
Immune development and regulation in young children

Potential markers for prediction of health and disease

Lieke Reubsaet



ISBN: 978-90-393-6093-4

© Lieke L. Reubsaet, 2013

The copyright of the articles that have been published 

or accepted for publication has been transferred to the 

respective journals.

All rights reserved. No part of this thesis may be 

reproduced, stored in a retrieval system or transmitted 

in any form or by any means without prior permission in 

writing from the author.

Layout & cover design: Hedy Gerits, Tripleconcept, 

www.tripleconcept.nl

Printing of this thesis was financially supported by 

INDOOR Biotechnologies Ltd, Infection & Immunity 

Center Utrecht, Thermo Fisher Scientific/IDD, 

Lung Foundation Netherlands.

1



Immune development and regulation
in young children

Potential markers for prediction of health and disease

Immuunontwikkeling en regulatie
in jonge kinderen

Potentiële markers voor het voorspellen van gezondheid en ziekte

(met een samenvatting in het Nederlands)

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Universiteit Utrecht 

op gezag van de rector magnificus, prof.dr. G.J. van der Zwaan, 

ingevolge het besluit van het college voor promoties

in het openbaar te verdedigen op donderdag 9 januari 2014 

des middags te 4.15 uur 

door

Lieke Leonie Reubsaet
geboren op 17 augustus 1975

te Heerlen



Promotor: Prof.dr. A.B.J. Prakken

Co-promotoren: Dr. F. van Wijk

 Dr. H.G.M. Arets

The research described in this thesis was supported by a grant from Lung foundation 

Netherlands and an unrestricted grant from GlaxoSmithkline.

1



TabLE OF COnTEnTS

Chapter 1� General Introduction  7

Chapter 2� Stem cell source dependent reconstitution of FOXP3+  2�5
 T cells after pediatric stem cell transplantation and

 the association with allo-reactive disease

Chapter 3� Der p 1 induced CD4+FOXP3+GATA3+ T cells have  41�
 suppressive properties while contributing to the

 polarization of the Th2 associated cytokine response

Chapter 4 Allergen-specific Th2 responses in young children  53�
 precede sensitization later in life

Chapter 5 Complement and allergic asthma  69

Chapter 6 Early prediction of asthma: Where do biomarkers fit in?  83�

Chapter 7 Plasma chemokines in early wheezers predict the  1�05
 development of allergic asthma

Chapter 8 General Discussion  1�2�3�

nederlandse samenvatting  1�3�9

addendum List of abbreviations  1�49

 Dankwoord   1�51�

 Curriculum Vitae  1�55

 List of publications  1�57





CHaPTER 1�
General introduction





9

General introduction

From birth to adulthood and even before birth, the immune system is formed and shaped 

by many different triggers. Activation of the adaptive immune system is mediated through 

the innate immune system, which forms the first line of defense against pathogens and 

other danger molecules. Immediately after birth we are exposed to many kinds of antigens 

derived from microbes, food and airborne substances. Although it is important to neutralize 

harmful and infectious agents, it is equally important that innocuous antigens do not induce 

an inflammatory response at first encounter and subsequently later in life. In general antigen 

specific responses in newborns are moderate, probably in order to tolerate the many 

antigens they encounter, such as from microbes that colonize the different body-sites. This 

poor induction of an inflammatory response is probably due to several factors. Firstly, in the 

neonatal immune system regulatory T cells (Treg) are easily induced upon T cell activation 

(1), while T helper 17 (Th17) induction is low (2). Secondly, through their immature status 

and defects in antigen presentation neonatal dendritic cells (DCs) have poor immunogenic 

potential (3, 4). Additionally before birth the immune system of both mother and fetus is 

T helper 2 (Th2) skewed (5), with impaired interleukin (IL) 12 production by DCs and less 

Th1 induction. Possibly this is a way to protect the fetus from inflammatory responses 

against antigens encountered just after birth. This can however facilitate the development 

of allergic disease, which is initiated early in life. Microbial exposure triggers DCs to mature 

and redirect the immune response towards Th1. Recent studies point towards a lack of 

prenatal microbial exposure as determinant for development of allergic disease later in 

life (6) and the redirection of the developing immune system towards a more Th1 skewed 

phenotype later in life is impaired or delayed in atopic individuals (7-9). Moreover microbial 

exposure is thought to induce Treg development early in life (10), thereby protecting from 

allergic disease.

It is generally believed that both environmental and genetic factors influence immune 

development before and after birth, thereby determining the risk for inflammatory diseases, 

such as allergic diseases, later in life (10, 11). This suggests that detecting differences in 

immune function early in life will enable us to detect children at risk for the development of 

allergic diseases later in life. So far research has focused on comparing immune function 

of individuals with established disease, mainly adults, with healthy controls, with a lack of 

prospective data on development of immune function.

In this thesis we explored differences in immune development and regulation between 

healthy and allergic children. We focused on early detection of both allergen specific 

immune responses and biomarkers for prediction of allergic disease.

ImmunE REGuLaTIOn

As stated above it is important for newborns to minimize inflammatory responses to 

innocuous antigens. Allergens are such antigens and fortunately despite their ubiquitous 
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nature, the majority of exposed subjects do not mount an allergic response. The question 

still remains whether this is a form of tolerance by actively controlled immune mechanisms 

or just non-responsiveness. And if an allergic response is generated what went wrong? 

Was there an aberrant inflammatory response or a lack of regulation and/or tolerance 

induction? In search of an answer to these questions the role of Treg has been widely 

studied. 

Regulatory T cells

Until recently 4 subtypes of CD4+ T cells had been described, T helper 1 (Th1), Th2, Th17 

and Treg (Figure 1A). Th1, Th2 and Th17 cells are, together with possible newly identified 

subsets like T helper 9, T helper 22 and follicular T helper cells (Figure 1A) involved in 

immunity against pathogens, but can also play a role in inflammatory diseases like allergy 

and asthma. These different subsets all play their own role in directing the immune 

response, however they also influence each other by feedback mechanisms to maintain 

immune homeostasis and keep inflammatory responses under control. A cell type that is 

specifically involved in the regulation of these responses is the Treg. Treg are described as a 

distinct set of CD4+ T cells essential to prevent aberrant immune responses by suppression 

of activity of other T cells and antigen presenting cells (APC) (12). In literature, besides 

naturally occurring Treg cells, adaptive or induced Treg are described. The first are CD4+ 

T cells generated in the thymus, called natural Treg (13, 14). They express transcription 

factor forkhead box P 3 (FOXP3), which is one of the factors thought to be crucial for the 

suppressive potential of Treg cells. Adaptive or induced Treg are FOXP3 expressing CD4+ 

T cells that are generated in the periphery upon antigen encounter (15). These cells can be 

important for generation of Treg with specificity for exogenous antigens such as allergens. 

FOXP3 expressing Treg have been described to be important in early immune development 

(16) and upon initial activation in early life naïve T cells have a tendency to develop into 

FOXP3+Treg (1). Besides these FOXP3 expressing Treg, other CD4+ T cells have been 

described to have regulatory and/or suppressive capacities. These are IL10 (Tr1) (17) or 

transforming growth factor beta (TGFβ; Th3) (18) producing CD4+ T cells. These cells 

however are not discussed in this thesis.

Treg act to suppress effector T cell responses, including Th1, Th2, Th9 and Th17 

responses, involved in inflammatory processes. They do so by affecting T cell differentiation 

and amplification (19). In this thesis we address the role of FOXP3 expression and Treg, 

either induced or naturally occurring in two different inflammatory diseases, allergic disease 

and allo-reactive disease. 

In allergic diseases symptoms are caused by aberrant Th2 cell responses to non-

pathogenic antigens, as described in more detail below. Patients suffering from IPEX 

(Immune dysregulation, Polyendocrinopathy, Enteropathy X-linked) syndrome have 
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mutations in their FOXP3 gene, thereby affecting their Treg function (20). Interestingly the 

clinical features of IPEX syndrome include life threatening autoimmune manifestations, 

type 1 diabetes mellitus, but also atopy associated manifestations such as eczematous 

dermatitis and elevated IgE serum levels (21). Additionally it has been shown that Treg play 

a role in the control of allergic responses (22, 23). 

In allo-reactive disease, comprising acute graft-versus-host disease (aGvHD) and 

idiopathic pulmonary syndrome (IPS), a life threatening complication after e.g. allogeneic 

haematopoietic stem cell transplantation (HSCT), allo-reactive T cell clones are formed 

from the graft in response to tissue damage in the host attributable to previous therapy, 

underlying disease and/or conditioning regimens. Pre-clinical studies have shown that 

infusion of Treg at the time of HSCT or immediately following HSCT successfully prevented 

allo-reactive disease (24-26). Thus it seems likely that the level of Treg in the graft or 

the speed of induction and/or reconstitution is of importance in allo-reactive disease 

development.

T cell plasticity

Until recently CD4+ T cell subsets were defined by specific transcription factors and 

the production of distinct cytokines were thought to represent stable end products 

of differentiation (Figure 1A). Recently however evidence emerged that many of these 

transcription factors, thought to be exclusive master regulators for these subsets, are not 

restricted to a single T cell lineage (27) (Figure 1B). Additionally these cells are capable of 

altering their cytokine profile. Most evidence comes from murine studies, in which both 

Treg and Th2 cells have been shown to be able to convert into other T cell subsets (28-

30). Th17 and Th2 cells have been shown to be able to produce interferon gamma (IFNγ) 

(31, 32). Human data are scarce, but there have been few reports on interferon gamma 

producing Treg in type 1 diabetes and multiple sclerosis (33, 34) and Th17 cells expressing 

the Th1 specific transcription factor T-bet in arthritis (35). There have been earlier reports 

on FOXP3 expression in effector T cells, this expression was however described to be 

transient and non functional (36). Recent reports however seem to indicate that FOXP3 

expression in effector T cells exists in vivo (37) and as described above FOXP3+Treg can 

produce T effector cell cytokines, complicating the study of regulatory T cells in disease, 

since FOXP3 expression is still used as the marker for suppressive Treg.

Importantly in inflammatory surroundings the Treg phenotype can be instable and FOXP3 

can be (transiently) upregulated in other T cell subsets possibly affecting internal feedback 

mechanisms of these cells. Thus although it is clear that the immune system can display 

more plasticity (Figure 1B) than previously thought, the role of this plasticity is largely 

unknown. Although there are few, gradually data start to arise on the role of these cells in 

human diseases.
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◄ Figure 1�. T cell subsets and plasticity 
The T cell subsets that have been described are depicted. Showing both effector T cells (Th1, Tfh, Th2, Th17, 
Th22 and Th9) and Treg (A). The transcription factors described to define T cell subsets are shown, together 
with possible co-expression of these transcription factors defining plasticity (B).

PaTHOGEnESIS OF aLLERGIC dISEaSE

The development of allergic disease can be influenced by many early life factors and seems 

to be partially caused by dysfunctional regulation of the immune response. The result of 

this dysfunctional regulation is an aberrant response to allergens, leading to a Th2 skewed 

inflammatory response.

Th2� disease development

The initiation of allergic diseases is thought to be at mucosal sites by epithelial cell derived 

cytokines such as thymic stromal lymphopoietin (TSLP), IL25 and IL33 (Figure 2), released 

during tissue damage, pathogen recognition or allergen exposure (38). IL25 is thought to 

be involved in eosinophil induction, CD4+ T cell recruitment to the airways, induction of 

Th2 cytokine production (39) and can also be produced by innate immune cells such as 

mast cells, basophils and eosinophils (40). IL33 is constitutively expressed by bronchial 

epithelial cells and can be induced in the intestinal epithelium by exogenous stimuli. It 

induces Th2 cytokine production and eosinophilia (41). Moreover the recently identified 

type 2 innate lymphoid cells (ILC2s) have been shown to proliferate in response to IL25 

and IL33 (42). They secrete large amounts of IL5, IL13 and IL9, known to be part of the 

type 2 immunological response underlying allergic disease (Figure 2) (43, 44). DCs are 

the main antigen presenting cells that process antigens and thus allergens, and present 

peptides to naïve T cells. TSLP activated DCs promote naïve CD4+ T cells to differentiate 

into Th2 cells and promote the expansion of Th2 memory cells through the release of Th2 

chemotactic cytokines thymus- and activation-regulated chemokine (TARC [CCL17]) and 

macrophage derived chemokine (MDC [CCL22]) (Figure 2) (45-47). Recently Hammad and 

colleagues (48) showed that in vitro exposure to house dust mite (HDM) of CD11c+ DCs 

from HDM allergic patients causes the release of CCL17 and CCL22 that leads to the 

chemoattraction of Th2 cells (Figure 2), DCs from healthy controls produced CXCL10 (a 

CXCR3 ligand). These Th2 cells are characterized by the expression of transcription factor 

GATA3 which regulates the secretion of Th2 cytokines IL4, IL5 and IL13 (49, 50), which 

in turn are the orchestrators of allergic inflammation (Figure 2) (51). IL5 is responsible for 

eosinophil activation, that are mediators of inflammation (52), as shown in asthma by the 

reduction in exacerbations and need for oral corticosteroids through eosinophil depletion. 

The overall symptoms and airway hyperresponsiveness (AHR) however are not reduced 

(53, 54), emphasizing the multi-factorial pathogenesis of allergic symptoms. IL4 and IL13 
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are regulators of IgE synthesis by B lymphocytes (55). IL9 might augment this IgE synthesis 

(56), which is responsible for induction of classic symptoms of allergic disease and can 

be measured in peripheral blood to establish sensitization to specific allergens. Besides 

Th2 cells also mast cells, basophils, eosinophils and structural cells can secrete these Th2 

cytokines and regulate the inflammatory process (57). This process has several common 

characteristics shared between the different allergic diseases including asthma and allergic 

rhinitis (58-60). However within the different manifestations of allergic disease the relative 

importance of the different cells and mediators varies, thereby accounting for all different 

features of allergic disease.

In the development of allergic disease it is still unclear when during development allergen 

specific sensitization occurs. It is not known whether allergen exposure before birth or in 

neonates can already induce specific Th2 memory cells and/or long lived plasma cells for 

sustained antibody production (61). Limited evidence however points towards postnatal 

sensitization that can be transient in the first year of life (62). This knowledge is key in trying 

to understand and identify risk factors for the development of allergic disease.

Allergens

TH2

DC
CCL17
CCL22

ILC2

B cell

EosinophilIL5

Activation

TSLP IL25  IL33

IL4
IL13

Figure 2�. Key players in allergic disease 
Allergens activate epithelial cells directly or by disrupting the epithelial barrier and trigger the release of 
cytokines such as TSLP, IL25 and IL33. These cytokines trigger DCs to release chemokines (CCL17 and 
CCL22) that induce the differentiation and expansion of Th2 cells, that secrete Th2 cytokines such as IL4 and 
IL13. Furthermore IL25 and IL33 induced proliferation of ILC2s that secrete Th2 cytokines.
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allergens

Allergens, although they are immunogenic, are antigens that do not form a threat to the 

host. Allergens can be from microbial origin, food related or related to airborne substances 

from for example insects, animals or plants. These airborne substances comprise allergens 

from i.e. house dust mite, cats, dogs, pollen from grasses or trees and fungi such as 

Aspergillus and are the main allergens underlying the research discussed in this thesis. 

They have the ability to trigger a broad array of receptors including Toll-like receptors (TLRs) 

and protease activated receptors. This ability forms the key to their capacity to generate 

pathogenic Th2 responses (63, 64). One allergen causing significant allergic disease 

comes from house dust mite (HDM), the main allergen is Der p 1 (Dermatophagoides 

pteronyssinus group 1). Der p 1 belongs to the papain-like cysteine protease family and 

the enzymatic activity has been suggested to be involved in the pathogenesis of allergy. It 

has been shown that the proteolytic activity of Der p 1 can directly activate DCs to promote 

Th2 cell responses (65). Besides this effect on immune cells, it has also been shown that 

the proteolytic activity of Der p 1 is able to cleave the tight junction protein called occludin, 

thereby disrupting epithelial barrier function (66), one of the first defense mechanisms 

against foreign substances that enter the body. Other common major allergens include Fel 

d 1 (Felis domesticus group 1) from cats and Bet v 1 (Betula verrucosa group 1) from birch 

pollen. These allergens represent different types of inhalation allergens; Der p 1 is a mainly 

indoor allergen that is present all year round, Bet v 1 is a typical outdoor, seasonal allergen 

and Fel d 1 represents an indoor, occasional allergen. In this thesis these allergens have 

been used to study allergen specific responses to inhalation allergens in allergic diseases. 

Complement and allergic disease

As described above to mediate their effector functions in response to antigens Th2 cells 

require antigen to be processed and presented by antigen presenting cells, mainly formed by 

DCs. DCs are said to function as a bridge between the innate and adaptive immune system, 

since they also express ancient pattern-recognition receptors. These receptors cannot only 

recognize danger signals from exogenous substances but also from endogenous origin 

(67). Moreover DCs have been described to express receptors for anaphylatoxins (ATs) that 

are part of the complement system. The complement system is a group of plasma proteins 

with a key role in anti-microbial defense. This system can be activated via three separate 

pathways, the classical, lectin and alternative pathway of which the latter is constitutively 

active (68). Complement factor 3 (C3) is the central step in complement activation, followed 

by complement factor 5 (C5). Cleavage of C3 and C5 generates two pro-inflammatory ATs, 

C3a and C5a. The expression of AT receptors on DCs (69) is thought to be associated with 

Th1 or Th2 polarization through modulation of IL12 production. In several murine studies 

it has been shown that C3a or C3a receptor signaling has an enhancing and C5a or C5a 
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receptor signaling a protective role in allergic disease (70-72). Human studies on the role of 

complement in allergic disease are scarce (73). 

PREdICTInG aLLERGIC aSTHma 

Assuming individuals are genetically predisposed to allergic diseases and the pathogenic 

process is initiated early in life, the question is whether we can predict development 

of allergic diseases such as allergic asthma. In order to find parameters for prediction 

prospective follow up studies are needed investigating differences between individuals that 

develop disease and individuals that do not. 

Early wheezers

An important thing to realize is that many young children display symptoms suggestive 

for asthma. The children that have one or more periods of wheezing before the age 

of three years are termed early wheezers (EW). Of these EW only one third will have 

persisting symptoms of wheezing beyond the age of 6 years (PW) (74) and an even smaller 

number will have airway reversibility with chronic inflammation and the need for inhalation 

corticosteroids. These EW form an important group for clinicians, since parents of these 

children will consult them on whether their child will develop asthma. Furthermore early 

identification of children with asthma allows us to start appropriate treatment which might 

improve prognosis (75, 76) and children that do not continue to wheeze, so called transient 

wheezers (TW), do not need prescription of asthma drugs.

A large proportion of the EW that develop asthma will be sensitized early in life for different 

allergens. One of the main and often first aero-allergens they are sensitized to is HDM, 

followed by birch or other pollen. This sensitization can clinically result in allergic rhinitis 

and/or conjunctivitis, but can also lead to the development of allergic asthma. Also here 

probably genetic and environmental factors will play a role in determining the outcome.

Clinical parameters  

The lack of objective lung function measurements in early life complicates the diagnostic 

evaluation process. In order to try and distinguish these PW and TW early in life, many studies 

have been performed to find factors that differentiate between these phenotypes. A large 

proportion of these studies have investigated whether we can predict the development of 

asthma in early life using clinical parameters. Using parameters as family history of atopy, atopic 

skin prick test (SPT), eosinophilia, wheezing without colds and allergic rhinitis several research 

groups have set up prediction rules for the development of asthma (77-79), however only few 

have been externally validated. Moreover predictive power has been disappointing, with high 

negative predictive values, but unable to correctly identify children at high risk for asthma (80).
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biomarkers 

Since the use of clinical parameters for prediction of asthma has thus far not been able 

to generate a model with high positive predictive value, other parameters have to be 

explored. The detection of allergen-specific IgE has been shown to be associated with 

the development of asthma (81) as has peripheral blood and/or sputum eosinophilia (82). 

The predictive power of these parameters in early life for asthma however is limited, also in 

combination with clinical parameters (78, 83).

There is an increasing number of studies evaluating biomarkers, such as plasma, serum or 

exhaled breath condensate cytokines mainly in asthma diagnosis and treatment. In these 

studies leukotrienes, Eotaxin and MDC were found in more than one sample type to be 

associated with asthma diagnosis (84-91), however evaluation of these markers in asthma 

diagnosis was not performed in a prospective manner. Discovery of predictive biomarkers 

would substantially contribute to early identification of children with asthma and in this 

thesis we will try to identify such predictive biomarkers.

aImS and OuTLInE OF THIS THESIS

In this thesis we study the role of immune regulation in health and disease and search for 

biomarkers in risk assessment and prediction of inflammatory disease, especially asthma.

In chapter 2 we focused on the role of FOXP3+ Treg in inflammatory diseases and studied 

the reconstitution of FOXP3+ Treg after HSCT and the number of FOXP3+ Treg in the 

graft in relation to the development of allo-reactive disease. Further research on the role 

of FOXP3 in inflammatory conditions is presented in chapter 3, in which we focus on the 

simultaneous expression of FOXP3 and GATA3 in in vitro allergen specific T cell responses 

from allergic individuals and their impact on the direction of skewing of the response. 

