan leiden tot
ontsteking in de baarmoeder en tot vroeggeboorte. Overmatige afweer speelt bovendien
een belangrijke rol in het ontstaan van vele ziektes, waaronder allergie en astma.
Toll-like receptoren hebben dus de moeilijke taak om gevaarlijke indringers te
onderscheiden van onschuldige prikkels. De mate van Toll-like receptor activatie en de
resulterende balans tussen stimulerende en remmende signalen bepaalt of er een
afweerreactie wordt gemaakt of niet.

Neonatale Toll-like receptor reacties zijn bij de geboorte onrijp en worden gekenmerkt
door lagere productie van afweer stimulerende signalen en hogere productie van signalen
die de afweer remmen. Onrijpheid van het neonatale afweersysteem is gunstig tijdens de
zwangerschap: Het voorkdmt vroeggeboorte ten gevolge van afweerreacties tegen
maternale eiwitten en het bevordert bacteriéle kolonisatie van de huid en de darm.

Na de geboorte wordt de neonaat echter blootgesteld aan een buitenwereld vol met
mogelijk schadelijke bacterién en virussen. De verminderde afweer is nu nadelig en geeft
een hogere kans op (ernstige) infecties. Bovendien is aangetoond dat afwijkende Toll-like
receptor reacties bij de geboorte later een verhoogde kans geven op astma en allergie.

Er is veel bekend over de onrijpheid van neonatale Toll-like receptor reacties bij de
geboorte. Daarentegen is er veel minder bekend over de ontwikkeling van neonatale Toll-
like receptor reacties na de geboorte en de gevolgen voor latere gezondheid en ziekte.
Wij veronderstelden dat ontwikkeling van Toll-like receptor reacties al heel vroeg in het
leven plaatsvindt, en dat verstoorde vroege ontwikkeling van het Toll-like receptor
systeem een verhoogde kans geeft op latere infecties en allergie.
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In dit proefschrift worden de volgende vragen beantwoord:

— Hoe verloopt de rijping van Toll-like receptor reacties na de geboorte?

- Welke (omgevings)factoren beinvioeden neonatale Toll-like receptor rijping?

- Wat is de basale oorzaak voor onrijpheid van het neonatale Toll-like receptor
systeem?

— Geeft vertraagde rijping van neonatale Toll-like receptor reacties een verhoogde kans
op virale luchtweginfecties en allergie op de kinderleeftijd?

— Geeft vitamine D tekort bij de geboorte een hoger risico op virale luchtweginfecties in
het eerste levensjaar?

De eerste levensmaand is essentieel voor de rijping van het neonatale Toll-like receptor
systeem

In hoofdstuk 4 beschrijven we de vroege ontwikkeling van het Toll-like receptor
systeem. Hiertoe vergeleken we aantallen afweercellen en Toll-like receptor reacties in
navelstrengbloed van gezonde neonaten, veneus bloed van één maand oude neonaten en
veneus bloed van volwassen vrijwilligers. Toll-like receptor gemedieerde productie van
afweerstimulerende factoren (IL-12p70, IEN-in navelstrengbloed was lager dan in
volwassen bloed, terwijl de productie van afweerremmende factoren (IL-10) juist hoger
was. Op de leeftijd van één maand waren neonatale Toll-like receptor 3, 7 en 9 reacties al
vergelijkbaar met volwassen reacties. Toll-like receptor 4 ontwikkelde zich echter veel
langzamer, met aanhoudend lage productie van IL-12p70 en hoge productie van IL-10 tot
op de leeftiid van één maand. Deze bevindingen tonen aan dat de eerste maand een
essentiéle periode is voor de ontwikkeling van het Toll-like receptor systeem. Inzicht in
de klinische en basale determinanten van neonatale Toll-like receptor ontwikkeling biedt
mogelijk nieuwe aangrijpingspunten voor preventie en behandeling van neonatale
infecties en atopie op de kinderleetftijd.