Following up on allergen specific responses in chapter 4 we focus on allergen specific T 

cell responses of 3 and 5 year old children in relation to allergen specific sensitization for 

HDM, cat and/or birch. As described, besides adaptive immunity also innate factors play 

a role in development of allergic disease. In chapter 5 we studied the role of complement 

in house dust mite allergy and asthma. Chapter 6 and 7 give an overview on the current 

status of research on prediction of asthma. First in a review on the contribution of both 

clinical parameters and biomarkers in prediction of asthma, followed by a prospective 

study in a group of EW, where we investigate the value of peripheral blood biomarkers for 

prediction of allergic asthma early in life. In chapter 8 the findings described in this thesis 

are discussed. Overall this thesis will give an overview of the potential of immunological 

markers for disease prediction, with focus on allergic asthma.
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abSTRaCT

In adult patients regulatory CD4+FOXP3+ T cells are suggested to have a role in the control 

of allo-reactive disease after hematopoietic SCT (HSCT). We compared CD4+FOXP3+ 

T cell reconstitution after unrelated cord blood (UCB), matched unrelated donor (MUD) 

and matched sibling donor (MSD) HSCT in children, starting as early as 1 week after 

transplantation, and analyzed the association with allo-reactive disease. A total of 30 

children were included who underwent a myeloablative conditioning regimen followed 

by UCB (12/30), MUD (7/30) or MSD (11/30) HSCT. These three patient groups showed 

significant differences in FOXP3+ T cell reconstitution pattern. Early after UCB and MSD, 

but not after MUD HSCT a peak in FOXP3+ T cells was observed. There were significant 

differences in activation status and Ki67 expression of the FOXP3+ T cells after UCB 

and MSD respectively. FOXP3+ T cell proportions early after HSCT and in the graft were 

inversely correlated with allo-reactivity. This study indicates that FOXP3 reconstitution 

after HSCT is dependent on the type of graft used. Furthermore, in children evaluation of 

FOXP3+ T cell numbers early after HSCT and in the graft may be used to judge the risk of 

developing allo-reactivity after HSCT. 
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InTROduCTIOn

Allogeneic haematopoietic SCT (HSCT) may provide a curative therapy for hematological 

malignancies, BM failure syndromes and inborn errors (for example immunodeficiencies, 

hemoglobinopathies and metabolic conditions). Different stem cell sources are currently 

used for HSCT, BM derived stem cells from related (matched sibling donor (MSD)), or 

unrelated donors (matched unrelated donor (MUD)) and unrelated cord blood cells (UCB). 

Cord blood sources are on the rise because of the rapid availability and the necessity of 

fewer matching criteria for successful HSCT. 

The downsides of HSCT are the life threatening early allo-reactive complications of acute 

GvHD (aGvHD) and the related idiopathic pulmonary syndrome (IPS), which limit the use of 

HSCT as standard therapy for severe disorders. Although the pathogenesis of aGvHD and 

IPS is unclear, based on recent studies it is plausible that the pathogenesis of both syndromes 

is similar (1). Tissue damage, attributable to previous therapy, underlying disease and 

conditioning regimens is assumed to be the initial trigger for the development of allo-reactive 

T-cell clones inducing both syndromes (2, 3). Currently, preventive and therapeutic allo-reactive 

disease treatment protocols are based on non-specific immunosuppressive therapy that 

suppresses the graft-versus-tumor effect and causes severe side-effects including infections 

and viral reactivations (4). Insight into the dynamics of early immune reconstitution after HSCT 

is essential for unraveling the mechanisms that may be involved in allo-reactive disease and 

may also lead to the development of new and more specific therapeutic approaches. 

CD4+FOXP3+ regulatory T cells (FOXP3+ Treg) are well known to play an important role 

in establishing and maintaining immunotolerance (5-7). FOXP3+ Treg have shown to 

be important in prevention of autoimmunity, asthma, allergy and immune dysregulation 

polyendrocrinopathy, enteropathy X-linked syndrome (8-11). Interestingly, in preclinical 

studies, infusion of FOXP3+ T cells at the time of HSCT or immediately following HSCT 

successfully prevented allo-reactive disease (6, 7, 12, 13). A recent study in which Treg 

were preferentially expanded in vivo via daily s.c. low-dose IL-2 in chronic GvHD patients 

showed promising results (14). However, further studies are needed to optimize this 

treatment and evaluate the safety and impact on prevention and/or efficacy in treatment 

of allo-reactivity. 

In addition, as Treg treatment is not without risks it may be desirable to selectively identify 

and treat only those patients at high risk of developing allo-reactivity with Treg therapy 

(15, 16). In this context the stem cell source and level of mismatch between graft and 

host are important determinants. Clinical studies in adult patients have shown increased 

FOXP3+ Treg proportions in the donor graft or FOXP3+ Treg proportions early after HSCT 

to be negatively correlated with aGvHD (5, 17-21). In pediatric patients, data on such a 

correlation are very few (22).
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The aim of this single-center study is to obtain a clearer insight into the reconstitution pattern 

of FOXP3+ T cells in pediatric MSD, MUD and UCB HSCT recipients and the possible 

relationship to the development of early allo-reactive disease. This study shows important 

differences between stem cell sources in early FOXP3+ T cell reconstitution patterns and 

suggests that these patterns have evolved via different mechanisms. In addition, as is seen 

in adult patients, the FOXP3+ T cell proportions in the graft and early after HSCT correlate 

with the risk of developing allo-reactive disease. 

maTERIaLS and mETHOdS

Study design, study population and data collection

Pediatric HSCT patients (aged 0-20 years), who received a first allogeneic HSCT in the 

University Medical Center of Utrecht, irrespective of the indication for HSCT, were included 

between July 2007 and December 2008. The stem cell source for the allogeneic HSCT 

was either UCB, MSD or MUD (either BM or PBSC derived). Patients were enrolled in 

the HSCT and research protocol after the patients and/or parents had provided written 

informed consent. The study was approved by the Ethics Committee of the University 

Medical Center of Utrecht, The Netherlands. Characteristics of the study patients are 

shown in Table 1. 

Conditioning Regimens, Supportive Care and Treatment

All patients received myeloablative-conditioning regimens based on chemotherapy 

(Busilvex: Pierre Fabre, Boulogne, France) or TBI. In case of an unrelated donor, patients 

first received serotherapy with antithymocyte globulin (ATG)-rabbit (Thymoglobulin, 

Genzyme, Cambridge, MA, USA). As supportive care anti-emetic drugs (Ondansetron) and 

prophylactic anticonvulsive therapy (clonazepam) during the days receiving Busilvex was 

given. Antimicrobial prophylaxis was administered according to the institutional protocol: 

ciprofloxacin and fluconazol were administered from the start of ablative medication until 

the end of the neutropenic period, which was defined as <500 neutrophils/μl. In addition, 

cefuroxim (as Streptococcus viridans prophylaxis) was administered from day 0 until the 

end of the neutropenic period. Co-trimoxazol was administered from day +28 after HSCT 

as pneumocystis pneumonia prophylaxis. Patients who were seropositive for HSV before 

HSCT received prophylactic treatment of low dose acyclovir (500 mg/m2/day) until at least 

day +60 after HSCT. Furthermore, cord blood recipients were treated with filgrastim from 

day +7 after HSCT until neutrophils exceeded 2000 /µL.

Cyclosporine-A (dose based on plasma levels of 100-250 μg/L) was given to all patients as 

prophylaxis for GvHD. In case of a MSD, the patients received cyclosporine-A as a single 
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agent. In recipients of unrelated marrow donor cells, MTX (short course: 10mg/m2 on day 

+1, +3 and +6 after HSCT) was added. In cord blood recipients, prednisolon (1mg/kg until 

day +28 after HSCT, with a taper in 14 days) was added. 

Early allo-reactive disease was defined as the development of grade ≥ 2 aGvHD or having 

IPS. aGvHD was diagnosed and graded according to Glucksberg et al. (23). IPS was 

diagnosed according to Clark et al. (24). HLA-matching was based on high-resolution 

(HR)-typing for class I and class II antigens (10 antigens: A, B, C, DR and DQ) for bone-

marrow (BM) donors. For cord blood (UCB)-donors intermediate resolution criteria were 

used (Loci A and B by low resolution and DRB1 by HR-typing) (25).

Immunophenotyping

Immunophenotyping on fresh whole blood was performed every other week until 4 months 

after HSCT and approximately monthly until 12 months after HSCT. Total numbers of CD4+ 

T lymphocytes were determined by using TruCOUNT technology (Becton Dickinson (BD) 

Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer’s instructions (26). 

In addition, after erythrocyte lysis, cells were stained with PerCp conjugated anti-CD4 

monoclonal antibodies (BD, Biosciences). After staining of surface markers, cells were fixed 

and permeabilized using Fixation/Permeabilization buffer (eBiosciences, San Diego, CA, 

USA) and stained with APC-conjugated anti-FOXP3 Mab (clone PCH 1.01, eBiosciences) 

to determine the proportion of FOXP3+ T cells. In addition, a small aliquot of donor cells 

was directly stained as well, with these same markers. Stained samples were acquired 

on the LSR II flow cytometer and data were analyzed using BD FACSDiva-software (BD 

Biosciences). Further phenotypic characterization of FOXP3+ T cells was performed on 

frozen PBMC samples of a subset of patients. The following monoclonal antibodies were 

used: anti-CD25 PE-Cy7, anti-CD45RO Pacific Blue (Biolegend, San Diego, CA, USA), 

anti-Ki67 FITC, anti-CTLA4 APC (BD Biosciences) and anti-GITR FITC (R&D systems, 

Minneapolis, MN, USA). Staining for flow cytometry was performed as described above.

Statistical analysis

Differences in T cell numbers and FOXP3+ T cell proportions between recipients of different stem 

cell sources (UCB, MSD and MUD), differences in FOXP3+ T cell proportions in the graft versus 

peripheral blood after HSCT and differences in the proportion of FOXP3 expressing CD4+T 

cells in relation to allo-reactivity were analyzed using Kruskall Wallis and Mann-Whitney tests 

respectively. Data were merged in 4 time periods: 1-6, 6-12, 12-24 and >24 weeks after HSCT. 

Correlations were tested using Spearman’s non-parametric correlation tests with significance 

defined by P < .05 using a two-tailed test. In all analyses, median values were analyzed. All 

analyses were performed using software program SPSS 15.0 (SPSS Inc., Chicago, IL, USA). 
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RESuLTS 

Patient Characteristics

A total of 30 patients were included with a median age of 5.8 years (range 0.3-20.1, 

Table 1). Median follow-up was 15 months (range 3-22) and overall survival was 93.4%.

Table 1 Patient characteristics 

Variable n=3�0

Median age (range) in years 5.8 (0.3-20.1)

Follow-up in months 15 (3-22)

Gender Male 21

Female 9

Conditioning a Chemo-based 21

TBI-based 9

HLA-matched b No 7

Yes 23

Indication c Non-malignant 13

Malignant 17

Donor source Family MSD (BM) 11

Unrelated MUD: BM 5

          PBSC 2

UCB 12

Allo-reactive disease d No 18

Yes 12

Survival Alive 28

Deceased 2

Abbreviations: MSD = matched sibling donor; MUD = matched unrelated BM donor; UCB = unrelated cord 
blood. Numbers represent total number of patients. a All patients received either a chemotherapy based 
(Busilvex, Pierre Fabre, Boulogne, France) or TBI-based myeloablative conditioning regimen. b HLA-matching 
was based on high-resolution (HR)-typing for class I and class II (10 antigens: A, B, C, DR and DQ) for MSD 
and MUD donors. For UCB donors intermediate resolution criteria were used (Loci A and B by intermediate 
resolution and DRB1 by HR-typing) (25). c Non-malignant = inborn errors of metabolism, immune deficiencies, 
auto-immune disorders, bone marrow failure syndromes; Malignant = acute lymphoblastic leukemia, acute 
myeloid leukemia, myelodysplastic syndrome. d Allo-reactive disease was defined as the development of 
grade ≥ 2 aGvHD or having Idiopathic pulmonary syndrome (IPS). aGvHD was diagnosed and graded 
according to Glucksberg et al. (23) IPS was diagnosed and graded according to Clark et al. (24).
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In this cohort 2/30 (6.6%) patients died owing to relapse. For the T cell reconstitution 

analyses, we divided the patients into UCB, MSD and MUD HSCT recipients. All MSD and 

MUD recipients received human leukocyte antigen (HLA)-matched grafts, while 7 of the 

12 UCB recipients received an HLA-mismatched graft (Table 1). All MSD and five MUD 

recipients received BM, and two MUD recipients received PBSC.

Inverse relationship between FOXP3�+ T cell frequencies and allo-
reactive disease

During follow up, 12/30 patients (40%) developed allo-reactive disease (aGvHD and/or IPS) 

at a median time of 9 weeks (range 5-13) after HSCT. The proportion of FOXP3+ T cells 

(Figure 1A) in the different grafts and within the first 6 weeks after HSCT was analyzed. 

A

B C

Figure 1�. The proportion of FOXP3�+ T cells according to allo-reactive disease
A. Flow cytometry analysis of FOXP3 expression in CD4+ cells (black line) and CD4- cells (gray shaded 
histogram) in whole blood samples after HSCT. B-C. Dots represent the proportion of FOXP3+ T cells of 
total CD4+T-cells in the first 6 weeks after HSCT with different stem cell sources (▲MSD, ■ UCB, ● MUD)
(B) and in the graft (C) for patients with or without allo-reactive disease. * Calculated with Mann Whitney U 
test; ** Patients without sufficient CD4+T-cell numbers excluded (n=4); *** Patients without sufficient CD4+T-
cell numbers excluded (n=8).
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In all cases, the analysis was performed before the development of allo-reactive disease. 

Patients without sufficient T cell numbers (≤ 20 cells/μL) or on high dose corticosteroids 

in the first week were excluded from further analysis (n=12); two of the patients without 

sufficient T cell numbers developed allo-reactive disease (IPS). Consequently, the proportion 

of FOXP3+ T cells within the first 6 weeks was analyzed in 8 patients with allo-reactive 

disease (3 patients developed IPS and 5 patients aGvHD) and in 10 patients without allo-

reactive disease, irrespective of the stem cell source. The proportion of FOXP3+ T cells in 

the graft was determined in the original graft material for 18 patients, 7 of whom developed 

allo-reactive disease (3 patients developed IPS and 4 patients developed aGvHD).

As has previously been shown in adult patients (20), pediatric patients who developed 

allo-reactive disease showed lower proportions of FOXP3+ T cells before the development 

of allo-reactive disease than patients who did not develop allo-reactive disease (P=0.01, 

Figure 1B). Owing to the low numbers of patients per subgroup, analysis according to stem 

cell source was not possible. Also the proportion FOXP3+ T cells within the graft negatively 

correlated with the development of allo-reactive disease, irrespective of stem cell source 

(P=0.02, Figure 1C). 

differences in kinetics of FOXP3�+ T cell reconstitution according to 
stem cell source

Probability on neutrophil engraftment was 95% at day 60 and did not differ among the 

UCB, MSD and MUD HSCT patients (P=0.3, Figure 2A). In line with literature (27) CD4+ T 

cell reconstitution however tended to be delayed in patients after UCB HSCT, compared 

with MSD or MUD HSCT (1-6 weeks P=0.158; 6 -12 weeks, P=0.831; 12-24 weeks, 

P=0.308 and >24 weeks, P=0.161, respectively; Figure 2B top graphs). 

When a comparison was made between the mean proportion of FOXP3+ T cells in the 

graft, before infusion, and mean FOXP3+ T cell proportions measured in peripheral blood 

in the first 1-6 weeks after transplantation, steep increases were found in UCB and MSD 

recipients (factor increase UCB 3.5, MSD 3.4, MUD 1.4). For UCB and MSD recipients, 

but not for MUD recipients, this increase was significant (P< 0.001, P= 0.01, P= 0.9 

respectively, Figure 2B lower graphs). 

differences in phenotypic characteristics of reconstituting FOXP3�+ T 
cells according to stem cell source

In order to gain insight into the mechanism of reconstitution of the FOXP3+ T cells within 

the different graft recipient groups, we performed additional T cell phenotyping during the 

first 12 weeks after HSCT.
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B

A

Figure 2�. neutrophil, Cd4+ and FOXP3�+ T cell reconstitution after HSCT
A. Kaplan Meier curve showing the probability (log-rank P=0.315) of neutrophil engraftment (y-axis) according 
to donor graft. B. Box and whisker diagrams representing the total CD4+T-cells/μL (upper panel; 1-6 weeks, 
P=0.158; 6 -12 weeks, P=0.831; 12-24 weeks, P=0.308 and >24 weeks, P=0.161, respectively) and the 
proportion of FOXP3+ T cells within the total CD4+T cells (lower panel) according to donor source. Also 
the proportion of FOXP3+ T cells within the different grafts is shown (white boxes; P= 0.1).  Horizontal lines 
represent median values, boxes represent interquartile ranges and lines represent minimum and maximum 
value. * P=0.01; *** P< 0.001. 

First we characterized the reconstituting FOXP3+ T cells by measuring the expression of 

CD45RO, GITR, CD25, and CTLA4. In addition, we measured Ki67 expression, which 

is expressed exclusively by cells that are in cell cycle (28) and is a protein pivotal for cell 

division. Interestingly, the FOXP3+ T cells that came up in the first 6 weeks after UCB-
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HSCT clearly showed a more activated phenotype than after MSD or MUD HSCT, as 

indicated by the relatively high expression levels of CD25, CD45RO, CTLA4 and GITR 

(Figure 3A). Besides higher expression levels of activation markers reconstituting FOXP3+ T 

cells in UCB recipients expressed higher levels of Ki67. In contrast, the early reconstituting 

FOXP3+ T cells in MSD recipients expressed relatively low levels of activation markers and 

Ki67 (Figure 3A). However, the difference in Ki67 expressed on FOXP3+ T cells compared 

to FOXP3- T cells was clearly more prominent in MSD recipients compared with UCB or 

MUD recipients (Figure 3B).

A

B

Figure 3�. Phenotypic characteristics of FOXP3�+ T cells after HSCT
FOXP3+ T cells emerging in the first six weeks after HSCT were characterized by expression of surface 
(CD25, GITR and CD45RO) and intracellular (Ki67) markers. A. Mean percentage ± SEM of Ki67+, CD25+, 
CD45RO+ and GITR+ cells and mean of the mean fluorescence intensity (MFI) ± SEM of CTLA4 expression  
(right) within the FOXP3+ T cells after HSCT with indicated donor type are shown (n = 2-3 patients per group). 
B. Mean percentage ± SEM of Ki67+ cells is shown within the CD4+FOXP3+ (black bars) and CD4+FOXP3- 
(white bars) T cells after HSCT with indicated donor type (n = 2-3 patients per group); *** P<0.0001

dISCuSSIOn 

This is the first single center cohort study in children in which FOXP3+ T cell reconstitution 

is determined starting as early as 1 week after HSCT and in which three different stem cell 

sources (UCB, MSD and MUD) were compared. The study shows that the FOXP3+ T cell 

reconstitution pattern strongly depends upon the stem cell source. First, early after UCB 

and MSD, but not after MUD HSCT, a peak in FOXP3+ T cells is seen. Second, the peak 

after UCB consists of FOXP3+ T cells with a significantly higher activation status and Ki67 

expression than the FOXP3+ T cell peak after MSD. FOXP3+ T cell frequencies early after 
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pediatric HSCT showed a strong inverse correlation with the development of early allo-

reactive disease, this is similar to what has been shown in adult patients (17, 19, 20, 29). 

In the first weeks following HSCT, the T-cell compartment repopulates rapidly through 

lymphopenia-induced expansion of mature T cells contained within the stem cell allograft. 

At this early stage, the thymus has a minor role in T cell reconstitution also in children 

(30, 31). Therefore, we reasoned that the significant enrichment of FOXP3+ T cells early 

after UCB and MSD HSCT (compared with graft content) evolved either from preferential 

proliferation of FOXP3+ Treg compared with FOXP3- T cells (19) or from the conversion of 

FOXP3- T cells into FOXP3+ T cells upon activation (32). We observed that the FOXP3+ T 

cells that arose early after UCB HSCT had a significantly higher activation status, in terms 

of GITR, CTLA4, CD25, CD45RO and Ki67 expression, than after MSD and MUD HSCT. It 

therefore seems likely that the high FOXP3 expression early after UCB HSCT is caused by 

activation induced conversion of FOXP3- T cells into FOXP3+ T cells. Indeed, recent data 

by our group (33) and others (34) have shown that CB derived naïve FOXP3- T cells upon 

activation in vitro convert more readily into suppressive FOXP3+ T cells than adult blood 

derived naïve T cells. All together our data indicate that the expansion of FOXP3+ T cells 

early after the highly mismatched setting of UCB HSCT is specific for CB and is most likely 

caused by a preferential differentiation of FOXP3- into FOXP3+ T cells upon activation.

Following MSD HSCT, the FOXP3+ T cells showed a less activated phenotype compared 

with UCB HSCT, suggesting a different mechanism for expansion of this subset than in 

UCB recipients. Although early after MSD HSCT FOXP3+ T cells showed lower Ki67 levels 

compared with UCB HSCT, the difference in Ki67 levels between FOXP3+ and FOXP3- 

T cells was clearly more pronounced following MSD HSCT. This may suggest that the 

high number of FOXP3 expressing T cells seen after MSD HSCT is caused by a more 

pronounced proliferation of FOXP3+ compared with FOXP3- T cells. A similar observation 

has been described in a previous publication by our group on Treg recovery after Auto-SCT 

(ASCT) for autoimmune disease (35). As lymphopenia induced proliferation is in part driven 

by TCR signals (36, 37) and the TCR repertoire of FOXP3+ Treg is skewed to a self-reactive 

repertoire (38), such preferential proliferation is more likely to occur in the HLA-matched 

settings of MSD HSCT and ASCT.

We also observed differences in the dynamics of FOXP3+ T cell reconstitution between 

UCB, MSD and MUD HSCT, during later follow up. While in MSD and MUD the proportion 

of FOXP3+ T cells remained relatively stable, the proportion of FOXP3+ T cells dropped 

in the period of 6-12 weeks after UCB HSCT and increased to normal proportions after 

12 weeks. We do not have a clear explanation for this temporary drop in the proportion 

of FOXP3+ T cells, but three non-mutually exclusive mechanisms can be formulated. 

First, it has been described that activation induced FOXP3+ T cells are more prone to 

apoptosis (19). Second, activation induced FOXP3 is less stable than FOXP3 expressed 
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in thymus derived Tregs (39). And third, weaning of the steroids may have reduced the 

therapy induced FOXP3+ T cells in UCB recipients. We hypothesize that, independent of 

the mechanism, the drop in FOXP3+ cells is a retraction in the size, rather than the number, 

of the individual activation induced FOXP3+ T cell clones. 

In line with several previous studies in adult patients (19, 20) and with one other pediatric 

study (22) we found in our pediatric patient group a strong inverse correlation between 

FOXP3+ T cell frequencies early after HSCT and the development of allo-reactive disease. 

This correlation also held true for the number of FOXP3+ T cells within the grafts and allo-

reactivity. The one pediatric study available reports no significant differences in FOXP3 

expression between the recipients of sibling and unrelated grafts three month post-HSCT 

(22). However, from our study it now became clear that at earlier time points post-HSCT 

substantial differences in frequencies and activation status of FOXP3+ T cells can be seen 

between stem cell sources. These findings suggest that the expansion of FOXP3+ T cells 

early after UCB, MSD and MUD HSCT is driven by different mechanisms. 

We conclude that the FOXP3+ T cell reconstitution pattern after pediatric HSCT is stem 

cell source dependent. Irrespective of stem cell source, the proportion of FOXP3+ T 

cells in the graft and early after HSCT is negatively correlated to the risk for allo-reactive 

disease in pediatric patients and might be used to guide administration of Treg and/or 

immunosuppressive therapy. A larger prospective follow-up study is needed to analyze 

the effect of the differences in FOXP3+ T cell reconstitution on the development of aGvHD.
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Der p 1-induced CD4+FOXP3+GATA3+ T cells

In patients with allergic diseases symptoms are caused by aberrant Th2 cell responses 

to nonpathogenic antigens and regulatory T (Treg) cells play a role in the control of these 

responses (1). The development and function of Treg cells are controlled by the transcription 

factor forkhead box protein 3 (FOXP3), whereas high expression of GATA3 determines Th2 

cell differentiation. Both FOXP3 and GATA3 were initially described as exclusive master 

regulator transcription factors for these T cell subsets, but accumulating evidence, mainly from 

murine models, indicates that GATA3 and FOXP3 are not restricted to a single T cell lineage. 

GATA3 expression has been implicated in controlling Treg cell function under inflammatory 

conditions (2) and both Treg and Th2 cells have been shown to be able to convert into other 

T cell subsets (3, 4). Thus far, data on the differential function of these transcription factors 

and their role in antigen-specific responses in human subjects are lacking. 

To investigate the role of GATA3 and FOXP3 in antigen-specific responses, we studied the 

in vitro induction of FOXP3 and GATA3 expression in T cells from asthmatic children who 

are house dust mite (HDM) sensitized, birch pollen sensitized or both and non-sensitized 

children (see Table E1 and the Methods section in this article’s Online Repository at www.

jacionline.org) by stimulating PBMCs for 7 days with 10 μg/mL Der p 1 (Dermatophagoides 

pteronyssinus group 1, INDOOR Biotechnologies, Charlottesville, Va; for more information, 

see the Methods section in this article’s Online Repository). HDM-sensitized children showed 

a CD4+ T cell proliferative response to Der p 1, whereas no proliferation was observed in 

the nonsensitized group (Figure 1A). Intracellular fluorescence-activated cell sorting (FACS) 

staining showed upregulation of mainly GATA3 levels in the CD4+ T cells of HDM-sensitized 

children; however, FOXP3 was upregulated also and partially within the same cells (Figure 

1B). This upregulation was mainly seen within the proliferating CD4+ T cell population 

of HDM-sensitized children, in which a specific CD4+ T cell population expressing both 

FOXP3 and GATA3 was found in addition to a large population of GATA3 single-positive 

cells (Figure 1C). A similar response was observed using Bet v 1 (Betula verrucosa group 

1) (Figure 1A and B) and Fel d 1 (Felis domesticus group 1) (data not shown), inhaled 

allergens that do not display the protease activity characteristic of Der p 1 (5). Together the 

data indicate that generation of these double-positive FOXP3/GATA3 expressing CD4+ T 

cells (FOXP3/GATA3 double-positive cells) is an allergen specific phenomenon related to 

the sensitization status of the subject. No GATA3 upregulation, FOXP3 upregulation , or 

both was seen in nonsensitized children, and these FOXP3/GATA3 double-positive cells 

did not arise after stimulation with non-Th2 orienting antigens such as tetanus toxoid, 

cytomegalovirus and anti-CD3 (data not shown). These FOXP3/GATA3 double-positive 

cells started to appear around day 5 of culture, with a peak on day 7 (Figure 1D). There was 

no correlation between the number of FOXP3/GATA3 double-positive cells and the number 

of additional allergic symptoms (rhinitis, atopic dermatitis and/or food allergy) displayed by 

the sensitized asthmatic children, the level of HDM specific IgE or asthma severity (FEV1, 

reversibility or prednisone use; data not shown).
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Figure 1�. der p 1� and bet v 1� induce Cd4+FOXP3�+GaTa3�+ cells in pediatric Hdm-sensitized subjects 
A. CD4+ T cell proliferation after culture with Der p 1 (n= 4) or Bet v 1 (n = 4). B. FOXP3 and GATA3 protein 
expression in CD4+ T cells of HDM- or birch-sensitized children (n=8). C. Representative FACS plot and FOXP3 
and GATA3 protein expression in proliferating and non proliferating CD4+ T cells of HDM-sensitized children.  
D. Time course of FOXP3 and GATA3 protein expression in CD4+ T cells of HDM-sensitized children (n=4). 
Data shown are after 7 days of PBMC culture unless otherwise indicated (Mean + SEM). DN, double negative;  
DP, double positive; SP, single positive *P< .05 compared with day 0 or between groups, as indicated.
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To investigate whether these cells are induced Treg cells with suppressive capacity that 

express GATA3 or activated Th2 cells that show activation-induced upregulation of FOXP3 

(6), we analyzed the expression of several cell surface markers and cytokines important 

for Treg and Th2 cell functionality on both FOXP3 and GATA3 single-positive cells and 

FOXP3/GATA3 double-positive cells after stimulation with Der p 1. All 3 Der p 1-induced 

populations showed high expression of Treg cell-associated markers CD25 and cytotoxic 

T lymphocyte-associated antigen 4 (Figure 2A), which are also known to be upregulated on 

activated T cells. In contrast to the FOXP3 single-positive cells the FOXP3/GATA3 double-

positive cells additionally showed high expression of the Th2 markers CCR4 and CD30. 

Also they showed high levels of Treg cell-associated markers CD39 and HLA-DR, probably 

because of their high activation status. Unlike GATA3 single-positive cells, the FOXP3/

GATA3 double-positive cells displayed low levels of CRTH2 (chemoattractant receptor 

expressed on Th2 cells) and higher levels of neuropilin-1 comparable with FOXP3 single-

positive cells (Figure 2A). FOXP3/GATA3 double-positive cells displayed a Th2 like cytokine 

profile that was comparable with that of the GATA3 single-positive cells, as shown base 

on intracellular expression of IL5 and IL13 (Figure 2B). None of the Der p 1-induced CD4+ 

T cell subsets expressed IL10, IFNγ or IL17. Secretion of these cytokines was confirmed 

in the culture supernatant (data not shown). Together these data suggest that the FOXP3/

GATA3 double-positive cells are Der p 1-specific activated Th2 cells that have up regulated 

FOXP3 because of activation. In contrast to Treg cells these cells are known to be unable 

to suppress both proliferation and cytokine production of effector T cells (6). Alternatively, 

these cells can be FOXP3+ Treg cells that are differentiating into Th2 cells (7) or Th2 cells 

that are being reprogrammed to become a GATA3+FOXP3+ cell subset with combined 

Th2 and Treg cell functions (8). 

The next step was to determine whether these FOXP3-expressing Th2 cells display 

regulatory capacities (i.e. suppressive function). We performed in vitro cytokine suppression 

assays in which carboxyfluorescein succinimidyl ester (CFSE; Invitrogen, Carlsbad, Calif)-

labeled PBMCs were stimulated with plate-bound anti-CD3 (eBioscience, San Diego, Calif) 

and cocultured with 2 different sorted CD4+ T cell populations in a 1:8 ratio. CD4+ T Cells 

were sorted either ex vivo (from frozen PBMCs) on CD25+CD127low expression for natural 

Treg cell sorting or after 7 days of culture with Der p 1 using CD25highCD30+ expression for 

FOXP3/GATA3 double positive T cell enrichment (Figure 2C). On day 4, culture supernatants 

were taken to measure cytokine levels using Luminex (Austin, Tex) and proliferation was 

assessed using CFSE dilution by using flow cytometry. Der p 1-induced, FOXP3/GATA3 

double positive enriched T cells significantly suppressed proliferation of both CD4+ and 

CD8+ T cells (Figure 2D), comparable to the level of proliferation seen in natural Treg 

cells. Furthermore, production of the Th1 associated IFNγ and TNFα was also significantly 

suppressed in the presence of Der p 1-induced FOXP3/GATA3 double-positive enriched T 

cells, even more than with natural Treg cells (Figure 2E). In contrast, Th2 cytokine production 

3



46

CHAPTER 3

was not suppressed by the Der p 1-induced FOXP3/GATA3 double-positive enriched T 

cells, whereas natural Treg cells showed strong suppression of these cytokines. The lack 

of Th2 cytokine suppression by Der p 1-induced FOXP3/GATA3 double-positive enriched 

T cells, despite their strong suppressive effect on both CD4+ and CD8+ T cell proliferation, 

might be explained by the large amounts of Th2 cytokines they produce (Figure 2B).

Here we show that human CD4+ T cells of Der p 1-sensitized subjects stimulated with Der 

p 1 upregulate both GATA3 and FOXP3 and that these induced double-expressing cells 

are able to suppress proliferation. Despite FOXP3 expression, these cells phenotypically 

largely resemble activated Th2 cells. However, functionally, they show strong suppression 

of proliferation and Th1-associated cytokines, which is characteristic of FOXP3+ Treg 

cells, possibly potentiated by high levels of cytotoxic T lymphocyte-associated antigen 

4 expression (9) (Figure 2A). Because these FOXP3/GATA3 double-positive cells only 

suppress non-Th2 cytokines they might contribute to the polarization, amplification or both 

of the allergen specific Th2 response in sensitized subjects instead of controlling it. 

Figure 2�. Phenotypic and functional characterization of different cell populations after    ►
culture of PbmCs with der p 1�  
A. and B. Cell surface marker expression (Figure 2A) and cytokine production (Figure 2B) of different 
populations after 7 days culture of PBMCs of HDM-sensitized children (n=4-8). C. Representative dot plot 
showing enrichment of the FOXP3/GATA3 double-positive cell population used in suppression assays.
D. and E. Level of suppression of CD4+ and CD8+ T cell proliferation (Figure 2D) and cytokines (Figure 2E) 
by FOXP3/GATA3 double-positive enriched CD4+ T cells and ex vivo sorted natural Treg cells (nTreg) cultured 
in a 1:8 ratio with CFSE labeled PBMCs. The level of suppression of PBMCs is set to 0 (mean + SEM). DN, 
double negative; DP, double positive; SP, single positive *P< .05 compared with double-negative cells or 
between groups, as indicated.
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SuPPLEmEnTaRy InFORmaTIOn

mETHOdS

Subjects 

For this study children sensitized to Der p 1, Bet v 1 or both and nonsensitized children were 

recruited at the Pulmonology department of the University Medical Center Utrecht, The 

Netherlands. All sensitized children were give a diagnosis of allergic asthma. This diagnosis 

was based on the presence of obstructive lung function reversible with β2 agonists, 

persistent wheezing, specific IgE to 1 or more inhaled allergens together with current 

medication use. Baseline characteristics are shown in table E1. This study was approved 

by the Ethics Committee of the University Medical Center, Utrecht, The Netherlands and all 

participants, their parents or both provided written informed consent.

Cell isolation, culture and sorting

PBMCs were isolated using Ficoll Isopaque density gradient centrifugation (Amersham 

Biosciences, Piscataway, NJ), frozen in FCS containing 10% dimethyl sulfoxide and stored 

in liquid nitrogen or in a -150 ˚C freezer until use. 

For stimulation experiments cells were cultured in the presence of 10µg/mL LoTox Der p 1 

(endotoxin level 0.01 EU/µg), LoTox Bet v 1 (endotoxin level 0.01-0.019 EU/µg) or Fel d 1 

(endotoxin level 0.012 EU/µg; all from INDOOR Biotechnologies). Cells were labeled with 

2μM CFSE (Invitrogen) to measure proliferation according to manufacturer’s instruction. 

Proliferation of CD4+ and CD8+ cells was analyzed by means of flow cytometry by gating 

on CFSElow cells. For cell sorting, cells were surface stained with appropriate antibodies, 

diluted in FACS buffer and sorted using a FACSAria (BD). In the cell-sorting experiments, 

PBMCs of adult Der p 1-sensitized subjects were used to obtain sufficient cells numbers 

for functional assays.

IgE measurement.

Total and specific IgE in serum samples were measured by using the ImmunoCAP method 

with Pharmacia differential atopy test (Phadiatop; Phadia AB, Uppsala, Sweden) to 

determine sensitization to inhaled and food allergens. Specific IgE levels of greater than 

0.35 kU/L were considered positive. The following allergens were tested: HDM, birch, 

timothy grass, mugwort, Aspergillus fumigatus, egg white, cow’s milk, cod, apple, peanut, 

hazelnut, soy, rye, dog and cat.
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Table E1 Baseline Characteristics 

Patients with allergic asthma Healthy control subjects

Male (%) 68 50

Age (yrs) 11.4 (7.0-16.5) 9.0 (8.0-11.8)

Total IgE (μg/mL) 1737 (94-5000) 64 (12-162)

HDM specific IgE (μg/mL) 82 (36.4-100) NA

Birch specific IgE (μg/mL) 22 (0.35-100) NA

Cat specific IgE (μg/mL) 11.2 (0.35-49) NA

Allergic Rhinitis (%) 80 0

Atopic Dermatitis (%) 40 0

Food allergy (%) 25 0

Values are presented as means (ranges) unless otherwise indicated. NA, not applicable
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abSTRaCT 

background: Allergic sensitization is initiated by allergen-specific Th2 cell responses, 

followed by IgE production and allergic disease. Data on early allergen specific T cell 

responses in allergic children are scarce. We hypothesized that allergen specific Th2 cell 

responses can be detected preceding sensitization when using highly purified allergens.

methods: Peripheral blood mononuclear cells (PBMC) of children non-sensitized, “not-

yet” sensitized or sensitized to house dust mite (HDM), birch and/or cat were cultured 

with purified Der p 1, Bet v 1, Fel d 1, tetanus toxoid (TT) and anti-CD3. Cytokine levels 

of IL4, IL5, IL13 and IFNγ in supernatant were determined using multiplex assay. GATA3 

expression in CD4+ T cells was analyzed by flow cytometry. 

Results: PBMC of HDM, birch and/or cat sensitized children at age 3 and 5 years showed 

higher production of IL4, IL5 and IL13 and higher expression of GATA3 in response to 

purified allergens compared to non-sensitized children. Th2 cytokine production and 

GATA3 expression after TT or anti-CD3 stimulation did not differ between sensitized and 

non-sensitized children. PBMC of children that were sensitized at 5, but not yet at age 3 

years already showed higher levels of IL5 and IL13 and higher expression of GATA3 at age 

3 years.

Conclusions: In young children, allergen specific in vitro Th2 responses precede the 

detection of allergen specific IgE. Thereby we might be able to predict development of 

allergic disease even before IgE is detected and provide a window of opportunity to novel 

therapeutic interventions.  
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InTROduCTIOn

Allergy is one of the most common chronic diseases worldwide. The symptoms are caused 

by aberrant Th2 cell responses to non-pathogenic antigens such as pollen, animals or 

house dust mite (1, 2). The role of T cells in allergic disease can be either indirect by driving 

differentiation of eosinophils and production of immunoglobulin E (IgE) or direct through 

release of inflammatory cytokines. The differentiation of Th2 cells is determined by the 

double zinc-finger transcription factor GATA3. This transcription factor in turn is the driving 

force behind the Th2 cytokine production by these cells (3, 4). It is thought that these Th2 

directed responses develop shortly after birth (5). Specific IgE is the hallmark of allergic 

sensitization and production of IgE is mediated by Th2 cells producing cytokines such as 

IL4 and IL13 (6, 7). Thus if specific IgE can be detected, Th2 lymphocytes primed for the 

respective specific allergen should be or have been present, probably even long before 

specific IgE can be detected. Although the concept that Th2 cell polarization by allergens 

precedes B cell programming towards IgE production is not new, data on early allergen 

specific human T cell responses, supporting this concept are scarce. Furthermore, many 

studies have reported on allergen specific T cell responses in both allergic and non-allergic 

individuals, but with conflicting results. Studies have shown that non- allergic individuals 

display allergen-induced production of IL10 (8) or IFNγ (9) when compared to a typical Th2 

response with IL4, IL5 and IL13 production from allergic individuals. There are however 

also studies showing that the quality of the T cell response in allergic individuals is allergen 

and even allergen epitope dependent, varying from typical Th2 cytokine response to Th1 

(IFNγ) and Th17 (IL17) cytokine production (9-11). In the current study we used samples 

of a well defined cohort of early wheezers that were prospectively followed from age 3 

to 6 years to investigate early T cell responses in sensitized, non-sensitized and not-yet 

sensitized children. 

It is important to note that many allergens and allergen extracts used for cell culture contain 

endotoxins, either because they are recombinant proteins produced in E. coli or because 

in purified natural allergen preparations environmental contaminants are present. Moreover, 

allergen extracts contain several different allergens with different intrinsic properties, such 

as house dust mite (HDM) in which the allergen Dermatophagoides pteronyssinus group 1 

(Der p 1) contains protease activity and Dermatophagoides pteronyssinus group 2 (Der p 

2) has a functional mimicry of a Toll like receptor complex (12, 13). These different intrinsic 

properties and contaminants are known to be potent triggers of the innate immune system 

and can modulate adaptive immune responses. This can be of relevance in the induction of 

allergen-specific immune responses in a naïve immune system, but can trouble the study 

of established allergen-specific immune responses in vitro. Therefore in the current study 

we used highly purified allergens.
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In this prospective follow up study we now show that highly purified allergens induce a 

specific Th2 response in peripheral blood mononuclear cells (PBMC) from HDM, birch and 

cat sensitized children at age 3 and 5 years. This allergen specific Th2 response could be 

detected prior to IgE sensitization. 

mETHOdS

Participants and Study design.

The participants described in this paper were 22 preschool children part of a prospective 

cohort study of early wheezers (14). In short participants were included at the age of 3 

years and followed up to at least age 6 years. Every year they were seen at the out patient 

clinic of our hospital for clinical check up. At inclusion and at the 2nd follow up visit 2 years 

later, at a time without apparent respiratory symptoms or infections, total and specific IgE 

were determined from serum and at inclusion a full blood count was performed.

definitions

Sensitized was defined as the presence of specific IgE for HDM and/or birch and/or cat.

Non-sensitized was defined as the absence of specific IgE for HDM and/or birch and/or cat.

“Not-yet” sensitized was defined as the absence of specific IgE for HDM and/or birch and/

or cat at age 3 with the presence of specific IgE for HDM and/or birch and/or cat at age 

5 years.

IgE measurement

To determine sensitization to inhalation and food allergens total and specific IgE in serum 

was measured using the ImmunoCAP® method with Pharmacia differential atopy (Phadiatop®) 

test (Phadia AB, Uppsala, Sweden). Specific IgE > 0.35 kU/L was considered positive. 

Cell isolation and culture

Peripheral Blood mononuclear cells (PBMC) were isolated using Ficoll Isopaque density 

gradient centrifugation (Amersham Biosciences, New Jersey, USA). PBMC were frozen 

in Fetal Calf Serum (FCS) containing 10% DMSO and stored in a -150˚C freezer until use. 

For stimulation experiments cells were cultured in the presence of 10µg/ml LoTox Der p 1 

(endotoxin level 0.01 EU/µg), Bet v 1 (Betula verrucosa group 1; endotoxin level 0.01-0.019 

EU/µg), Fel d 1 (Felis Domesticus 1; endotoxin level 0.012 EU/µg) (Indoor Biotechnologies, 

USA), 1µg/ml plate bound anti-CD3 (clone OKT3 eBioscience, USA)  or 0.5 Lf/ml Tetanus 

Toxoid (TT) (NVI, Bilthoven, The Netherlands). Cells were cultured for a maximum of 7 days. 
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Flow cytometry

Cultured cells were first incubated with surface antibodies. After surface staining cells were 

washed twice in FACS buffer, fixed, permeabilized and stained intracellular for GATA3 using 

the FOXP3 transcription factor staining buffer set (eBioscience, according to manufacturer’s 

instructions).

All mAbs were obtained from Becton Dickinson (San Jose, CA, USA). Stained cells were 

diluted in FACS buffer and run on a FACSCanto (BD). Data analysis was performed using 

FlowJo software (Treestar inc. Oregon, USA).

Cytokine analysis

Cytokine levels were measured in supernatants of PBMC cultures by multiplex assay 

(Luminex), as previously described (15). Measurements and data analysis were performed 

using the Bio-plex system in combination with the Bio-Plex Manager software V.6.0 using 

five parametric curve fitting (Bio-rad Laboratories, Hercules, CA, USA).

Statistical analysis

For baseline characteristics chi-square test was used to compare frequencies. Cytokine 

levels were log transformed before statistical analysis. The independent samples t-test 

or Mann-Whitney U test was used to compare normally distributed and non-parametric 

continuous parameters, respectively for sensitized versus non-sensitized individuals. 

Differences were considered significant at 2-tailed P< 0.05. Statistical analysis was 

performed using GraphPad Prism Version 5.03 (Graphpad Software) and SPSS 19.0 for 

windows (Chicago, IL, USA).