Borstvoeding beinvloedt neonatale Toll-like receptor reacties

In de eerste levensmaand wordt de pasgeborene blootgesteld aan vele factoren die de
ontwikkeling van het Toll-like receptor systeem (en daarmee mogelijk het risico op
infecties en allergie) beinvioeden. Om te bepalen welke omgevingsfactoren de grootste
invioed hebben op het neonatale Toll-like receptor systeem, onderzochten wij het effect
van keizersnede, borstvoeding, geboortemaand, aanwezigheid van broertjes of zusjes,
huisdieren en roken door ouders op neonatale afweercellen en Toll-like receptor reacties
op de leeftijd van één maanddofdstuk 5). Borstvoeding had de grootste invioed op het
neonatale afweersysteem. Borstgevoede neonaten hadden viermaal lagere TLR7-
gemedieerde IL-10 productie dan flesgevoede neonaten. Het beschermende effect van
borstvoeding tegen infecties en allergie wordt mogelijk verklaard via beinvioeding van
neonatale Toll-like receptor ontwikkeling.

Neonatale TLR4-gemedieerde afweerreacties worden beinvioed door plasma

In Hoofdstuk 6 onderzochten we de basale oorzaak voor onrijpheid van het neonatale
Toll-like receptor systeem. Is er een intrinsiek defect van neonatale afweercellen, of
wordt hun functie geremd door signalen van buiten? Vanwege de relatief trage
ontwikkeling in de eerste levensmaaitbéfdstuk 4), concentreerden we ons op TLR4-
gemedieerde productie van IL-10 en IL-12.
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Dit hoofdstuk toont aan dat neonatale TLR4 respongerden beinvioed door signalen
vanuit het plasma, de vloeistof die alle afweestelln bloed omgeeft. Afweercellen
omgeven door navelstrengbloed plasma produceerden TiLR4-gemedieerde IL-12p70
(afweer stimulerend), en minder IL-10 (afweer remdjedan diezelfde afweercellen
omgeven door volwassen plasma. De invioed van @lasm TLR4 responsen was
leeftijdsafhankelijk: Remming van IL-12p70 hieldnagot op de leeftijd van één maand,
terwijl inductie van IL-10 op de leeftijd van éénaamd verdwenen was. De IL-12p70
remmende factor in plasma was ook aanwezig in wiijviplasma, terwijl de factor die
IL-10 stimuleert verdwenen was. Dit toont aan dasma meerdere factoren bevat, die
gezamenlijk bijdragen aan de onrijpheid van hehatale afweersysteem.

Manipulatie van deze factoren biedt nieuwe mogedijlen voor de preventie en
behandeling van neonatale infecties en atopie.

Lage neonatale TLR4-gemedieerde IL-10 productieassocieerd met atopisch eczeem
We veronderstelden dat verstoorde vroege ontwiklgelan het Toll-like receptor system
een hoger risico geeft op virale luchtweginfecgasatopie. Om dit te toetsen relateerden
we Toll-like receptor responsen op de leeftijd ¥@m maand aan het risico op atopisch
eczeem en op lagere luchtweginfecties door heiregsp syncytieel virus (RSV) in het
eerste levensjaaHpofdstuk 7). Neonaten met atopisch eczeem hadden op de deeftij
van één maand lagere aantallen basofiele graneloogt plasmacytoide dendritische
cellen, hogere aantallen natural killer cellen weemaal lagere TLR4-gemedieerde IL-
10 productie dan neonaten zonder eczeem. Er wagen gerschillen in aantallen
afweercellen, of in Toll-like receptor gemedieead@eerreacties, tussen neonaten met en
zonder RSV luchtweginfecties. De verschillen in efrfunctie tussen neonaten met en
zonder eczeem waren aanwezig voor het ontstaarhwighuitslag, wat suggereert dat
verstoorde afweer op de leeftijd van één maandeeraak is van eczeem.

Vitamine D tekort in navelstrengbloed geeft eengnedans op ernstige RSV infectie
Vitamine D is belangrijk voor de botopbouw en voeen goede functie van ons
afweersysteem. Klinisch en basaal onderzoek sugdetat vitamine D beschermt tegen
ernstige RSV luchtweginfectiesl.oofdstuk 8 toont aan dat deze bescherming al voér de
geboorte ontstaat, tijdens de ontwikkeling van deetdle luchtwegen en het
afweersysteem. In dit hoofdstuk bepaalden we vitemiD concentraties in
navelstrengbloed en relateerden deze aan het rmgc®SV luchtweginfecties in het
eerste levensjaar. Vitamine D tekort kwam vaak vd@% van alle neonaten had
onvoldoende vitamine D. Neonaten met een vitamirekort bij de geboorte hadden een
zes keer hogere kans op ernstige luchtweginfeatichet RS-virus.