RESuLTS

Patient characteristics

Within our cohort 10 (45%) of the included 22 children were sensitized to HDM, birch and/

or cat at age 3 and by age 5 years 13 (59%) children were sensitized for one or more of 

these allergens. Children who were sensitized for one or multiple allergens at age 3 and/or 

5 years had significantly higher total IgE levels than non-sensitized children (Table 1). There 

was no significant difference in the mean number of eosinophils in the peripheral blood of 

children at age 3 between sensitized and non-sensitized children (Table 1).
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Table 1 Patient Characteristics

non 
sensitized 

3� years 
n = 1�2�

Sensitized 
for Hdm, 

birch and/
or cat at 3� 

years 
n = 1�0

“not yet” 
sensitized 
for Hdm, 

birch and/
or cat 
n = 8

non 
sensitized 

5 years 
n = 9

Sensitized 
for Hdm, 

birch and/
or cat at 
5 years 
n = 1�3�

Total IgE (kU/L) 
mean ± SD

87 ± 107 212 ± 171* 229 ± 174* 80 ± 108 377 ± 480*

Eosinophils 
(x 10^9/L) 
mean ± SD

0.41 ± 0.40 0.63 ± 0.36 0.52 ± 0.36 nd nd

Sensitization to:

-HDM 0 (0) 6 (60) 1 (13)¶ 0 (0) 7 (54)

-Birch 0 (0) 6 (60) 2 (25) ¶ 0 (0) 8 (62)

-Cat 0 (0) 3 (30) 6 (75) ¶ 0 (0) 9 (69)

(number (%))

Specific IgE for:

-HDM na 15 ± 30 7 ± 16 na 18 ± 33

-Birch na 27 ± 42 19 ± 35 na 20 ± 26

-Cat na 7 ± 18 1.2 ± 2.4 na 10 ± 27

mean ± SD (kU/L)

HDM = house dust mite; nd = not determined; SD = standard deviation; na = not applicable;  
* P = < 0.05 compared to non-sensitized; ¶ sensitized at 5 years but not at 3 years.

allergen-specific Th2� response at age 3� and 5 years

PBMC of both 3 and 5 year old children sensitized to HDM, birch and/or cat cultured 

with Der p 1, Bet v 1 or Fel d 1 showed significantly higher levels of IL5 and IL13 in the 

supernatant compared to non-sensitized children (Figure 1A). The level of IL5 and IL13 

after stimulation in the non-sensitized children did not differ between the age of 3 and 5 

years, therefore data of 3 and 5 year old non-sensitized children were combined (Figure 

1 and 2). IFNγ levels were low in all culture supernatants and did not significantly differ 

between sensitized and non-sensitized children (Figure 1A). IL4 and IL9 levels showed a 

similar trend as IL5 and IL13 at both time points, however levels were low (data not shown). 

Cytokine levels for IL10, IL6 and TNFα showed no significant differences between sensi-

tized and non-sensitized children (data not shown). For all three allergens the allergen spe-

cific Th2 response was increased in children sensitized for the respective allergen (Figure 

1B). 
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Figure 1�. allergen sensitized children show specific Th2� cytokine response at age 3� and 5 years 
A. IL 5, IL13 and IFNγ levels in the supernatant of PBMC from HDM (n = 7 at 3 years, n = 8 at 5 years), 
birch (n = 6 at 3 years, n = 8 at 5 years) and/or cat (n= 3 at 3 years, n = 9 at 5 years) sensitized (data for all 
allergens combined at 3 years: grey bars; data for all allergens combined at 5 years; black bars) and non-
sensitized (white bars; combined data from n = 14 at 3 years and n = 11 at 5 years) children after culture 
with Der p 1, Bet v 1 and Fel d 1. B. IL5 and IL13 level in supernatant according to stimulating allergen.
C. GATA3 expression in CD4+ T cells ex vivo (left) and after culture (right). Data shown are mean + SEM. * P 
< 0.05 compared to non-sensitized. bd = below detection.
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Interestingly, in general, the mean levels of allergen induced IL5 and IL13 were higher in 

samples from age 3 than from age 5 years (Figure 1A,B). In particular the response to 

Bet v 1 and Fel d 1 was higher at age 3 years (Figure 1B). This difference was not mirrored 

by specific IgE levels since the number of children that had detectable IgE levels at age 3 

years was lower, but the height of specific IgE level for HDM, birch and cat was comparable 

to the level at age 5 years (Table 1).

In addition to the cytokine responses, we studied the expression of the Th2 related 

transcription factor GATA3 within the total CD4+ T cell population ex vivo and after culture 

with the specific allergens. CD4+ T cells of sensitized children at age 3 and 5 years showed 

significantly higher expression of GATA3 compared to non-sensitized children after culture 

(Figure 1C right). There was no difference in ex vivo GATA3 expression as such (Figure 1C 

left), confirming the Th2 skewing induced by allergen restimulation in sensitized children.

Sensitized children do not show general Th2� skewing

In order to find out whether the sensitized children are prone to develop an overall Th2 

skewed response upon stimulation, we stimulated PBMC with TT or anti-CD3. This did not 

result in higher IL5 or IL13 levels in the sensitized compared to the non-sensitized children 

and all children were capable of mounting an IFNγ response (Figure 2A). In addition, there 

was no difference in GATA3 expression within the CD4+ T cell population when PBMC 

were stimulated with TT or anti-CD3 (Figure 2B). 

allergen-specific Th2� cytokine response precedes IgE sensitization

To establish whether allergen-induced Th2 cytokines can be detected before IgE 

sensitization we investigated whether children that were IgE sensitized to HDM, birch or 

cat at 5, but “not-yet” at age 3 years, already displayed an allergen-specific Th2 cytokine 

response at age 3 years. PBMC of “not-yet” sensitized, sensitized and non-sensitized 

3 year old children were stimulated with Der p 1, Bet v 1 and Fel d 1. 

In samples of the “not-yet” sensitized children significantly increased IL5 and IL13 levels 

were found compared to non-sensitized children using PBMC cultures with the specific 

allergens (Figure 3A). The Th2 cytokine levels of the “not-yet” sensitized children were 

comparable to levels found in samples of sensitized children. There was only one child 

“not-yet” sensitized to HDM at age 3 years, however for children “not-yet” sensitized to 

birch and cat we observed the same trend for IL5 and IL13 after culture with Bet v 1 and Fel 

d 1 respectively (Figure 3B). In addition, GATA3 expression in CD4+ T cells was also higher 

in the allergen-stimulated cultures of children at age 3 years that were “not-yet” sensitized 

compared to non-sensitized children (Figure 3C).
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Figure 2�. Sensitized children do not show general Th2� skewing 
A. Levels of IL5, IL13 and IFNγ in supernatants of PBMC from HDM, birch and/or cat sensitized (at 3 years: 
grey bars (n = 12); at 5 years (n = 13); black bars) and non-sensitized (n = 15 data 3 and 5 years combined) 
(white bars) children cultured with TT or anti-CD3. B. GATA3 expression in CD4+ T cells after culture with TT 
or anti-CD3 determined by flow cytometry.
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◄  Figure 3�. Th2� cytokines precede IgE
PBMC from children age 3 years sensitized for HDM (n= 6), birch (n=5) and/or cat (n=3) at both 3 and 5 years, 
at 5 years only (n = 1, 2 and 6 for HDM, birch and cat respectively) or non-sensitized (n = 12, 12 and 10 
respectively) cultured with Der p 1, Bet v 1 or Fel d 1. A. Supernatant IL5 and IL13, data for all allergens combined.
B. Supernatant IL5 and IL13 after Bet v 1 (left) and Fel d 1 (right) stimulation. C. GATA3 expression in CD4+ T 
cells determined by flow cytometry, data for all allergens combined. Data shown are mean + SEM. * P<0.05.

dISCuSSIOn 

This study shows that PBMC from HDM, birch and/or cat sensitized children show an in 

vitro Th2-type response when stimulated with highly purified major allergens Der p 1, Bet v 

1 and/or Fel d 1. Interestingly, this Th2 T cell response can already be detected before IgE 

sensitization to a specific allergen is present.

PBMC from sensitized children respond to allergens with the production of Th2 cytokines 

IL5 and IL13. These data are supported by significant upregulation of GATA3 expression 

in the CD4+ T cell population of these children after stimulation with allergen compared to 

non-sensitized children and compared to unstimulated cells. GATA3 has been shown to 

promote the Th2 response through induction of Th2 cytokines IL4, IL5 and IL13 and on the 

other hand inhibition of Th1 differentiation (16). The non-sensitized children did not show 

an allergen-specific response in contrast to the IFNγ or IL10 prone response to allergens 

reported in other studies (8, 9, 17). It’s important to realize that our study subjects were 

all young children with a developing immune system, which may explain the absence of 

allergen-specific T cell responses in non-sensitized subjects. 

Importantly, the allergen induced Th2 response in the PBMC from sensitized children was 

not due to a general tendency to generate a Th2 skewed response, since the production of 

IL5 and IL13 in response to TT and anti-CD3 was similar in both PBMC from sensitized and 

non-sensitized children. Moreover, in contrast to the study of Tulic (18), but in agreement 

with the study by Weber-Chrysochoou (19), the PBMC from sensitized children were able 

to generate a normal IFNγ response. This implicates that the underlying mechanism in 

our population is an allergen-specific signal directly driving Th2 skewing of the antigen-

presenting cells and/or T cells and not via a diminished Th1 response. Importantly, we were 

able to demonstrate this in a system with individual allergens independent of contaminants, 

such as endotoxins in extracts or recombinant allergens (20, 21). In addition, we examined 

the response to a single allergenic protein, independently of other allergenic molecules that 

do possess potent intrinsic innate immunity signals such as HDM and peanut (12, 13, 22). 

It is clear that in the era of component-resolved diagnostics in allergy (23) also studies of T 

cell activation by individual allergenic proteins are important. 

Although not significant, the mean levels of allergen induced IL5 and IL13 were higher in 

samples from sensitized children at age 3 than at age 5 years. It is known that at birth the 
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immune system is skewed towards Th2 (5, 24, 25) and gradually this skewing diminishes 

(24). It is plausible that this explains the trend towards higher Th2 responses at age 3 

compared to 5 years. It has been previously shown that cord blood mononuclear cells 

from children that develop allergic disease have increased induction of IL5 and GATA3 (26). 

Moreover in our study PBMC from children at age 3 years that were sensitized only at age 

5 years already showed increased GATA3 expression in the CD4+ T cells and Th2 cytokine 

production, indicating that allergen specific Th2 responses are primed in early life. And 

although the number of individual patients sensitized to one specific allergen was low, the 

total number of allergen sensitized children was sufficient to clearly establish early allergen 

specific Th2 responses in vitro. 

In conclusion, we are the first to show that PBMC from young children show allergen 

specific Th2 responses that precede the detection of allergen specific IgE. Allergic disease 

often develops several years after initial detection of specific IgE, but when specific IgE 

is detected in early life, this predicts the development of clinical symptoms later in life 

(27). The allergen specific in vitro Th2 response might therefore be able to predict the 

development of allergic disease even before IgE is detected and might provide a window 

of opportunity for novel therapeutic interventions. 
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abSTRaCT

One of the main allergenic proteins involved in allergic asthma is Dermatophagoides 

pteronyssinus group 1 (Der p 1) from house dust mite (HDM). The proteolytic capacity of 

this protein is thought to be involved in disease pathogenesis. Anaphylatoxins C3a and C5a 

have also been described to influence asthma pathogenesis. Here we studied the effect 

of Der p 1 on complement components C3 and C5 and the role of these anaphylatoxins 

in allergic asthma. Using SDS-PAGE analyses we found that Der p 1 cleaved complement 

proteins C3 and C5. This results in formation of functionally active C3a and C5a. Plasma 

analyses of pediatric allergic asthma patients showed that C5a levels in patients were 

higher than in healthy children (defined as having no history of allergy or asthma). In sharp 

contrast, the C5a receptor (C5aR) expression was lower in conventional dendritic cells 

(cDCs) and monocytes from allergic asthma patients compared to healthy children. No 

differences were found in C3a levels or C3aR expression. This could indicate that although 

C5a is generated in both healthy and allergic asthmatic individuals, the protective effect 

of C5aR signaling was less in allergic asthma or that C5a exerts a pro-inflammatory effect 

during disease progression. Studies investigating complement regulation in children at risk 

for allergic asthma might help to unravel the role of anaphylatoxins in the development of 

allergic asthma.

5



71

Complement and allergic asthma

InTROduCTIOn

Allergic asthma is a common chronic disease with increasing incidence worldwide. 

Symptoms are caused by aberrant Th2 cell responses to inhaled non-pathogenic 

environmental antigens (1, 2). One of the main indoor allergens involved is house dust mite 

(HDM) of which Dermatophagoides pteronyssinus group 1 (Der p 1) is one of the most 

clinically relevant allergenic proteins. Der p 1 belongs to the papain-like cysteine protease 

family and its enzymatic activity has been suggested to be involved in the pathogenesis 

of allergy (3, 4). Previously it was reported that Der f 3 (Dermatophagoides farinae group 

3), another allergen of HDM, can directly cleave complement components three and five 

(C3 and C5), generating anaphylatoxins C3a and C5a (5). Although Der p 1 is not a serine 

protease, its cysteine protease activity may exert a similar effect on C3 and C5 as Der f 3 (6).

The complement system is a group of plasma proteins that play a key role in defense against 

microbial infections. Complement can be activated via three separate pathways: the classical, 

lectin and alternative pathway (7). C3 is the central molecule in complement activation, since 

its cleavage by C3 convertases generates C3a and C3b. The latter becomes part of the 

C5 convertases, which cleave C5 into C5a and C5b. C3a and C5a are pro-inflammatory 

anaphylatoxins (ATs) that mediate the recruitment and activation of immune cells via binding to 

the C3a and C5a receptors (C3aR/C5aR) (8). These G-protein coupled receptors (GPCRs) are 

found on various innate and adaptive immune cells. The biological response following C3aR 

and C5aR signaling can differ between various cell types. One of the cell types expressing 

receptors for these anaphylatoxins is the dendritic cell (DC). Activation of C3aR and C5aR 

on DCs is thought to be associated with Th1 or Th2 polarization through modulation of IL-

12 production (9). Several murine studies indicate a role for C3a and/or C3aR in promoting 

airway hyperresponsiveness and Th2 responses in allergic disease (10-12). In these studies, 

it was demonstrated that low levels of C3a or C3aR expression (using C3aR antagonists or 

C3aR knock-out mice) results in decreased airway hyperresponsiveness and eosinophilia. In 

contrast, high levels of C5a or C5aR signaling are protective for development of Th2 responses 

(13-15) in mice. Interestingly, ATs are generated at low levels in the lungs of healthy individuals 

while high concentrations are found in the inflamed environment of asthmatics (16). However 

studies exploring the role of these anaphylatoxins and/or their receptor expression in human 

allergic asthma mainly demonstrate indirect evidence for involvement in disease pathogenesis. 

For example AT receptor expression on human epithelial cells has been demonstrated (17) 

and ATs have been shown to induce the production of cysteinyl leukotrienes by human lung 

cells (18). In the latter study only C5a, and not C3a, resulted in an increased production 

of cysteinyl leukotrienes. Only one study investigates the C3a levels in plasma and shows 

increased levels in severe adult asthmatics (19). Although the results from human and murine 

studies are not fully consistent it seems evident that ATs play a role in asthma pathogenesis. 

The role of Der p 1 and ATs in human allergic asthma however has not been explored. 
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The aim of this study was to investigate the effect of Der p 1 on complement components 

C3 and C5 and the possible role of ATs in allergic asthma. This study showed that Der p 

1 cleaves C3 and C5 into active anaphylatoxins C3a and C5a. Plasma levels of C5a were 

higher and C5aR expression on DCs and monocytes was lower in allergic asthma patients 

compared to healthy individuals, emphasizing the complexity of complement regulation both 

in men and mice.

mETHOdS 

Subjects

For this study we included children with a history of allergic asthma as well as healthy 

children (defined as having no history of allergy or asthma) between the age of 6 and 18 

years. All patients with allergic asthma used inhaled corticosteroids for at least one year 

and were sensitized to one or more inhalant allergens. The healthy control subjects had no 

history of allergy or wheeze and no sensitizations to any allergen. All allergic asthma patients 

were followed up at the department of pediatric pulmonology of the University Medical 

Center Utrecht, the Netherlands. This study was approved by the Ethics Committee of 

the University Medical Center, Utrecht, The Netherlands and all participants and/or their 

parents gave written informed consent.

Reagents

Recombinant human C3a and C5a were obtained commercially from R&D and Sigma-

Aldrich respectively. Human C3 was purified from human plasma as described before 

(20), C5 was bought commercially from Calbiochem. Der p 1 was obtained from Indoor 

Biotechnologies and was highly purified with an endotoxin concentration of 0.01 EU/μg.

Cell isolation

Peripheral Blood mononuclear cells (PBMC) were isolated using Ficoll Isopaque density 

gradient centrifugation (Amersham Biosciences, New Jersey, USA). PBMC were frozen 

in fetal calf serum (FCS) containing 10% DMSO and stored in liquid nitrogen or in a 

-150˚C freezer until use. Before use, cells were thawed and washed twice in RPMI 1640 

supplemented with 2mM L-glutamine, 100U/ml penicillin-streptomycin (Gibco BRL, 

Gaithersburg, MD) and 2% (volume/volume) FCS to remove DMSO.

Monocyte isolation was performed using CD14 microbeads (Milteny Biotec, Germany) 

according to manufacturers’ instructions. A purity of over 97% was achieved.
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Flow Cytometry

For phenotyping PBMC were washed twice in FACS buffer (PBS containing 2% volume/

volume FCS and 0.1% sodium azide) and blocked in 25 μl 20% mouse serum (5 min at 

4˚C). Subsequently 25 μl FACS buffer was added containing up to 6 appropriately diluted 

FITC, PE, PERCP, PERCP-CY5.5, PE-Cy7, APC, Pacific Blue or eFluor 450 labeled mAbs 

against human antigens. CD11c, CD123, HLA-DR, CD20, CD3, CD16, CD56, CD14 

and CD4 antibodies were all purchased from BD (USA), C3aR and C5aR antibody were 

purchased from AbD serotec (UK).

ELISa

C5a ELISA was performed using R&D human complement component C5a Duo kit. In 

brief a nunc maxisorp plate was coated with 50 μl /well of C5a capture antibody at 1 μg/

ml overnight at room temperature. Wells were blocked with 30% FCS in PBS as buffer for 

at least 1 hr. Samples were diluted in 30% PBS-FCS incubated for 2 hr. After washing, 

wells were incubated with the detection antibody at 2 μg/ml for 2 hrs and subsequently 

with Steptavidin-HRP in 1% BSA/PBS. Plates were developed using a TMB substrate and 

absorption was read at 450nm. 

C3a ELISA was performed using BD Opteia kit according to manufacturer’s instructions.

Calcium mobilization assay with Fluo-3� labeled cells

Neutrophils (5 x 106 cells/ml) were loaded with 2 µM Fluo-3-AM. The cells are incubated 

for 20 minutes at room temperature under agitation in the dark. After washing, cells were 

resuspended in RPMI/HSA at 5x106 cells/ml. To determine calcium mobilization, cells 

were measured on the FACS Calibur (BD, USA) first 10 seconds without stimulus and 

subsequently with the different stimuli (C3, C5, Der p 1, C3 + Der p 1, C5 + Der p 1). Fluo-3 

AM is retained intracellular and increases in fluorescence upon calcium binding.

SdS-PaGE and silver staining

Purified C3 and C5 (100 µg/ml) were incubated with 80 µg/ml highly purified Der p 1 at 

37°C for up to 6 hrs, The reaction was stopped by adding reducing SDS sample buffer 

and samples were analyzed on 10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis) gels. Gels were fixed using ethanol with acetic acid followed by ethanol 

with sodium acetate, sodium thiosulphate and glutaraldehyde and rinsed 3 times in distilled 

water. Subsequently gels were stained with 0.1% silver nitrate, rinsed with distilled water 

and developed using 2.5% sodium carbonate. Developing reaction was stopped using 

1.5% EDTA. 
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RESuLTS

der p 1� cleaves C3� and C5

To study whether Der p 1 can cleave C3 and C5, we incubated 80 μg/ml Der p 1 with 

100 μg/ml C3 or C5 at 37°C for a maximum of 6 hrs. Incubation of C3 and C5 with 

Der p 1 showed immediate and ongoing cleavage over time. Cleavage of C5 resulted in 

several protein fragments including one with a similar molecular weight as C5a (14 kDa) 

(Figure 1A arrow). Cleavage of C3 also resulted in several protein fragments, however no 

low molecular weight band was detected. To establish whether active C3a and C5a were 

generated, we performed a calcium mobilization assay by adding C3 or C5 incubated with 

Der p 1 to purified and Fluo-3 labeled neutrophils. Upon activation of GPCRs, intracellular 

calcium is released which causes the increased fluorescence of Fluo-3. We observed that 

incubation of C3 or C5 with Der p 1 resulted in a significant increase in calcium flux (Figure 

1B) indicating that functionally active C3a and C5a are generated. For Der p 1 cleavage of 

C5, we performed a time-course experiment and found that C5a is already formed after a 

few seconds of incubation (data not shown).
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Figure 1�a. der p 1� cleaves complement C3� and C5 
SDS-PAGE analysis of C5 cleavage by Der p 1. Incubation of C5 with Der p 1 at 37°C cleaves C5 generating 
a protein fragment running at the predicted size of anaphylatoxin C5a (arrow). Lanes 1 to 6 show time points 
t=0, 0.5, 1, 2, 4 and 6 hours, lanes 7 to 12 show control incubations of C5 with PBS clearly showing the 
alpha and beta chain of C5.
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Figure 1�b der p 1� cleaves complement C3� and C5 
Cleavage products of C3 and C5 incubated for 6 hours with Der p 1 induce calcium mobilization in neutrophils. 
FACS plots showing increase in fluorescence of Fluo-3 labeled neutrophils after addition of cleavage products 
of C3 and C5. 
Der p 1 = Dermatophagoides pteronyssinus group 1; PBS = phosphate buffered saline; FACS = fluorescence 
activated cell sorting.

Higher C5a levels in allergic asthma

In order to study whether differences in AT levels play a role in human allergic asthma we 

measured the C3a and C5a levels in plasma of pediatric allergic asthma patients using 

ELISA. As a control, we included plasma of healthy (non allergic) children. There was no 

difference in C3a levels between these groups (Figure 2 left). However C5a levels were 

significantly higher in patients with allergic asthma compared to healthy controls (Figure 2 

right).
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Figure 2�. anaphylatoxin levels in allergic asthma
C3a and C5a levels in plasma of pediatric allergic asthma patients and healthy (non-allergic) children 
determined by ELISA. 