Vitamine D in navelstrengbloed is afkomstig van oere De gezondheidsraad adviseert
dagelijks gebruik van vitamine D door alle zwangereuwen, maar slechts 46% volgt
dit advies. Onze resultaten suggereren dat hogamanvan vitamine D tijdens de
zwangerschap ernstige RSV luchtweginfecties irebette levensjaar kan voorkémen.
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Conclusie en discussie

Dit proefschrift toont aan dat beinvioeding van [Tiéde receptor ontwikkeling in de
eerste levensmaand unieke kansen biedt ter preveati latere infecties en allergie.
Voorgestelde strategieén zijn bevordering van boesting, intensivering van vitamine
D suppletie tijdens de zwangerschap en plasma-geerele therapie. De studies in dit
proefschrift zijn observationeel en gerandomisedridds zijn nodig om te bepalen of
beinvlioeding van vroege Toll-like receptor ontwikikg daadwerkelijk ziekte voorkémt.
Deze studies worden echter gehinderd door de wtramgspositie van zwangere
vrouwen en hun ongeboren vrucht als proefpersonéieuwe richtlijnen voor
wetenschappelijk onderzoek in de perinatale perimjdevereist om ons inzicht in vroege
ontwikkeling van het afweersysteem te vergrotengmndeze unieke periode te benutten
voor de preventie van latere ziektes, waarondectigs en atopie.
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mijn collega’s bedanken voor hun bijdrage aan diefschrift.

Beste Maarten, Annemieke, Beatrijs, Marij, Alma,ridke E. en Marieke Z, de RSV
onderzoeksgroep voelt als familie. De diepgaangeudsies, de opbouwende kritiek en
de lekkere koekjes maakten de vrijdagochtend atjal plezier! Maarten, traditiegetrouw
lopen we qua carriere een half jaar achter elkaar Boch maar Groningen straks?
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Annemieke, dankzij jou begrijp ik iets meer vampipal component analyses... Ons ritje
naar Amsterdam in de cabrio zou ik graag nog eeaesloen! Beatrijs, wat ben ik jaloers
op jouw skitalent. Heb ik je ooit verteld dat ikRichl naar beneden ben gelopen om op
tijd de bus te halen?

Beste Marloes, Tessa, Guru, Kristof, Tomek, Margrémelia, Femke, Debby, Michael
en andere collega-onderzoeker van de afdeling inofogie: Dankzij jullie heeft deze
dokter leren overleven in het lab. Marloes, je k@t onuitputtelijke bron van
protocollen, buffers en gezelligheid. Ik beloof dahooit meer vruchtwater in je pipetten
zal doen. Dank je wel voor het corrigeren van digfschrift! Femke, fijn dat je het
plasma-project voortzet, ik heb er alle vertrouwen

Femke, Nathalie, Leontine, Eltje, Annelotte en Gete. Jullie bijdrage aan dit project is
van onschatbare waarde. Ik hoop dat jullie metzoeeel plezier terugkijken op het
onderzoek als ik!

Dear Melanie, Victoria, Liat, Leighanne and Betdfe may have set the record for the
highest number of scientists working on one bendpreciously remember our coffee
breaks with leftover cookies, our trips to Baltiraqwho’d thought a Dutch girl would
have to show you around?) and to New York.

Beste Regina, Carin, Meriam, Marthe, Sanne, Kailian Jona, studenten, jullie frisse
invalshoek en originele vragen leidden tot nieumsahten. Dankzij jullie hulp met
inclusie van patiénten had ik bovendien wat mgewotin die ideeén verder vorm te
geven. Ik wens jullie alle succes in jullie verdeegrieres!

Sytze, Yvonne, Marco en Loes. Onze kamer is méit e mooiste in het WKZ. Wie
heeft er nou zingende bloemen, 100 pluche olifaréjerobocop op zijn kamer? Ik denk
nog dagelijks aan jullie als mijn roze hondje medgmorgen knikt...

Marije en Esther. Toen ik vier jaar geleden bedsrsami-arts op Pelikaan had ik niet
gedacht dat ik hier zou komen. Jullie waren er woerin de hoogte-, maar ook in de
dieptepunten. Dank jullie wel voor jullie steun tikop dat ik ooit zo'n goede dokter zal
worden!.