Lower C5aR expression on cdC and monocytes of allergic asthma patients

Since C3aR and C5aR signaling has been associated with APC polarization we compared 

the expression levels of these receptors on DC subsets and monocytes from allergic asthma 

patients with healthy individuals. Interestingly the relative percentage of plasmacytoid DCs 

(pDCs) compared to conventional DCs (cDCs) was higher in allergic asthma patients 

than healthy individuals (Figure 3A). There was a trend towards lower C5aR expression 

in cDCs and CD14+ monocytes of allergic asthma patients (Figure 3B,C), but there 

was no difference in C5a expression on pDCs. Furthermore, we found no difference in 

C3aR expression between allergic asthmatics and healthy individuals in cDCs, pDCs and 

monocytes (Figure 3B,C).
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Figure 3�a. C3�aR and C5aR expression on dendritic cells and monocytes
PBMC from pediatric allergic asthma patients and healthy children were analyzed by flow cytometry for expression 
of C3aR and C5aR on pDC, cDC and monocytes. A. Ex vivo percentage of pDC (CD123+CD11c-, lin-) and cDC 
(CD11c+CD123-, lin-) within the DC population. 
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Figure 3�b - C. C3�aR and C5aR expression on dendritic cells and monocytes
B. Expression of C3aR and C5aR on pDC and cDC populations ex vivo from pediatric allergic asthma patients 
and healthy controls. C. Expression of C3aR and C5aR on CD14+ monocytes. HC = healthy control; AA = 
allergic asthma.

discussion

We here show that Der p 1 can cleave C3 and C5 to generate functionally active C3a and 

C5a. Moreover we found a trend of lower C5aR expression on DCs and monocytes of 

allergic asthma patients.

Several allergens from HDM have been shown to contain protease activity (6, 21) and for 

Der f 3 it was shown that this leads to formation of ATs after incubation with complement 

proteins C3 and C5 (5). Although Der p 1 has cysteine protease activity in contrast to serine 

protease activity of Der f 3, also Der p 1 generates anaphylatoxins C3a and C5a. C3a was 

not detected on SDS-PAGE however, possibly due to its low molecular weight (estimated 

at 9 kDa). More important, we observed that Der p 1 generates functionally active C3a 
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and C5a that can activate their receptors and thereby have pro-inflammatory effects on 

the immune system. This would however occur in both asthmatics and healthy controls. 

Differences in circulating AT levels or AT receptor expression patterns may account for 

possible differential effects between these groups. The only clinical study that has been 

published on circulating AT levels showed increased C3a plasma levels in severe asthmatics 

(17). We found no difference in C3a levels between allergic asthma patients and healthy 

controls. This may be explained by the fact that all allergic asthma patients included in this 

study used inhalation corticosteroids and we cannot exclude the possibility that this has 

an effect on C3a and C5a levels, although the corticosteroids were not given systemically. 

Additionally in contrast to the study by Nakano and colleagues (17) our study population 

comprised only pediatric individuals. Moreover we did find higher levels of C5a in plasma 

of the allergic asthma patients, which is in contrast to the concept of a protective effect 

for C5a (13-15). There are however hypotheses suggesting that C5a is protective during 

disease initiation, ie sensitization but is pro-inflammatory during disease progression (22). 

In addition, possible differences in circulating levels of carboxypeptidases that inactivate 

these ATs may affect C3a and C5a functionality (23). 

Interestingly the relative percentage of pDCs compared to cDCs was higher in allergic 

asthma patients than healthy individuals, which is in agreement with previous publications 

(24) showing a relative polarization of DCs towards pDCs. Since pDCs preferentially 

differentiate naïve T cells towards a Th2 phenotype this polarization might be involved in 

the Th2 dominant phenotype in allergic asthma.

For C5aR expression we saw a trend towards a lower expression in cDC of allergic asthma 

patients, which is in agreement with murine data reporting a protective role of C5a signaling 

in the development of asthma (13). Together with the lower percentage of cDC in allergic 

asthma patients this would relatively enhance the effect of a low C5aR expression in cDC in 

these patients. It is however hard to predict the effect of this expression in vivo, especially 

since we found increased levels of C5a in the plasma of allergic asthma patients. 

In summary, our study only marginally substantiates the data from murine models, that show 

a strong relation between the expression of C3aR and asthma (10, 25). Disease pathogenesis 

however might differ between mice and men. Additionally we studied established patients 

with clear cut allergic asthma all using inhalation corticosteroids, while murine models study 

induction of disease. In conclusion, we demonstrate that Der p 1 can generate anaphylatoxins 

C3a and C5a from C3 and C5 respectively and C5aR expression is lower in cDC from allergic 

asthma patients. This might indicate that although C5a is generated in both healthy and 

allergic asthmatic individuals, the protective effect of C5aR signaling is less in allergic asthma 

or that C5a exerts a pro-inflammatory effect during disease progression. Studies investigating 

complement regulation in children at risk for allergic asthma like early wheezers might help to 

unravel the role of anaphylatoxins in the development of allergic asthma. 
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abSTRaCT
Childhood asthma is often preceded by early childhood wheezing and many studies 

have tried to predict asthma development in children with preschool wheeze, using 

clinical parameters. Asthma is very heterogeneous and phenotypes can change over 

time, leading to a lack of stable clinical parameters that can be used for prediction of the 

clinical course. Biomarkers have been defined as objectively measured characteristics that 

can be evaluated as indicators of normal biological responses, pathogenic processes or 

pharmacologic responses to a therapeutic intervention. They may provide objective tools 

to establish asthma diagnosis and monitor therapeutic effect. A good biomarker should be 

readily available in clinical practice, easy to measure and preferably obtained non-invasively. 

Numerous studies have evaluated the value of biomarkers for asthma diagnosis using 

samples from the different body compartments such as sputum, broncho-alveolar lavage 

(BAL) and serum. These studies show promising results for Th2 chemokines CCL11, CCL17, 

CCL22 and leukotrienes as biomarker for asthma. Only few studies however evaluate the 

value of these biomarkers for prediction of asthma. More recently technical developments 

in biomarker research, such as metabolomics and the extraction of extra cellular vesicles 

(EVs) have led to the discovery of many novel molecules or markers possibly related to 

the pathophysiology of asthma. In conclusion, although a broad spectrum of biomarkers 

related to asthma diagnosis has been identified, the usefulness of these biomarkers in the 

prediction of asthma still needs to be established.
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InTROduCTIOn

Asthma is still considered to be a major health concern. Both children and adults are 

affected by asthma. It is estimated that worldwide as many as 300 million people of 

all ethnic backgrounds and ages suffer from asthma (1). In most patients with asthma 

the definite diagnosis is preceded by early childhood wheezing. Wheeze is a common 

respiratory symptom in preschool children. Around 33% of all newborns suffer at least 

one period of wheezing before the age of 3 years (2). However, most children with early 

childhood wheezing (up to 70%) do not continue to wheeze beyond early school age 

(3), the so-called transient wheezers. These children are thought to wheeze because 

of small airways (e.g. because of prematurity/dysmaturity, prenatal smoke exposure 

and/or male sex) and/or bronchial hyperresponsiveness during (most often viral) airway 

infections and are considered non-asthmatics. Children who show persistent wheezing 

are considered asthmatics especially when there are other markers of asthma present 

such as recurrent wheeze, reversible airway obstruction, atopic disease and/or a positive 

family history for atopy. For these children, the so-called true asthmatics, an early start of 

appropriate treatment is important since this might improve prognosis (4). Also unnecessary 

prescription of asthma drugs, with possible side effects and impact on quality of life, to 

transient wheezers can be prevented when we can differentiate these two groups during 

early childhood. 

A large number of studies have investigated whether it is possible to predict the development 

of asthma in early life using clinical parameters including wheezing phenotypes. These 

phenotypes however are often established retrospectively and therefore not useful in 

predicting which children will develop asthma (2, 5, 6). Also wheezing patterns are not 

stable; children can show different phenotypes at different ages (7, 8).

There is an increasing number of studies evaluating biomarkers from biological materials, 

such as plasma, serum or exhaled breath condensate in asthma diagnosis and prediction. 

Discovery of predictive biomarkers would substantially contribute to early identification of 

children with asthma and therefore improve follow up and treatment. The purpose of this 

review is to give an overview of what is known about early prediction of asthma using 

clinical parameters and where we stand in the use of biomarkers for asthma diagnosis, 

but foremost for asthma prediction. Therefore we will review studies that have identified 

biomarkers, related to the pathophysiology of asthma, in different biological materials and 

focus on biomarkers such as cytokines that show potential for prediction.

CLaSSIFICaTIOnS and SubTyPES OF wHEEzE and aSTHma

The differentiation between transient wheeze and asthma is one of the biggest challenges 

in pediatric daily practice. Over the years many researchers have tried to identify children 
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with wheeze in early life that will have asthma at school age. However both wheeze and 

asthma are very heterogeneous conditions. The lack of easily applicable lung function 

measurement methods in early life further complicates the diagnostic evaluation process. 

Therefore many studies have tried to define different wheezing phenotypes to distinguish 

the different groups. 

Based on epidemiologic studies children have been classified with early onset wheeze, 

intermediate onset wheeze, severe intermittent wheeze, transient wheeze, persistent 

wheeze and late onset wheeze (2, 9-11). These phenotypes however appeared to be not 

useful in clinical practice for prediction of asthma, since they are based on longitudinal data 

and not on clinical differences. In 2008 Brand et al. (7) introduced a classification system 

for early wheezers aimed to differentiate children in early life at risk for asthma from those 

that will overcome wheezing. They proposed two phenotypes: Episodic Viral Wheezers 

(EVW) and Multi Trigger Wheezers (MTW), whereby the first group included children with 

discrete episodes of wheezing, often associated with viral respiratory tract infections, 

whereas the MTW also had symptoms between episodes with exacerbations. It was 

thought that the symptoms of EVW would decrease over time, whereas the MTW would 

have sustained symptoms in response to both viral infections as well as environmental and 

non-specific triggers such as allergens, smoke and exercise (12). Follow up studies have 

however not been able to confirm the predictive value of these phenotypes, as EVW and 

MTW phenotypes appear to be able to change over time (8). Thus based on wheezing 

phenotypes it is difficult to predict the development of asthma. 

As a complicating factor, prospective studies investigating risk factors for the development 

of asthma appear very heterogeneous when it comes to the definition of asthma. 

Definitions range from reported persistent wheeze with or without necessity of inhalation 

corticosteroids, to doctor diagnosed persistent wheeze with or without atopy or asthma 

according to NHLBI guidelines including reversibility of obstructive lung function (13). 

These rather large differences between studies need to be considered when interpreting 

data from prospective follow up studies into the development of asthma. Important to note 

is that in studies often parent reported wheeze or shortness of breath is used, however 

it has been shown that parent reports are more frequent compared to physician reported 

wheeze or shortness of breath (14).
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Table 1  Overview of different asthma classifications 

Classification definition Reference

Atopic vs non-atopic asthma 

Extrinsic vs intrinsic asthma

Presence or absence of clinical 
symptoms on aeroallergen exposure 
and allergen-specific antibodies

15-17

Mild to moderate vs severe asthma Based on amount of therapy required 
for control

19, 20

Difficult to treat asthma 
(often part of severe asthma definition)

Daily symptoms, nocturnal awakenings, 
FEV1< 60% predicted, PEF variability 
>30% despite high dose inhalation 
corticosteroids

21, 22

Adult onset asthma
Start of symptoms >18 years of 
age, often non-atopic, however 
heterogeneous disease entity

24

Occupational asthma
Asthma symptoms as a result of 
exposure to irritants in the workplace

23

FEV1 = forced expiratory volume in 1 second; PEF = peak expiratory flow

In addition the definition or classification of asthma subtypes differs between studies (Table 

1). First of all subjects can be differentiated in atopic and non atopic asthma (15-17), of 

which the first is most prevalent especially in children (18). Next there is differentiation 

in severity of asthma phenotypes. We can distinguish mild to moderate from severe 

asthma (19, 20) and within the severe asthma population often difficult to treat asthma 

is defined as a separate entity (21, 22). These phenotypes are however mainly used in 

studies investigating established disease and treatment strategies. Furthermore there 

is occupational asthma (23) and adult onset asthma (24), which seem to be completely 

different entities and are not further discussed in this review.

CLInICaL RISK FaCTORS and PREdICTIOn 

In efforts to predict the development of asthma many studies have identified risk factors for 

asthma. Studies in both general population and high risk populations have found family history 

of atopy, atopic dermatitis, early life sensitization to food or aeroallergens, low gestational 

age and absence of breast feeding to be associated with higher risk for asthma in later life 

(6, 25-27). In addition family and twin studies have identified genetic components that are 

related to the development of asthma (28-30), however genome-wide association studies 

have stressed that asthma phenotypes can originate from diverse genetic pathways. Some 

of these pathways are not specific for a wheezing phenotype but are shared with conditions 

like atopy and bronchial hyperresponsiveness (BHR) (31). Moreover multiple polymorphisms 

in immune related genes have been identified to be associated to asthma (32, 33).
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However there is not a one on one relationship between these polymorphisms and wheeze 

related to asthma. Ultimately pulmonary function testing, i.e. spirometry and/or metacholine 

challenge, can help in evaluating wheezing children, this is however technically challenging 

and often not possible before the age of 5. In young children interrupter resistance (Rint) 

can be easily measured and has previously been proposed to correlate with asthma (34). 

Recently however a prospective study showed that interrupter resistance at age 4 years 

could not predict asthma symptoms at age 8 years (35-37). 

In daily practice clinicians will have access to some or many of these clinical parameters 

and would like to provide parents with a prognosis of their child’s wheezing symptoms. 

Therefore prediction rules or models have been developed to predict whether wheezing 

children will develop asthma (Table 2). These prediction rules and models have been 

created using risk factors for the development of asthma identified in epidemiological 

studies such as described above. There are however only few studies that have been 

externally validated, generating similar results as the initial cohort (38, 39).  

The first predictive index for asthma was created using longitudinal data from the Tucson 

Children’s Respiratory Study (38). They developed two asthma predictive indices (API). A 

stringent and a loose index, both including one major criterion (parental history asthma 

or eczema) or two of three minor criteria (eosinophilia, wheezing without colds or allergic 

rhinitis) combined with parental report of frequent wheezing or any wheezing during the 

first 3 years respectively. A positive stringent index resulted in a 5 to 10 times increased risk 

for asthma compared to children with a negative stringent index, of whom over 95% never 

had active asthma between ages 6 and 13 years. The API has been validated recently in 

the Leicester population-based birth cohort (40). 

Caudri and colleagues (41) constructed a clinical asthma prediction score based on 8 

readily available clinical parameters using data from the Prevalence and Incidence of 

Asthma and Mite Allergy (PIAMA) birth cohort that followed children from birth up to age 8 

years. This was a large cohort and they included children with reports of wheezing or dry 

cough at night and performed internal validation through bootstrapping. However, although 

the negative predictive value was high, the positive predictive value and the sensitivity of 

the score were poor. 

Using data from the Isle of Wright birth cohort Kurukulaaratchy and colleagues (39) 

developed the cumulative risk score using asthmatic family history, recurrent chest 

infections at 2 yrs, atopic skin prick test (SPT) at 4 yrs and absence of nasal symptoms at 1 

year of age as predictive factors. Even though Matricardi and colleagues (42) corroborated 

this risk score using data from the Multi-centre Allergy Study (MAS) birth cohort study, they 

stressed that given the heterogeneity in wheezing a single algorithm will not be able to 

predict the development of asthma with enough confidence.
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Most prediction models developed so far have mainly been shown to have high negative 

predictive values identifying children at low risk, but unable to correctly identify children 

at high risk for asthma (43). Furthermore the differences in design and analysis need 

consideration, some models can be used in the general population whereas others are 

restricted to children with wheezing symptoms early in life. The latter also makes clinical 

applicability far from practical (44). Nevertheless efforts are made to adjust and validate 

these prediction rules in even larger cohort studies like Generation R (45). 

bIOmaRKERS aS ObjECTIVE mEaSuRES 

Several of the clinical parameters used in prediction models are subjective measures based 

on parental reports. Also more objective measures can be subject to applicability problems, 

validity issues, repeatability problems (e.g. inter and intra-test variability like interrupter 

resistance) or inter-observer variability. This might further impair the success of these 

prediction models. Not only in prediction but also for asthma diagnosis and therapeutic 

management this creates difficulties, since these parameters are also part of international 

guidelines and standards for classification and treatment of asthma (13). Therefore studies 

have been focusing on establishing objective and practical measures to facilitate the 

diagnosis and management of asthma, the so called biological markers or biomarkers. 

A biomarker has been defined as an objectively measured characteristic that is evaluated 

as an indicator of normal biological responses, pathogenic processes or pharmacologic 

responses to a therapeutic intervention (46). Biomarkers cannot only be used for diagnosis 

but also for monitoring of treatment, disease progression and prediction of disease. In many 

diseases biomarkers have a role in either diagnosis or staging of disease such as glucose 

levels in diabetes and carcinoembryonic antigen-125 for various cancers. Thus it seems 

feasible that biomarkers can aid in classification, diagnosis and prediction of asthma. 

In their search investigators have focused on markers thought to be related to the 

pathophysiological mechanisms of asthma, aberrant Th2 cell responses to non-pathogenic 

environmental antigens with often marked peripheral and/or sputum eosinophilia and in 

many cases elevated allergen-specific IgE production (47-49). Clinical evaluation of children 

with wheezing already includes assessment of sensitization status by determining total and 

specific IgE levels and peripheral blood eosinophil numbers. The detection of specific IgE 

for one or more allergens has been shown to be a risk factor for the development of asthma 

(35) as has the presence of peripheral blood and/or sputum eosinophilia (50) and therefore 

have been described as biomarkers for asthma (50-52). The value of these parameters 

for prediction of asthma in early life however is limited, at least in combination with clinical 

parameters (38, 39, 53).
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bIOmaRKERS and aSTHma dIaGnOSIS

Th2 cells and eosinophils, as hallmark of asthma pathophysiology, do not only induce 

production of soluble mediators, such as cytokines, by other inflammatory cells but 

also themselves produce mediators that sustain the inflammatory response (54). These 

mediators can be measured systemically, e.g. in the peripheral blood, or more locally, 

such as in broncho-alveolar lavage fluid, induced sputum and exhaled breath condensate. 

Numerous studies have been performed to establish the value of these mediators at the 

different body compartments as biomarkers in asthma diagnosis and therapeutic follow-

up (Table 3). Important to note is that most studies performed to measure biomarkers for 

correlation to the diagnosis of asthma have been performed in adults and studies differ in 

inclusion criteria, varying from mild to severe asthma, atopic or non atopic asthma and, 

possibly of great influence, patients with variable use of inhalation corticosteroids. Since 

corticosteroids are anti-inflammatory drugs they certainly influence biomarkers measured 

in samples obtained from sights of supposed chronic inflammation. 

Serum or Plasma

Searching for biomarkers in asthma is not novel. Already in the 1990s several papers 

describe serum or plasma markers associated with asthma diagnosis, symptoms or 

severity. Investigations focused on proteins known to be associated to inflammatory 

processes in asthma pathology such as sIL-2 receptor (55), eosinophil cationic protein 

(56), leukotriene E4 (57) and Eotaxin (CCL11) (58) were evaluated in relation to different 

parameters of asthma. These studies indicated that there are inflammatory mediators 

known to be involved in asthma pathology that can be detected in the peripheral blood 

of asthmatics. Moreover they showed that levels of these mediators can be linked to 

symptoms and severity. Nevertheless only in the last 5 years more reports on the use of 

biomarkers in the diagnosis of asthma appeared. 

Lei and colleagues found strong differences in stem cell factor (SCF) and IL31 levels, both 

in serum and on mRNA level, between allergic asthma patients and healthy control subjects 

(59). The group of Weiland and colleagues performed a cross sectional study in 10 year 

old children and measured plasma adipokine levels. Adipokines are proteins produced 

by adipose tissue and are thought to be involved in regulation of inflammation (60). They 

found high leptin levels to be associated with an increased lifetime prevalence of asthma 

(61). However, although these mediators can be detected in serum or plasma, one can 

speculate whether they are true indicators of disease activity, since often no association of 

serum or plasma biomarkers with asthma diagnosis is found (59, 62). On the other hand 

several research groups have reported on correlations of biomarkers with asthma severity, 

possibly with a stronger link between marker and pathogenesis (63-65). Recently it was 
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shown that the serum level of chitinase-like protein YKL-40, now known as chitinase-3-like 

protein1, was higher in children with severe therapy resistant asthma compared to healthy 

children as well as children with controlled asthma (66), indicating that biomarkers might be 

especially useful in establishing severity and level of inflammation. 

broncho-alveolar lavage fluid 

The sample that is thought to reflect the inflammatory status within the asthmatic lung 

the best is the BAL fluid. This is however a very invasive technique making it difficult to 

obtain a good healthy control population, which probably explains the shortage in papers 

discussing inflammatory molecules in BAL in asthmatic patients, compared to healthy 

control subjects. Furthermore standardization for diagnostic evaluation is difficult, since it 

is impossible to always retrieve the same amount of fluid from exactly the same location 

within the airways.

An early report by Bousquet et al describes the inflammatory profile of the BAL fluid in 

asthmatic patients, without a control group (67). In the last decade however several reports 

were published showing differences in levels of IL-18, Eotaxin (CCL11), IL5, thymus- and 

activation-regulated chemokine (TARC [CCL17]) and macrophage derived chemokine 

(MDC [CCL22]) (68-70) in BAL fluid of asthmatic patients and healthy controls. These 

biomarkers are a good reflection of the Th2 associated response characteristic for asthma. 

Induced sputum 

In order to increase the likelihood of finding a good correlation between biomarkers 

and disease researchers have focused on biomarker detection more closely related 

to location of disease, the airways in case of asthma. As described above biomarkers 

measurement in BAL fluid is one of the ways to achieve this. However this is an invasive 

technique and, in preschool children this requires sedation/anesthesia and is therefore not 

applicable in daily practice. Therefore another method to obtain sputum (initially used for 

diagnosis of Pneumocystis carinii pulmonary infections) was modified to be applied for 

obtaining induced sputum in asthmatics and healthy controls (71). And it was shown that 

differences in cell counts in induced sputum can be detected between asthmatics and 

healthy controls. Several studies corroborated that induced sputum is a good reproducible 

measure for detecting cellular and soluble markers (72) and is a good reflection of BAL fluid 

(73). More recently however induced sputum eosinophil counts were shown to have only 

moderate predictive value compared to BAL fluid counts for severe asthma in children (74), 

contradicting the usefulness of induced sputum in asthma evaluation. Nonetheless several 

research groups have established correlations between cellular and soluble markers in 

induced sputum and the diagnosis of asthma (75-77). 
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Exhaled breath and electronic nose

As early as 1993 an even less invasive technique has emerged to identify inflammatory 

mediators in asthma diagnostics, exhaled breath analysis (78). This technique is non-

invasive and can be applied even in young children, making it an attractive alternative in 

asthma diagnostics. 

The first reports using this technique focused on the metabolite nitric oxide that is produced 

by many cells in the respiratory tract (79), showing that asthmatics have higher NO levels 

in their exhaled breath compared to healthy individuals (80, 81). Since NO probably is not 

the only diagnostically relevant molecule in exhaled breath methods were developed to 

measure other volatile organic compounds (VOCs) in gas phase present in exhaled breath. 

A device developed for use in clinical practice is the electronic nose, which is an innovative 

method of VOCs sampling since it allows online measurement (82). This electronic nose 

has been shown to enable us to differentiate patients with asthma from healthy controls 

(83). More recently a study was published comparing the diagnostic performance of an 

electronic nose with exhaled nitric oxide (FENO) in patients with atopic asthma. Both the 

electronic nose and FENO had high diagnostic performance (88 vs 80%), however the best 

diagnostic performance for establishing asthma was obtained when using a combination 

of these two (96%) (84).

Exhaled breath condensate

Several years after the development of exhaled breath analysis a novel technique was 

developed to collect exhaled breath condensate (EBC). EBC is obtained by cooling exhaled 

air and it contains several markers that are believed to reflect airway lining fluid composition 

(85). It was suggested to be able to measure more inflammatory molecules (86). Shortly 

thereafter the first report using this technique in asthma patients appeared (87) and since 

then several papers have been published showing differences in biomarker levels in EBC from 

asthmat  ics and healthy individuals. Biomarkers studied include IL4, IFNγ, MDC (CCL22), 

Eotaxin (CCL11) and leukotrienes (Table 3) (88-91). Although most studies are performed 

in asthmatic adults, recently a study was performed in asthmatic children and compared to 

healthy children measuring a large number of cytokines and soluble adhesion molecules in 

EBC. They showed that a large number of inflammatory molecules were increased in the EBC, 

such as cytokines (IL4, IL5, IL13, IFNγ), chemokines (Macrophage inflammatory protein 1α 

(MIP1α [CCL3]), Migration inhibitory factor (MIF), RANTES (CCL5), Interferon gamma induced

protein 10 (IP10 [CXCL10]), IL8 (CXCL8)) and soluble adhesion molecules (sICAM, sVCAM) 

(92). A recent systematic review showed that overall this seems to be a simple, non-invasive 

method to sample the airway, although we need to realize that the collection process and 

subsequent analyses are subject to technical skills and variations (93).
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Table 3 Biomarkers in the diagnosis of asthma

marker Reference
Peripheral blood sIL2 receptor 55

Eosinophil cationic protein 56

Eotaxin (CCL11) 58

Leukotriene E4 57

SCF and IL-31 59

Leptin 61

Broncho Alveolar Lavage Il-18 68

Eotaxin (CCL11), IL5 69

TARC (CCL17), MDC (CCL22) 70

Induced Sputum Eotaxin (CCL11) 76

VEGF 77

Exhaled breath Nitric Oxide 80, 81

Electronic nose VOCs 83, 84

Exhaled breath condensate IL4, IFNγ 88

MDC (CCL22) 89

Eotaxin (CCL11) and MDC (CCL22) 90

Leukotrienes 91

IL4, IL5, IL13, IFNγ, MIP1α (CCL3), 
MIF, RANTES (CCL5), IP10 (CXCL10), 
IL8 (CXCL8), sICAM, sVCAM

92

SCF = stem cell factor; TARC = thymus- and activated-regulated chemokines; MDC = macrophage derived 
chemokines; VEGF = vascular endothelial growth factor; VOCs = volatile organic compounds. Markers that 
are underlined have been found in more than one sample type to be related to the diagnosis of asthma.

bIOmaRKERS and PREdICTIOn OF aSTHma

As stated above there are many studies showing correlation of biomarker levels and the 

diagnosis and severity of asthma. Although several studies have suggested that prediction 

of asthma using clinical parameters is practically impossible (44), there are still large 

prospective studies ongoing in an attempt to do just that (45). Studies on biomarkers in 

prediction of disease and in particular in prediction of asthma are however scarce. 

In early literature Koller and colleagues describe the use of biomarker eosinophil cationic 

protein to predict the development of asthma (94). In their study they prospectively 

followed infants from their first episode of wheezing for 1 year at which time they were 

re-evaluated for a diagnosis of infantile asthma. This study shows that it is important to 

realize, when evaluating prospective studies in young children to study the development 

of asthma, definitions of asthma as mentioned before differ enormously. Moreover often 

parent reported persistent wheeze is used as definition of asthma (95). Nonetheless more 
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recently two research groups (35, 96) showed in a prospective study the predictive power 

of exhaled nitric oxide in preschool children with wheezing complaints, using a definition of 

physician diagnosed asthma. 

We recently identified 3 plasma chemokines, IP-10 (CXCL10), TARC (CCL17)) and 

MDC (CCL22)), which can be detected as early as age 3 years and may be useful in 

the prediction of allergic asthma (97). With an OR ranging from 6.5 to 9.0 and a PPV 

and NPV ranging from 42 to 60% and 86 to 90% respectively these chemokines were 

significant risk factors for development of allergic asthma. Strikingly both MDC (CCL22) 

and TARC (CCL17) are correlated with asthma diagnosis in several sample types (Table 

3). However patient numbers were small and a larger follow up study is needed to confirm 

these data. Moreover biomarker levels might change over time (98), possibly depending 

on time of onset of disease. Furthermore we need to establish the additional value of 

clinical parameters when using biomarkers, possibly reflecting asthma pathophysiology, 

for prediction of asthma.

bIOmaRKERS 2�.0: ‘THE nEw KIdS On THE bLOCK’

The development of new techniques for measurement of biomarkers in many sample types 

have led to the discovery of many novel molecules or markers possibly related to the 

pathophysiology of asthma.

microbial composition

There is more and more recognition of the diversity of microbiota in the human body and 

the importance of the human microbiome in both health and disease associated with 

chronic inflammation (99, 100).

In early reports on the pathophysiology of asthma it was suggested that there is an association 

between microbial colonization of the airways and the development of asthma (101). More 

recently the same group reported a significantly increased risk for the development of 

asthma in neonates colonized in the hypopharyngeal region with either or a combination 

of S. pneumoniae, H. influenzae ,or M. catarrhalis (102). Furthermore with the more recent 

focus on importance of microbial colonization in the pathogenesis of disease it has been 

described that the microbial composition of induced sputum differs between asthmatics 

and healthy subjects (103). However, especially in the latter study one can speculate on 

whether the differences in microbial composition are cause or consequence of asthma. 

Possibly, assuming microbial colonization early in life is a determining factor for asthma 

development, biomarkers measured are a reflection of this colonization of the airways or 

inflammation due to the presence of different pathogenic micro-organisms.
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metabolomics

Metabolomics enables the analysis of endogenous metabolites from biological samples 

and thereby detect differences in metabolic profiles associated with diseases (104). The 

analysis is performed by means of modern spectroscopic techniques and appropriate 

statistical approaches. Already in 2007 it was shown that children with asthma have 

different profiles of acetylated and oxidized compounds compared to healthy children 

(105). They speculated that this was due to the acetylation of the high motility group box 

protein 1 (HMGB1), which occurs in response to inflammatory signals and due to oxidative 

stress related to asthma pathophysiology. 

More recently metabolic analysis of the exhaled breath by gas chromatography (106) showed 

that in exhaled breath of asthmatics alkanes predominate whereas in control subjects 

aldehydes do. Alkanes are end-compounds associated to oxidative stress and inflammation 

(107), suggesting a relation to the inflammatory process in the airways of asthmatics.

Serum metabolomics was used to study differences in metabolites in the peripheral blood 

of asthmatics and healthy controls. Clear differences were detected in the levels of 

methionine, glutamine, histidine, formate, methanol, acetate, choline, O-phosphocholine, 

arginine, and glucose and showed that these metabolites correlate to asthma severity 

(108). They reviewed literature on the possible role of the methyl transferase pathway 

(formate, choline, methionine, O-phosphocholine, and methanol), hypoxia (lactate and 

glucose) and lipid metabolism (histidine) in the pathophysiology of asthma.

Extra cellular vesicles 

Extra cellular vesicles (EV), previously known as exosomes, are small, 40- to 90-nm, 

membrane-bound vesicles of endocytic origin that are secreted by a variety of cells as 

means of intercellular communication, both short and long distance. They have been 

isolated in vivo from body fluids such as serum, BAL fluid and urine (109-111). EVs have 

recently received increasing attention for their role as possible messengers in inflammation. 

However, so far only few papers have been published. 

In relation to asthma one human paper was published, studying leukotriene biosynthesis, 

which showed that EVs from BAL fluid from asthmatics are stronger inducers of leukotriene 

generation by epithelial cells compared to EVs from healthy individuals (112). An additional 

in vitro study has provided indirect evidence for the possible role of EVs in asthma 

pathophysiology, such as the release of tissue factor containing EVs by mechanically 

stimulated bronchial epithelial cells (113). Finally, in a recent murine study Kulshreshtha et 

al showed that, under the influence of IL13, EV secretion and production of EV-associated 

proteins by epithelial cells are higher in lungs of asthmatic mice (114).
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COnCLuSIOn

Despite extensive research and therapy development asthma remains a major public 

health concern. In part this is due to its heterogeneity and because early diagnosis is still 

not possible. Nonetheless there are many studies that have identified different biomarkers 

for diagnosis of asthma and some biomarkers show promising results for guidance and 

monitoring of therapy. Also novel biomarkers such as extra cellular vesicles and metabolomics 

are being explored in the diagnosis of asthma. Prediction rules using clinical parameters 

have failed to accurately detect children that will develop asthma. And although genetic 

and environmental factors are important, as mentioned earlier the research into the use of 

biomarkers in prediction of asthma is based on the hypothesis that the pathophysiology of 

transient wheeze and asthma is different (Figure 1).

Prospective follow-up studies using these biomarkers to predict asthma at an early age 

however are scarce. Very recent studies show a relatively high predictive value of different 

biomarkers for the development of asthma. These data have however been generated 

in small cohorts and need to be validated in larger prospective trials. In these trials the 

international guidelines for asthma diagnosis need to be taken into account and when 

selecting a biomarker one should consider sampling methods needed. A good biomarker 

should be readily available in clinical practice and therefore preferably to be obtained non 

invasively and easy to measure. 

Thus although many studies have identified a broad spectrum of biomarkers related to 

asthma diagnosis, the usefulness of these biomarkers in the prediction of asthma still 

needs to be established.
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abSTRaCT 

Rationale: Less than 40% of early wheezers continue to wheeze between age 3 and 6 

years. Even smaller numbers have reversible airflow obstruction and are diagnosed with 

asthma. So far clinical prediction models have not been very successful at predicting 

asthma.

Objective: We investigated whether biomarker levels in plasma could be used for the early 

prediction of the development of allergic asthma.

methods: In a prospective follow up study early wheezers were followed from age 3 until 

6 years. At age 6 years participants were categorized as having allergic asthma or not. 

Selected cytokine levels were determined in plasma samples at age 3 years using multiplex 

assay.

measurements and main Results: Thirty-nine early wheezers were included of whom 10 

(26%) developed allergic asthma. Interferon gamma induced protein 10 (IP-10 [CXCL10]), 

thymus- and activation-regulated chemokine (TARC [CCL17]) and macrophage derived 

chemokine (MDC [CCL22]) levels were increased in plasma of early wheezers that 

developed allergic asthma (P = 0.018, P = 0.004 and P = 0.010 respectively). The area 

under the ROC curve was 0.75 (0.56-0.94) for IP-10, 0.80 (0.63-0.97) for TARC and 0.77 

(0.61-0.93) for MDC. Using a cutoff level of 50pg/ml for IP-10, 45pg/ml for TARC and 

230pg/ml for MDC, these chemokines were significant risk factors for the development of 

allergic asthma (Odds Ratio 8.9 [1.8-45.3], 9.3 [1.8-48.6] and 6.5 [1.2-36.6] respectively).

Conclusion: The development of allergic asthma is significantly associated with increased 

levels of IP-10, TARC and MDC in plasma at age 3 years.  
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InTROduCTIOn 

Wheeze is a common respiratory symptom in preschool children. Up to 40-50% of all 

children suffer at least one period of wheezing before age 3 years (1). Only a minority of 

these early wheezers (EW), less than 40%, will continue to wheeze between age 3 and 6 

years and can be differentiated from so-called transient wheezers who do not continue to 

wheeze (1, 2). Even smaller numbers continue to wheeze after age 6 years, have reversible 

airflow obstruction after a short-acting β-agonist and are designated to have asthma. It 

is important to identify asthma as early as possible for two reasons. First, to start asthma 

treatment soon after diagnosis, since studies performed in children and adults have shown 

that an early treatment start may be associated with a better prognosis (3, 4). Second, an 

early asthma diagnosis in the minority of EW may avoid unnecessary use of asthma drugs 

in the majority of EW in whom asthma is not diagnosed, since these most likely do not 

respond well to established asthma treatments (5).

In attempts to differentiate asthma from transient wheeze in early infancy several clinical 

parameters, such as gestational age, family history of atopy, early life sensitization and 

no breastfeeding have been associated with the development of asthma, mainly in 

epidemiologic studies often in high risk populations (6-10). Also the pattern of wheezing, 

episodic viral wheeze (EVW) versus multi-trigger wheeze (MTW), is thought to be predictive 

for the persistence of asthmatic symptoms (11, 12). These and other parameters like 

eosinophilia and eczema have been used in risk prediction for the development of asthma. 

However these clinical prediction models and scores have not been very successful (13).

Even though there are different phenotypes of asthma, the pathophysiology of the 

wheezing symptoms in transient wheeze is generally assumed to be different from asthma. 

The symptoms of asthma are caused by aberrant Th2 cell responses to non-pathogenic 

environmental antigens (14). These responses involve Th2 cell proliferation, but also the 

production of soluble mediators that sustain the inflammatory response (15). Therefore 

we hypothesized that measurement of such soluble mediators in early life can be used to 

identify children that will develop asthma. Recently novel techniques that aim to identify 

such and other inflammatory mediators like measurement of inflammatory markers in 

exhaled breath condensate (16) have emerged, but were so far not able to predict asthma 

in early life. Although there are studies that have identified biomarkers for the diagnosis 

and/or grading of asthma (17-21), prospective data on the predictive value of biomarkers 

in early life are scarce (22-24), even more so for the prediction of asthma (25).

In this prospective cohort study we identified plasma chemokines that can contribute, in 

early life, to identification of EW that will develop allergic asthma, start appropriate treatment 

and prevent unnecessary prescription of inhaled corticosteroids for children with transient 

wheeze. 
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mETHOdS

Participants

The participating children had a history of more that one period of wheezing before age 3 

years. They were recruited by an advertising campaign in a Dutch magazine about parenting. 

The study was conducted at the University Medical Center, Wilhelmina Children’s Hospital, 

Utrecht, The Netherlands and approved by the local ethical committee (07-221/K). Written 

informed consent was obtained from both parents before the start of the study.

Study design.

This study was a prospective cohort study. Participants were included at age 3 and 

followed up to at least age 6 years. Every year they came to the out patient clinic of our 

hospital for clinical check up. At inclusion and once a year during follow up they completed 

a questionnaire based on the questionnaire used in the PIAMA study (26) with questions 

on wheeze, respiratory diseases and medication use. Spirometry (measurement of forced 

expiratory volume in 1 sec (FEV1) and forced vital capacity (FVC)) before and after β2 

agonists and exhaled nitric oxide (NO) measurement was performed from age 5 years. 

Blood was drawn at inclusion and 2 years later at the 2nd follow up visit, at a time without 

apparent respiratory symptoms or infections. 

definitions

Early wheezers (EW) were defined as children with one or more episodes of wheezing 

before age 3 years (adapted from Martinez et al. (1).

As previously described, Episodic viral wheezers (EVW) were children who wheezed 

intermittently during and following discrete viral infections and were well in between these 

episodes. Multiple-trigger wheezers (MTW) were children who wheezed both during colds 

and outside discrete viral infection episodes (27).

Allergic asthma (AA) was defined as early wheezers with persistent wheezing symptoms at 

age 6 years with obstructive lung function reversible with β2 agonists AND/OR with doctor’s 

diagnosed wheezing AND/OR necessity for inhaled corticosteroids AND the presence of 

specific IgE to one or more inhalation allergens.

No allergic asthma (NAA) was defined as early wheezers with normal lung function at age 

6 years without reversibility, with or without the presence of specific IgE to one or more 

inhalation allergens and without persistent wheezing symptoms. 
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mEaSuREmEnTS

All measurements in blood samples were performed on samples drawn in a single visit at 

inclusion in this study.

IgE measurement

To determine sensitization to inhalation and food allergens total and specific IgE in serum 

samples was measured using the ImmunoCAP® method with Pharmacia differential atopy 

(Phadiatop®) test (Phadia AB, Uppsala, Sweden). Specific IgE > 0.35 kU/L was considered 

a positive response. The following allergens were tested: House dust mite, birch, timothy 

grass, mugwort, aspergillus fumigatus, egg white, milk (cow), cod, apple, peanut, hazelnut, 

soy, rye, dog and cat.

blood count

At age 3 years a full blood count was performed on fresh EDTA blood samples. The samples 

were analyzed using the Cell-Dyn Sapphire hematology analyzer (Abbott Diagnostics, 

Santa Clara, CA, USA), used in routine blood cell analysis. The Cell Dyn Sapphire uses 

spectrophotometry, electrical impedance, laser light scattering / multi angle polarized 

scatter separation, (MAPSS) and three-color fluorescent technologies to classify blood cells 

(28). The leukocyte differential count of the Cell-Dyn Sapphire was reported unless analyzer 

flagging indicated an abnormal result. In this case a microscopic manual differential count 

was reported. The validity of all test results was checked with built in quality flags, daily 

quality control samples and external quality assessment schemes.

Cytokine analysis

In order to select a cytokine panel for measurement in plasma samples, we performed a 

small pilot measurement in plasma from established allergic asthma patients and healthy 

controls. Cytokines were selected on the basis of known importance in Th2 diseases and 

level of detection in this pilot study (data on file). The following cytokines were selected: 

Eotaxin (CCL11), macrophage derived chemokine (MDC [CCL22]), monocyte chemotactic 

protein 1 (MCP1 [CCL2]), thymic stromal lymphopoietin (TSLP), thymus- and activation-

regulated chemokine (TARC [CCL17]), interferon gamma induced protein 10 (IP-10 

[CXCL10]), IFNγ, IL4, IL5, IL6, IL9, IL10, IL13, IL17, IL22 and IL25. Cytokine levels were 

measured in NaHep plasma samples by multiplex assay (Luminex) as previously described 

in detail (29). Measurements and data analysis were performed using the Bio-plex system 

in combination with the Bio-Plex Manager software V.6.0 using five parametric curve fitting 

(Bio-rad Laboratories, Hercules, CA, USA)
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Statistical analysis

For baseline characteristics chi-square test was used to compare frequencies and the 

independent samples t-test or Mann-Whitney U test was used to compare normally 

distributed and non-parametric continuous parameters respectively. Logistic regression 

analysis was performed to estimate odds ratios (ORs) and 95% confidence intervals (CI) 

of the association between allergic asthma and cytokines in early life. Correlations were 

tested using Spearman’s rho test. To evaluate the predictive power, we used the predicted 

probabilities for the development of asthma to construct a receiver operating characteristic 

(ROC) curve. Sensitivity, specificity, negative predictive value (NPV) and positive predictive 

value (PPV) were calculated using cut off levels for each cytokine that were significantly 

associated with allergic asthma. Differences were considered significant at 2-tailed P < 

0.05. All calculations were performed using SPSS 19.0 for windows (Chicago, IL, USA).

RESuLTS

Study population 

A total of 39 children were included in the study, for all children a final classification at 

age 6 years (allergic asthma (AA) or not (NAA)) could be made. The diagnosis AA was 

based on presence of obstructive lung function reversible with β2 agonists, persistence 

of wheezing symptoms, the presence of specific IgE to one or more inhalation allergens 

and medication use. The NAA group had normal lung function and when sensitization to 

one or more inhalation allergens was present they had not reported wheezing symptoms, 

including upon exposure to these allergens. The majority of the cohort was male (72%) and 

there was no difference in gender between children diagnosed with allergic asthma and 

those without allergic asthma (Table 1). Of these children 26% was diagnosed with allergic 

asthma at age  6 years and correspondingly at age 6 years, this group had a significantly 

lower FEV1/FVC ratio prior to β2 agonists than the NAA group (P = 0.02, data not shown). 

wheezing phenotype and development of allergic asthma

At inclusion participants were divided in early viral wheezers (EVW) and multi trigger 

wheezers (MTW) based on wheezing frequency and triggers independent of allergy tests. 