Michiel, maatje in het onderzoek. Het was niet nadigk om het project over te nemen
van een multitalent als jij. Piano spelen, hockeejfs capoeira gaat je goed af. Wat was
ik opgelucht toen ook jij e-mails naar het verkeeadres stuurde! Ik bewonder je
epidemiologische kennis, je didactische kwalite#arje levenswijsheid. Ik ben vereerd
dat je mijn paranimf wilt zijn.

Beste kinderartsen en arts-assistenten in het W&hperen in zigeunerwagens,
vogelspotten, huifkartochten en action paintingnPpullie voor een heerlijke tijd!
Beste collega’s in het UMCG: Dank jullie wel voattvertrouwen en voor het warme
welkom in het noorden!
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Het water

Zwemmen kan niet zonder water. Ik wil alle oudergleelnemertjes aan het Vruchtwater
Onderzoek van harte bedanken voor hun inzet. Oblkalle medewerkers van het
Universitair Verloskundig Centrum Utrecht bedankenr hun hulp bij het includeren

van deelnemers.

Desupporters

Om tot een goede prestatie te komen zijn aanmaegéigionmisbaar. Ik wil al mijn lieve
vrienden bedanken die hebben gedeeld in de hoegteieptepunten van dit onderzoek.

Anne, wat begon op het podium in Amersfoort is egigeid tot een dierbare
vriendschap. Het is ongelooflijk dat we elkaare déalf leven kennen, wat mij betreft
mag dat nog véél langer duren!

Anneke, ook al zijn onderzoeksambities (nog?) aéet jou besteed, toch heb je altijd een
luisterend oor. Dank je wel voor je geduld en jdijgbeid!

Daphne, Laura, Anke en Naomi, vriendinnen van gagr. Alternatieve therapie in
Eindhoven, huidbiopten in Utrecht of stand-up coyiedScheveningen: jullie zijn altijd
in voor gekke plannen. Ik hoop dat we onze eetafdfjes nog lang zullen voortzetten!
Marlein: Ik geloof dat het vrijwel onmogelijk is ohinnen Nederland nég verder uit
elkaar te wonen. Binnenkort weer in het midden rafsgn?

Laura W: Leuk om ons contact in het noorden weeeqmakken!

Lieve Erica, Mark, Christa, Feiko, Bastiaan, Jorlamneke, Machiel en andere
triatlonvrienden. Er is geen betere koffie danwdia de HEMA Overvecht op
zaterdagochtend. Dank jullie wel voor alle gezékigl!

Herman, Marianne, Friedo, veel ideeén in dit prciafiét zijn ontstaan tijdens de vele
baantjes in de ochtend- of middaguren. Martijn, idtalissa en andere leden van
Zwemlust Den Hommel: Dank jullie wel dat ik achjiétie aan mocht stayeren!

Corine, Kirsten, Yves, en alle Baulig-bewoners:ldaiiie wel voor de gezelligheid op
de Wagendwarsstraat, Aurorastraat en Kleine Pststet. 1k zal mijn best doen om geen
zwempakken meer in de keuken laten hangen...

Anke, Marijke, Annemarie en Tiny, zonder jullie wiasniet geweest waar ik nu ben.
Dank jullie wel voor jullie steun en begeleiding,

Lieve Hetty, Elly, Jeanette, kookgroep Overveclomgige ontmoetingen hebben een

gouden randje. Jullie interesse en warmte voor eldemens zijn heel bijzonder. Ik heb
nu al zin in kerstmis!
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Het thuisfront

Claudia, lief zusje, wat ben ik trots op jou! Ikdzender je doorzettingsvermogen, je
creativiteit en enthousiasme. Of je nu wint of niketen je grote fan!

Marcel, grote broer. Je hebt op jonge leeftijdeal aitgesproken visie, en durft daarvoor
te gaan. Ik bewonder je originaliteit en je moetijkeben trots dat je mijn paranimf bent!

Lieve papa en mama. Is er eigenlijk iets waarvéiejdenken dat ik het niet kan? Zo ja,
dan hebben jullie dat nooit laten merken. Julliecmrwaardelijke steun en vertrouwen
heeft me gemaakt tot wie ik nu ben. Mijn dank daanis niet in woorden uit te
drukken. Ik hou van jullie!

Mirjam, 2011
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