Baseline characteristics were similar in both groups. However, there was no association 

between the classification of MTW at age 3 years and the diagnosis of allergic asthma at 

age 6 years (Table 1; P = 0.70).
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Table 1 Characteristics study population*

Total (n=3�9) aa† (n=1�0) naa† (n=2�9)

Age (yrs), mean (± SD) 3.3 (± 0.32) 3.4 (± 0.4) 3.3 (±0.3)

Male 28 (72) 7 (70) 21 (72)

Birth weight (g), mean (± SD) 3522 (± 721) 3200 (± 932) 3633 (± 614)

Gestational age (weeks), mean (± SD) 39.5 (± 2.7) 37.7 (± 4.2) 40.1 (± 1.6)

Smoking during pregnancy 4 (10) 1 (10) 3 (10)

Pets 12 (31) 2 (20) 10 (34)

Breast fed >3mnd 20 (51) 5 (50) 15 (52)

Siblings 36 (92) 10 (100) 26 (90)

- siblings atopy 12 (31) 5 (50) 7 (24)

Family history:

- Father allergic 9 (23) 15 (38) 1 (10)

- Mother allergic 6 (60) 8 (28) 9 (31)

Inhalation steroid use at inclusion 17 (44) 7 (70) 10 (34)

Reported symptoms past 12 months:

- Wheeze  28 (72) 34 (87) 16 (41)

- Shortness of breath 9 (90) 9 (90) 7 (70)

- Eczema 19 (66) 25 (86) 9 (31)

Reported other respiratory diseases‡ 

past 12 months 
18 (46) 1 (10) 17 (59)**

Reported hospital admission related 

to wheeze
9 (23) 4 (40) 5 (17)

Antibiotic use > 1x past 12 months 17 (44) 2 (20) 15 (52)

MTW at inclusion 13 (33) 4 (40) 9 (31)

Total IgE (kU/L), mean (± SD) 105 (± 134) 225 (± 181) 64 (± 83)**

Sensitization to:

- Food allergens 12 (31) 6 (60) 6 (21)**

- Inhalation allergens 14 (36) 8 (80) 6 (21)**

Eosinophils§ (x10^9/L), mean (± SD) 0.41 (± 0.35) 0.61 (±0.37) 0.34 (± 0.32)**

 * Reported parameters are all determined at age 3 years. Unless otherwise indicated frequency (percentage) 
is depicted. † Diagnosis at age 6 years. ‡ Other respiratory diseases were defined as pneumonia, upper 
airway infection, bronchitis or pseudo croup. § Determined in peripheral whole blood. ** P < 0.05 compared 
to AA. AA = allergic asthma; NAA = no allergic asthma; MTW = multi trigger wheeze; IgE = immunoglobulin 
E; SD = standard deviation.
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Clinical parameters and development of allergic asthma

The AA group, diagnosed at age 6 years, differed at baseline (age 3 years) significantly 

from the NAA group for the parent reported variable other respiratory diseases (pneumonia, 

upper airway infection, bronchitis or pseudo croup) in the past 12 months (Table 1). Also 

baseline parameters of sensitization to food or inhalation allergens, total IgE levels and 

number of eosinophils were significantly higher in the AA group (Table 1 and Figure 1). 

There was no significant difference in number of other cell types (lymphocytes, monocytes, 

basophils and neutrophils) (data not shown).
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Figure 1�. Eosinophil count and total IgE levels in Ew at baseline and the diagnosis of aa at age 
6 years 
Box and whisker diagrams representing eosinophil counts performed on fresh peripheral whole blood and 
total IgE determined in serum samples from early wheezers at baseline are expressed relative to the presence 
(grey boxes) or absence (white boxes) of allergic asthma. Horizontal lines represent median values, boxes 
represent interquartile ranges and lines represent minimum and maximum value. AA = allergic asthma; NAA 
= no allergic asthma; IgE = immunoglobulin E.
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Figure 2�. Chemokine levels in Ew and the diagnosis of aa at age 6 years 
Box and whisker diagrams representing the level of IP-10, TARC and MDC determined in plasma samples 
of EW at age 3 years are expressed relative to the presence (grey boxes) or absence (white boxes) of allergic 
asthma. Horizontal lines represent median values, boxes represent interquartile ranges and lines represent 
minimum and maximum value. AA = allergic asthma; NAA = no allergic asthma; IP-10 = interferon gamma 
induced protein 10; MDC = macrophage derived chemokine; TARC = thymus- and activation-regulated 
chemokine.
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Cytokine levels at age 3� years and development of allergic asthma

Cytokine levels were determined in plasma at age 3 years. Various cytokine levels (IL4, IL5, 

IL17, IL25 and Eotaxin) were below the detection limit in more than 50% of the samples 

and therefore these data were not used in further analyses. Levels for IFNγ, IL6, IL9 and 

IL13 were detectable in 60-80% of the samples. IL10, IL22, IP-10, MDC, MCP1, TARC 

and TSLP were detectable in more than 95% of the samples (only two samples showed 

IL10 levels below detection limit). The number of samples with cytokine levels below 

the detection limit did not significantly differ between the group of early wheezers that 

developed AA and the group that did not (data not shown). 

Table 2 Chemokines associated with development of allergic asthma

aa*
(n=1�0)

mean ± SEm

naa* 
(n=2�9)

mean ± SEm
P value

OR
(95% CI)

for aa

auC
(95% CI)

Significance
P value

IP-10† 102.1 (± 29.5) 38.8 (± 6.7) 0.01�8
1.018

(1.002–1.033)

0.75

(0.56–0.94)
0.01�9

TARC† 58.9 (± 9.6) 26.9 (± 3.3) 0.004
1.057

(1.018–1.097)

0.80

(0.63–0.97)
0.01�1�

MDC† 302.6 (±33.8) 199.9 (± 14.6) 0.01�0
1.014

(1.003–1.026)

0.77

(0.61–0.93)
0.005

* Diagnosis at age 6 years. † Measured in plasma at age 3 years. AA = allergic asthma; NAA = no allergic 
asthma; OR = Odds Ratio; CI = confidence interval; SD = standard deviation; IP-10 = interferon gamma 
induced protein 10; MDC = macrophage derived chemokine; TARC = thymus-and activation-regulated 
chemokine; AUC = area under the receiver operating characteristic (ROC) curve.

Early wheezers that developed AA had significantly higher levels of IP-10 (P = 0.018), 

TARC (P = 0.004) and MDC (P = 0.010) (Figure 2 and Table 2). There were no significant 

differences in IFNγ, IL6, IL9, IL13, IL10, IL22, TSLP and MCP1 levels (data not shown). 

Table 2 shows the ORs for AA for the chemokines that were significantly different between 

the AA and the NAA group in the non parametric test. Increased levels of IP-10, TARC and 

MDC were risk factors for allergic asthma (Table 2; OR 1.018 [1.002 – 1.033], 1.057 [1.018 

– 1.097] and 1.014 [1.003 – 1.026] respectively). The AUC was 0.75 (0.56-0.94; P = 0.019) 

for IP-10, 0.80 (0.63-0.97; P = 0.005) for TARC and 0.77 (0.61-0.93; P = 0.011) for MDC 

(Figure 3 and Table 2). Based on their ROC curves we selected cut off values. At a cut-off 

value of 50pg/ml, 45pg/ml and 230pg/ml for IP-10 (IP10>50), TARC (TARC>45) and MDC 

(MDC>230) respectively there was a significant association between these chemokines 

at age 3 years and allergic asthma at age 6 years (P = 0.008, P = 0.007 and P = 0.031 

respectively; data not shown). ORs for the development of AA were 8.9 (1.8 – 45.3) for 

IP-10, 9.3 (1.8 – 48.6) for TARC and 6.5 (1.2 – 36.6) for MDC (Table 3). To test the diagnostic 
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accuracy of these cut-off values the sensitivity, specificity, PPV and (NPV) were calculated. 

For prediction of development of allergic asthma, the NPV was 88%, 86% and 90% versus 

a PPV of 53%, 60% and 42% for IP-10, TARC and MDC respectively (Table 3). 
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Figure 3�. ROC curves of chemokine levels in Ew to predict the development of aa at age 6 years 
ROC curves for IP-10, TARC and MDC levels determined in plasma samples of EW at age 3 years. AUC = 
area under the curve; IP-10 = interferon gamma induced protein 10; MDC = macrophage derived chemokine; 
TARC = thymus- and activation-regulated chemokine.

Table 3 Diagnostic parameters of chemokines associated with development of allergic asthma*

Sensitivity 
(%)

Specificity 
(%)

PPV 
(%)

nPV
(%)

OR (95% CI)
for aa

IP-10 >50† 70 79 53 88 8.9 (1.8–45.3)

TARC >45† 60 86 60 86 9.3 (1.8–48.6)

MDC >230† 80 62 42 90 6.5 (1.2–36.6)

* Diagnosis at age 6 years. † Measured in plasma at age 3 years. IP-10>50 = IP-10 plasma level of more than 
50pg/ml; TARC>45 = TARC plasma level of more than 45pg/ml; MDC>230 = MDC plasma level of more than 
230pg/ml. AA = allergic asthma; PPV = positive predictive value; NPV = negative predictive value; OR = Odds 
Ratio; CI = confidence interval.

dISCuSSIOn

This prospective follow up study shows that the plasma chemokine levels of early wheezers 

at age 3 years can be used to predict the development of allergic asthma. 

In recent literature many studies describe the use of cytokine levels in body fluids as 

biomarkers for different diseases. Until now however studies have mainly focused on 

biomarker levels in established disease and on changes in biomarker levels in response to 

treatment, leaving the role for these biomarkers in the development of disease unexplored 

(30-32). We are the first to show an association between the plasma levels of IP-10, 
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TARC and MDC in early wheezers and the development of allergic asthma. These three 

chemokines were found to be significantly increased in the plasma of 3 year old children 

diagnosed with allergic asthma at age 6 years. Plasma levels of IP-10, TARC and MDC at 

age 3 years were significant predictors for allergic asthma at age 6 years.

There have been many studies investigating the value of risk factors in early life for the 

prediction of the development of asthma. However, there are important differences in 

study design, phenotype definitions and analysis which impair comparing results. The 

definition of the end point, i.e. persistent wheeze or asthma, varies greatly and often 

asthma is defined as parent reported persistent wheeze and/or ongoing use of inhalation 

corticosteroids. We followed children up to age 6 years and were able to obtain reliable 

lung function measurements before and after inhalation of β2 agonists, which enabled 

us to diagnose asthma according to the NHIBL guidelines (33). Moreover many studies 

are carried out in high risk populations (34, 35), which makes applicability in the general 

population difficult. In our study all early wheezers were included, with and without parental 

history of allergic diseases or atopy. We found that 27% of all early wheezers developed 

allergic asthma, which is slightly less compared to literature (1). Thus, although small, we 

included a representative group of early wheezers in our study, with a strong endpoint 

definition. This is supported by the fact that within this small group we found several known 

clinical parameters, such as gestational age, early life sensitization, IgE levels and peripheral 

eosinophilia to be significantly associated with the development of allergic asthma (7-10). 

There was no protective effect of breastfeeding, possibly because of small sample size or 

the fact we had an unselected population of early wheezers. Sonnenschein-van der Voort 

et al (6) recently showed that the protective effect of breast feeding on subsequent wheeze 

was mainly due to an effect on infectious mechanisms and not atopy. 

The importance of allergic sensitization in the development of asthma has long been 

recognized (35-37). We also found an association of IgE levels, peripheral eosinophilia or 

allergic sensitization at age 3 years with the diagnosis of allergic asthma at age 6 years. The 

value of these parameters for risk prediction in early life needs to be evaluated by studies 

that determine these variables at the earliest beginning of symptoms (7).

In our cohort the number of reported other respiratory diseases were significantly lower 

in the children that developed allergic asthma. These children were more likely to report 

wheezing symptoms, this possibly overlapped with the presence of an upper or lower 

respiratory tract infection, thereby diminishing the reports on other respiratory diseases. 

It might however reflect the dampening effect of exposure to infectious agents on the 

development of allergic disease as suggested by the hygiene hypothesis (38). We found 

no evidence for the predictive value of the MTW versus EVW classification in early life. 

Moreover the percentage of MTW that developed AA was the same as NAA, where others 

claim MTW is predictive for asthma (39). There are however other studies that invalidate this 

7



116

CHAPTER 7

hypothesis and point to the instability of the MTW and EVW phenotype during preschool 

and early school years (27, 40). 

Many of the measured cytokine levels in this study were below detection limit in peripheral 

blood plasma samples and could therefore not be used for analysis. Plasma levels of 

inflammatory cytokines are known to be low under steady state conditions (41), but we 

cannot exclude the possibility that these low levels of cytokines detected in peripheral 

blood are partially an effect of inhalation corticosteroids, used by a substantial number of 

patients. Important to note is that there was no significant difference in use of inhalation 

corticosteroids at baseline between the two groups in our study (Table 1). 

Although the sample size of this study was small, we found significantly increased plasma 

levels of IP-10, TARC and MDC in early wheezers that developed allergic asthma. IP-10 

has mainly been associated with virus induced airway pathology (42). However increased 

IP-10 levels in a Th2 associated disease can be due to the antagonistic form of the protein 

due to higher levels of dipeptidylpeptidase IV (DPP4 or CD26), that does bind CXCR3 but 

does not induce signaling. The agonistic and antagonistic form cannot be differentiated 

in the multiplex assay used (43). In addition IP-10 has been shown to be an important 

mediator of mast cell migration to airway smooth muscle cells (44) and therefore be of 

importance in the pathophysiology of allergic asthma.

In accordance with the results from our study the Th2 associated chemokines TARC and 

MDC have been shown to be important for airway inflammation, hyperresponsiveness 

and mucus metaplasia (45, 46) and have been shown to be important mediators in the 

pathophysiology of allergic airway disease (47). Furthermore cord blood levels of these 

Th2 associated chemokines have previously been shown to be associated with allergy 

development later in life (24), supporting the early role for TARC and MDC in the development 

of Th2 associated diseases such as allergic asthma. Possibly the biomarkers described 

here can also be used in prediction of disease progression and response to treatment and 

be used in clinical studies for biomarker-based phenotyping of disease (48).

The NPV for IP-10, TARC and MDC was high, therefore measurement of these cytokines 

can be especially useful in identifying children that will not develop asthma and thereby 

prevent unnecessary use of asthma drugs. When a combination of IP-10 and MDC 

measurement was used to predict the development of allergic asthma both the NPV (90%) 

as well as the PPV (88%) were high with acceptable sensitivity and specificity (data not 

shown). Taking into account that the number of participants is low, a combination of high 

IP-10 levels and high MDC level could predict the development of allergic asthma in 88% 

of early wheezers at age 3 years and enable us to start appropriate asthma therapy early 

in life.
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In conclusion we have identified biomarkers, which can be detected as early as age 3 years 

and can contribute to the prediction of allergic asthma. In daily practice the measurement 

of these biological markers could for example be combined with blood sampling for 

determination of allergic sensitization during diagnostic evaluation of wheezing symptoms. 

To further evaluate the usefulness of these markers and establish cut-off levels for prediction 

and use in clinical practice a larger prospective follow up study is needed. It would be 

preferable to measure cytokines and allergic sensitizations when the first wheezing 

complaints occur and during follow up.
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After writing this thesis one thing is evident to me: despite the numerous studies on 

inflammatory diseases, detecting differences in immune function to diagnose disease and 

to differentiate children at risk for disease from healthy children is complex. Especially when 

trying to diagnose and predict heterogeneous conditions such as allergy and asthma. The 

progress made in the last years however in identifying biological markers related to disease 

pathogenesis and treatment response can be combined with the heterogeneous clinical 

parameters to improve early disease prediction.

In the first part of this thesis (chapter 2 and 3) we focus on immune regulatory aspects 

of different inflammatory diseases, followed by two studies focusing on pathogenesis of 

allergic disease (chapter 4 and 5). Finally we give an overview of potential biomarkers for 

the prediction of allergic asthma (chapter 6), substantiated by our own prospective study 

(chapter 7). 

FOXP3� EXPRESSIOn and REGuLaTIOn

The number and function of Treg has been described to be important for the regulation 

of several inflammatory disorders such as auto-immune diseases, allo-reactive diseases 

and allergic diseases (1-3). The expression of FOXP3 is characteristic of both naturally 

occurring and peripherally induced Treg and is thought to be essential for their suppressive 

capacity. FOXP3 is important, but not sufficient, for Treg development and function. Treg 

cell specific epigenetic changes are important in establishing a stable lineage. Currently 

however there is controversy on the exclusiveness and necessity of FOXP3 in regulatory 

T cells (4), since FOXP3+ regulatory T cells have been shown to be able to convert into T 

effector cells (5), although this has been debated as well (6). FOXP3 has been shown to be 

able to be transiently expressed in effector T cells (7) and the level of demethylation of the 

foxp3 gene is indicative for the suppressive potential induced by FOXP3 (8). These recent 

findings are important when exploring the role of Treg in disease.

Treg in allo-reactive disease

Allogeneic HSCT may be the only curative treatment for life-threatening diseases such as 

hematological malignancies and immunodeficiency’s. Acute GvHD and IPS however are 

early allo-reactive complications causing much morbidity and mortality. The importance of 

regulatory T cells in reduction or prevention of allo-reactive disease has been established in 

many murine and some human studies (9-11). 

In chapter 2 of this thesis we show in a human prospective follow-up study that a low 

number of FOXP3+ Tregs either in the graft or in the first 6 weeks after HSCT is associated 

with the development of allo-reactive disease, independent of stem cell source. This 

suggests that providing supplementation of FOXP3+ Tregs in the graft of directly after 
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HSCT would substantially improve prognosis regarding the development of allo-reactive 

disease. Numerous murine studies on Treg therapy seem to substantiate this hypothesis 

(9, 12, 13). Nonetheless clinical trials using regulatory T cell therapy are scarce and results 

difficult to interpret. The first human trial using Treg cell therapy in HSCT consisted of only 

two patients (14), one with chronic GvHD and another with acute GvHD. They received ex 

vivo purified and expanded donor Tregs. The first patient recovered, the second patient 

with acute GvHD progressed and died. There have been two larger Phase I/II studies, 

one using varying amounts of ex vivo expanded donor Tregs (15) and one using different 

dose combinations of non-expanded conventional T cells and Treg with and before 

haematopoietic stem cell infusion (16). Although the results from the second trial seem 

promising, these trials still have many variables and few patients to draw hard conclusions 

on the efficacy of Tregs in preventing allo-reactivity. Thus although it seems promising, 

maybe for the moment we should focus on finding markers that predict the development 

of allo-reactive disease and aim to reduce disease by initiating therapy early in the disease. 

Currently patients undergoing allogeneic HSCT receive Cyclosporin A and low dose MTX 

as prophylaxis and high dose methylprednisolone as therapy for acute GvHD, targeting 

mainly the donor allo-reactive effector T cells (17). CsA is known to impair Treg function, 

while corticosteroids induce regulatory T cells (18-20). An optimal therapy would target 

both inflammation and possible lack of regulation. Although corticosteroids target both, 

there are other promising candidates described, for example a Protein kinase C-theta 

(PKCθ) inhibitor. PKCθ has been shown to be required for allo-immune responses, while 

protective responses against pathogens (21) and the graft-versus leukaemia response are 

not dependent on PKCθ (22). Moreover recently PKCθ was shown to inhibit the induction 

of Treg (23, 24). Inhibiting PKCθ would prevent the development of allo-reactive disease 

and allow for proper induction of regulatory T cells after HSCT. The determination of 

FOXP3+ Treg number in the graft and/or shortly after HSCT could drive early targeted 

anti-allo-reactive therapy in patients at risk and reduce allo-reactivity related morbidity and/

or mortality.

Treg in allergy and asthma

It has been suggested that quantitative and functional impairment of regulatory T cells plays 

a role in pathogenesis of allergic disease (25), data on regulatory T cells in asthma however 

have been contradicting (26). We found a high number of Tregs in the peripheral blood of 

allergic asthma patients (unpublished data), which might reflect high numbers in the lungs 

as has been described for diseases with ongoing inflammation (27, 28) or alternatively this 

high Treg number is caused by inhalation corticosteroid use in all these patients (29). 

The importance of regulatory T cells early in life however for prevention of allergy is supported 

by studies that show an association between a low number of regulatory T cells in cord blood 
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and the development of allergy later in life (30, 31). Moreover cord blood mononuclear cells 

from children that develop allergic disease have increased induction of IL5 and GATA3 (32). 

This suggests that a lack of regulation early in life leads to a more Th2 skewed response, 

possibly through impairment of suppression of Th2 cytokines. Thunberg et al. (33) showed 

that the suppressive capacity of regulatory T cells, defined as CD4+CD25+ T cells, from 

allergic patients is similar to healthy individuals. The allergen specific suppression however 

was less in allergic patients and only Th1 cytokines were suppressed. Interestingly we now 

show (chapter 3) that in allergic children specific allergen induced FOXP3+GATA3+ CD4+ 

T cells are capable of suppression of proliferation, but suppress only Th1 cytokines. These 

cells however have a Th2 effector phenotype, with high CD25 expression, together with 

Th1 suppressive capacity adding to the allergen specific Th2 response. Possibly this is the 

phenotype of effector T cells present at the site of allergic inflammation. This study however 

does not show a defect in Treg function, but more supports the concept that T effector 

cells under inflammatory conditions can become resistant to Treg mediated suppression 

as has been shown in autoimmune inflammation (34, 35).

Until recently T cell subsets were thought to be defined by specific transcription factors 

unique for each subset. However evidence is emerging, mainly from murine studies, that 

these transcription factors are not restricted to a single T cell lineage. In chapter 3 we also 

show evidence of double transcription factor expression in a human T cells after allergen 

stimulation. This allergen specific induction of both FOXP3 and GATA3 has not been 

described before, but a recent study on peripheral blood of allergic asthma patients (36) 

showed the presence of FOXP3+GATA3+ T cells in patients with high eosinophil counts. 

Additionally FOXP3+ skin homing T cells of atopic dermatitis patients have been shown 

to produce Th2 cytokines after stimulation with staphylococcal superantigens (37). Both 

these and our own studies indicate that regulation in Th2 diseases is disturbed. Moreover 

it encourages us to use caution when interpreting data on regulatory T cells and FOXP3 

expression. 

TH2� dISEaSE and T CELL RESPOnSES

allergen specific responses

In allergic disease allergen presentation to naïve T cells causes aberrant Th2 responses 

with production of Th2 cytokines that induce eosinophils and IgE synthesis. In chapter 4 

we show that allergen specific Th2 cell responses can be detected as early as 3 years of 

age and are present before allergen specific sensitization measured using serum allergen 

specific IgE. Th2 cells producing cytokines such as IL4 and IL13 mediate the production of 

IgE (38) supporting the finding of allergen-specific Th2 cells before the detection of specific 

IgE. On the other hand IgE is the least abundant of all serum immunoglobulins (39) and the 
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half-life of free serum IgE is short in comparison to other immunoglobulin classes (40), it has 

to be produced continuously in order to maintain its serum levels. Thus although specific 

IgE memory might already be present, possibly in mucosal tissues, serum levels of IgE 

might still be to low to be detected.

In the PBMC from young allergic children in our cohort we also see an allergen-specific 

up regulation of GATA3 within the CD4+ T cell population after stimulation with different 

allergens. This GATA3 expression was present before allergic sensitization could be 

detected using allergen specific IgE. We also detected high amounts of Th2 cytokines 

but hardly any or low amounts of Th1 cytokines in these cultures (chapter 4). It is known 

that GATA3 regulates the secretion of Th2 cytokines IL4, IL5 and IL13 (41, 42) and GATA3 

inhibits the production of Th1 type cytokines (43) causing a Th2 skewed response. It has 

also been suggested that allergic children are unable to mount a proper Th1 response, in 

chapter 4 however we show that PBMC from allergic children have similar IFNγ production 

in response to tetanus toxoid as non-allergic children.

The involvement of GATA3 in allergic disease is substantiated by the fact that in the airways 

of asthmatic patients increased numbers of CD4+GATA3+ T cells were found compared to 

healthy individuals (44, 45). The Th2 inducing and sustaining function of these GATA3+ cells 

is suppressed by the main asthma treatment, inhalation corticosteroids. These steroids 

inhibit the GATA3 nuclear translocation through competition of the activated glucocorticoid 

receptor for nuclear import as well as by induction of MAPK phosphatase-1 which inhibits 

the phosphorylation of GATA3 (46). However this effect is probably local and only temporary, 

because when PBMC from asthmatic children using inhalation corticosteroids are cultured 

with allergen, GATA3 function is retained as shown by both high GATA3 expression and 

high Th2 cytokine production in these cultures (chapter 3 and 4). Moreover stimulation 

of PBMC from allergic individuals with allergen induces high GATA3 expressing cells that 

co-express FOXP3, causing selective suppression of Th1 cytokines, thereby amplifying 

the Th2 response (chapter 3). Thus allergen specific cells are present early in allergic 

disease development, display typical Th2 characteristics but can co-express FOXP3 and 

contribute to Th2 polarization and amplification.

allergen characteristics

There are many different allergens involved in allergic disease. Studies looking into allergen 

specific responses make use of allergens from different sources; either recombinant 

allergens, natural allergen extracts or purified natural allergens. Interestingly in our study 

non-sensitized children did not show an allergen-specific response (chapter 4). This could 

be due to the young age of the children in our cohort, others reported IFNγ or IL10 prone 

responses in adult non-allergic individuals. It is however also possible that the IFNγ or 

IL10 prone response in these studies was due to contaminants in the allergen preparations, 
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such as endotoxins able to stimulate Toll-like receptor 4 (TLR4) (47). In our study we used 

highly purified allergens and we have not found allergen specific proliferation in response 

to these purified allergens in older allergic children (aged 7-16 years) either (chapter 3). 

It has also been suggested that intrinsic allergen properties such as protease activity and 

lipid binding act as Th2 adjuvant (48, 49). Many allergens however do not have such an 

intrinsic property and allergens do not induce a Th2 response in all individuals, indicating that 

susceptibility also plays an important role. The allergic march postulate would support the 

latter concept, in which eczema susceptible individuals are at risk for development of asthma 

due to filaggrin mutations that initiate disease due to epithelial barrier dysfunction (50, 51). 

Moreover susceptibility might be determined by polymorphisms in innate immune receptors. 

Polymorphisms in TLR4 have been described to be associated to allergic disease (52, 53). 

Our study shows the importance of allergen characteristics when interpreting allergen 

specific responses. In addition, possible genetic risk factors need to be taken into account 

when investigating allergen specific responses. 

Complement

Not only polymorphisms in TLR genes have been described as risk factors for development 

of allergic disease. Also within the complement pathway, forming a link between the innate 

and adaptive system, several polymorphisms have been described to be associated with 

allergy and/or asthma (54-56). In murine models it has been shown that high C3a is a 

risk factor and high C5a is protective for the development of asthma (57). In chapter 5 

of this thesis we show that Der p 1 cleaves C3 and C5 into anaphylatoxins C3a and C5a. 

This would however generate both C3a and C5a and impact both allergic and healthy 

individuals. We present preliminary evidence that allergic asthmatic children have lower 

C5aR expression on DCs and monocytes compared to healthy individuals, possibly 

leading to decrease in protective effect of C5a. Interestingly the plasma C5a levels were 

higher in allergic asthmatic children possibly caused by polymorphisms within the C5 gene 

enhancing cleavage by Der p 1. This increased C5a levels substantiates the hypothesis 

that C5a is protective during disease initiation, i.e. sensitization but exacerbates disease 

progression (58).

The differential role of C3a and C5a is not fully clear since a recent study by van der Touw 

and colleagues (59) showed that blockade of both C3aR and C5aR signaling augments 

the generation of induced Treg and resist the conversion of induced FOXP3+ Treg to allo-

antigen specific T cells producing IFNγ. One could speculate that in allergic responses 

C3aR/C5aR signaling is increased, thereby facilitating the conversion to allergen specific 

inflammatory cytokine producing T cells, resulting in a FOXP3/GATA3 double expressing 

phenotype as seen in the allergen specific responses shown in chapter 3. 

8



130

CHAPTER 8

Although there is much evidence from murine models for the protective role of C5a and 

the pathogenic role of C3a in the development of asthma, in humans this has so far not 

been confirmed. Anaphylatoxin receptors are expressed on many cell types complicating 

research into specific actions of anaphylatoxins (60). They might fulfill a different role in 

different phases of allergic disease development as has been suggested in murine models.

wHEEzE and aSTHma: PHEnOTyPES VERSuS ETIOLOGy

As reviewed in chapter 6 of this thesis asthma is a heterogeneous disease resulting in 

diagnostic difficulties. It is often preceded by childhood wheeze and also wheeze has many 

phenotypes. Wheeze is defined as a high-pitched sound with a musical quality resulting 

from turbulence through narrowed tubes as a symptom of bronchospastic bronchial 

airways (61). The question is whether a wheezing phenotype is related to a certain asthma 

phenotype? In order to be able to establish this we need to establish the different wheezing 

phenotypes. However wheezing phenotypes have been based on longitudinal data and not 

on clinical differences (62-64). Moreover both we (chapter 7) and others (65) have shown 

that classification based on clinical features (66) has not been successful in establishing 

asthma diagnosis when wheezing starts. Another important issue is the ability to diagnose 

wheeze. Parents have difficulty recognizing wheeze (67), but also between physicians 

significant interobserver errors occur (68). This suggests that either parent or physician 

reported wheeze might not be a valid marker of asthma, complicating any study involving 

prediction of asthma. In the study described in chapter 7 the definition of wheeze was 

broad, also involving coughing and shortness of breath, which has been suggested to be 

better in predicting asthma development (69).

Nonetheless it is thought that the pathophysiology of wheeze in transient wheezers differs 

from wheezers that develop asthma. Thus although symptoms are similar for children that 

develop asthma it is thought that there is a continuous disturbance in immune balance, also 

early in pathogenesis when symptoms might not be evident yet. Therefore unraveling the 

factors involved in this disturbance opens doors to finding parameters for early diagnosis 

of asthma.

PREdICTIOn OF dISEaSE

As described in chapter 2 of this thesis the amount of FOXP3+ Treg is related to the 

development of allo-reactive disease. This would suggest that measuring the FOXP3+ Treg 

content in the graft or shortly after HSCT can be used as biomarker for prediction of allo-

reactive disease. For the selection of a good biomarker several criteria need to be taken 

into account. One of these criteria is that the biomarker should be easy to measure and 

although FOXP3 measurement is not difficult it has to be performed on fresh peripheral 
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blood. Since FOXP3 measurement is relatively laborious it cannot always be performed 

on the same day blood is drawn and FOXP3 expression is instable when cells are not 

processed the same day (unpublished data). This makes the validation of this assay for 

clinical use difficult. 

Furthermore a biomarker should be easily obtainable, preferably with a non-invasive 

procedure and have high predictive value. For prediction of asthma a non-invasive technique 

for obtaining material from the place of inflammation is exhaled breath condensate. There 

have been quite some studies identifying biomarkers in exhaled breath condensate for 

the diagnosis of asthma (see table 3 chapter 6). To obtain exhaled breath condensate 

however specific expertise and equipment for analysis is required (70). 

Peripheral blood, although invasive, can be easily and reproducibly obtained from 

individuals of all ages and represents the systemic immune system. The development of 

allergy and/or allergic asthma is thought to be dependent of several risk factors, such 

as early life eczema. It has been postulated that there is progression with age of atopic 

disease in children from eczema to asthma and allergic rhino-conjunctivitis, known as the 

allergic march (71). Skin barrier dysfunction leading to local Th2 inflammation is followed 

by systemic inflammation involving eosinophils and cytokines as TLSP. This concept 

of systemic inflammation would mean that detection of systemic markers early in life 

is a feasible concept to detect children at risk for the development of asthma. This is 

substantiated by the biomarker study described in chapter 7, where we show that plasma 

levels of IP-10, MDC and TARC in 3 year old early wheezers can predict allergic asthma 

at age 6 years. Theses chemokines have all been associated with pathological features of 

allergic disease (72-74). Moreover high cord blood levels of TARC and MDC have been 

associated with allergy development later in life (75) and these chemokines have been 

detected in both exhaled breath condensate and BAL fluid of asthmatic patients (see table 3 

chapter 6) substantiating their importance in asthma pathology. These results need to be 

validated in large prospective studies and where possible markers should be determined 

when first symptoms occur to firmly establish their value in early prediction of asthma. 

COnCLuSIOnS

Immune development and regulation starts before birth and is affected by many factors, 

both genetic and environmental. Disturbances in immune regulation can lead to allergic 

disease, which has many different manifestations such as allergic rhinitis, atopic dermatitis 

or allergic asthma. Many studies have shown the importance of Treg in the suppression 

of allergic disease, the exact role of Treg however is still not clear. This is complicated by 

multiple factors: Obtaining material from the site of inflammation is invasive and complex 

especially in children. Many individuals with established disease use immune-modulating 

medication and there is heterogeneity within the different disease manifestations. This 
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probably also accounts for the lack of success of clinical prediction models. In this thesis 

we show that in allergic individuals allergens induce high GATA3 expression in CD4+ T 

cells with high Th2 cytokine production and regulation of this response is disturbed due 

to FOXP3 expression within these GATA3 positive cells inducing selective suppression 

of Th1 cytokines thereby enhancing the Th2 response in stead of controlling it. These 

allergen specific responses are present early in life and can be detected before specific 

IgE. Besides T cells there are many other cells involved in allergic diseases, all producing 

specific mediators that can be released at the site of inflammation or into the circulation. 

Detection of these mediators has been used for establishing new diagnostic markers and 

the biomarker study in this thesis shows that detection of IP-10, TARC and MDC in plasma 

of early wheezers can be used to predict allergic asthma development later in life.  

It is evident that allergic disease is initiated early in life and specific markers related to the 

disturbed immune balance can be detected before symptoms are present. Biomarkers are 

a reflection of the systemic nature of inflammatory disease and therefore seem a promising 

tool for early life prediction of disease. Individual disease development is dependent on 

many genetic and environmental factors, the ultimate pathophysiology, although complex, 

is the same. And although from an intervention point of view we would like to predict 

disease before birth, I feel that we should first focus on identifying markers early in disease 

manifestation and establish their value in prediction. The development of new techniques to 

measure the metabolism and signal transduction in the broadest sense in our body offers 

endless opportunities for biomarker research. However sometimes we need to realize that 

the more we measure the less we know.  8
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HET aFwEERSySTEEm En dE REGuLaTOIRE T CEL

Het afweersysteem van de mens is een complex geheel dat zich gedurende het hele leven 

ontwikkelt. We worden continu blootgesteld aan allerlei schadelijke en niet-schadelijke 

stoffen afkomstig van onder andere voedsel, micro-organismen, planten en dieren. Het is 

belangrijk dat het afweersysteem de schadelijke stoffen opruimt, maar net zo belangrijk dat 

de niet schadelijke stoffen worden getolereerd en niet tot ontstekingsreacties leiden. De 

cellen die verantwoordelijk zijn voor de ontwikkeling van een ontstekingsreactie zijn speciale 

witte bloedcellen, de zogenaamde effector T cellen. Er zijn verschillende soorten effector 

T cellen bekend, die elk een andere functie hebben. Zo zijn de verschillende zogenaamde 

T helper (Th) cellen betrokken bij de afweer tegen intracellulaire bacteriën (Th1), parasieten 

(Th2) en extracellulaire bacteriën (Th17). Deze cellen maken hierbij gebruik van stoffen die 

we cytokines noemen. De Th1 cel maakt voornamelijk interferon gamma (IFNγ), de Th2 cel 

interleukine 4, 5 en 13 (IL-4,5 en -13) en de Th17 cel IL-17. 

Daarnaast is er nog de regulatoire T cel; deze reguleert de afweer en zorgt ervoor dat de 

ontstekingsreactie stopt wanneer het gevaar geweken is. Het is belangrijk dat de effecten 

van deze cellen in balans zijn binnen het afweersysteem.

Transplantatieziekte

Niet alleen bij gezonde personen moet het afweersysteem de juiste balans vinden, ook wanneer 

kinderen, bijvoorbeeld wegens niet op een andere manier te behandelen bloedziekten, 

een stamceltransplantatie hebben ondergaan. Het afweersysteem van het kind dat de 

transplantatie krijgt wordt dan eerst helemaal uitgeschakeld en na de transplantatie moet het 

nieuwe afweersysteem zich ontwikkelen uit de stamcellen die zijn getransplanteerd. Hierbij 

zullen ook weer verschillende T cellen tot ontwikkeling moeten komen om een afweerreactie 

te vormen tegen schadelijke stoffen. Normaal gesproken zullen T cellen niet reageren op 

lichaamseigen stoffen en dus ook niet op lichaamseigen cellen. Het donormateriaal dat wordt 

gebruikt bij transplantatie is echter uiteraard van iemand anders en bevat naast stamcellen 

ook T cellen. Er bestaat een mogelijkheid dat die T cellen de lichaamseigen cellen van de 

ontvanger aanvallen. Dit noemen we de graft-versus-host ziekte (GvHZ), een ziekte die een 

ernstig verloop kan hebben en zelfs tot de dood kan leiden.

Zoals hierboven beschreven zijn regulatoire T cellen belangrijk om afweerreacties in toom te 

houden en op die manier ontsteking te voorkomen. Dus ook bij transplantatie heb je genoeg 

van deze cellen nodig om te zorgen dat er geen overmatige afweerreacties optreden. Met 

de experimenten die in dit proefschrift beschreven worden hebben we onderzocht of een 

tekort aan regulatoire T cellen gerelateerd is aan het ontstaan van GvHZ. In het kader van 

dit onderzoek hebben we bij kinderen die een stamceltransplantatie ondergingen gekeken 

hoe het afweersysteem zich daarna herstelt. We konden vaststellen dat kinderen die geen 
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GvHZ ontwikkelden, in de eerste 6 weken na transplantatie een hoger percentage regulatoire 

T cellen hadden vergeleken met kinderen die wel GvHZ ontwikkelden. Bovendien bleek ook 

een hoog percentage regulatoire T cellen in het donormateriaal te beschermen tegen GvHZ. 

allergische ziekte

Zoals gezegd moet het ontwikkelende afweersysteem onderscheid maken tussen 

schadelijke en niet schadelijke stoffen, zoals allergenen. Allergenen zijn niet schadelijke 

stoffen aanwezig in onze omgeving, afkomstig van onder andere voedsel, planten en 

micro-organismen. Hoewel ze niet schadelijk zijn, hebben ze wel de potentie om allerlei 

cellen van het afweersysteem te activeren. De meest bekende allergenen zijn melkeiwit, 

boom- en graspollen en huisstofmijt. Wanneer het afweersysteem door deze allergenen, 

ondanks hun onschuldige karakter, aangezet wordt tot een ontstekingsreactie spreken we 

van een allergische ziekte. De T cellen die dan gaan delen en tot een ontstekingsreactie 

leiden tegen die allergenen zijn de Th2 cellen. Deze cellen spelen dus niet alleen een rol bij 

de bestrijding van parasitaire infecties. In de literatuur zijn er aanwijzingen dat regulatoire T 

cellen een rol spelen bij het voorkomen van allergische ziekte. Deze zouden ervoor moeten 

zorgen dat de reactie van het afweersysteem op allergenen in toom wordt gehouden. 

Tot nu toe werden de verschillende T cellen gekarakteriseerd aan de hand van bepaalde 

eiwitten die ze maken. De regulatoire T cel maakt het forkhead box protein 3 (FOXP3). 

Dit is een eiwit waarvan beschreven is dat het van belang is voor de regulerende en 

onderdrukkende functie van de regulatoire T cel. De Th2 cel maakt het eiwit GATA3, dat 

belangrijk is voor de productie van de cytokines IL-4, -5 en -13, waarmee andere cellen 

van het afweersysteem worden aangezet tot de ontwikkeling van een allergische reactie. 

De laatste tijd echter zijn er aanwijzingen dat de verschillende T cellen ook andere eiwitten 

kunnen maken, die voorheen allen karakteristiek werden geacht voor één type T cel. 

Wij wilden weten wat de rol van de Th2 cel en de regulatoire cel is bij blootstelling aan 

allergenen. In onze experimenten hebben we gekeken naar de reactie van afweercellen van 

allergische en niet-allergische kinderen op allergenen zoals huisstofmijt en berkenpollen. 

Daarbij zagen we dat de afweercellen van gezonde kinderen helemaal niet reageerden, 

dus ook niet met een toename van aanmaak van regulatoire cellen. De afweercellen van 

allergische kinderen reageerden op de allergenen door hard te delen. Deze delende cellen 

waren voornamelijk Th2 cellen (gekarakteriseerd door GATA3). Er was echter ook een 

groep delende cellen die niet alleen GATA3 maar ook FOXP3 bevatten, waarbij de vraag 

opkwam of deze cellen nu een ontstekingsfunctie (Th2) of toch een regulerende functie 

(regulatoire T cel) hadden. In aanvullende experimenten zagen we dat deze cellen wel in 

staat waren om de deling van cellen en de productie van IFNγ (van de Th1 cel) te remmen, 

maar de productie van de Th2 cytokines werd niet geremd. Op deze wijze zullen deze 

cellen de allergische reactie dus niet onderdrukken, maar juist aanwakkeren.
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In het algemeen wordt gedacht dat allergische ziekten multifactorieel bepaald zijn: hoewel 

er aanwijzingen zijn dat erfelijkheid een grote rol speelt, zijn omgevingsfactoren ook van 

belang. Beide factoren zijn al vroeg in het leven van invloed op de ontwikkeling van elk 

individu en daarmee ook de ontwikkeling van het afweersysteem zal in haar ontwikkeling 

bepaald worden door zowel genetische als omgevingsfactoren. In geval van allergische 

ziekte is er een fout opgetreden in de ontwikkeling van dit afweersysteem, die leidt tot een 

overmatige reactie op allergenen, resulterend in een Th2 ontstekingsreactie, waarbij de Th2 

cellen dus een belangrijke rol spelen. Tot recent konden we die allergische aanleg pas op 

latere leeftijd (soms pas na 4 jaar) aantonen door bepaling van specifieke antistoffen (IgE) 

tegen allergenen. In dit proefschrift laten we zien dat de reactie van deze Th2 cellen op 

allergenen al vroeger gedetecteerd kan worden, een belangrijke bevinding in het kader van 

vroege diagnose en behandeling van allergische ziekte. 

Er zijn aanwijzingen dat sommige allergenen eigenschappen hebben die op zichzelf al tot 

een Th2 reactie kunnen leiden. Bijvoorbeeld huisstofmijtallergeen, dat enzymactiviteit bezit, 

waardoor zowel direct als indirect Th2 cellen worden geactiveerd. Er zijn aanwijzingen dat 

deze enzymactiviteit een effect kan hebben op onderdelen van onze aangeboren afweer, 

namelijk het complementsysteem. Daarnaast is bekend dat actieve stoffen binnen dat 

complementsysteem, de zogenaamde anaphylatoxinen, betrokken zijn bij de ontwikkeling 

van allergische ziekten. Wij wilden weten of huisstofmijtallergeen in staat is bepaalde 

onderdelen van het complementsysteem, namelijk C3 en C5, om te zetten in anaphylatoxinen. 

En inderdaad: het blijkt dat door de enzymactiviteit van huisstofmijtallergeen C3 en C5 in 

stukjes worden geknipt en een van de stukjes die ontstaan is anaphylatoxine. Dit toont aan 

dat huisstofmijtallergeen via deze dus een bijdrage kan leveren aan de ontwikkeling van 

allergie. 

VOORSPELLEn Van aLLERGISCH aSTma

Astma is een van de allergische ziekten die in de loop van het leven kunnen ontstaan. Astma 

is een ziekte gekarakteriseerd door aanvallen van benauwdheid, piepen en/of hoesten, 

die onder controle kunnen worden gehouden door het gebruik van de zogenaamde 

ontstekingsremmers (inhalatie corticosteroïden) en luchtwegverwijders. De eersten worden 

gebruikt als onderhoudsbehandeling en zorgen voor onderdrukking van de chronische 

ontstekingsreactie en de tweede voor het verlichten van acute benauwdheid. 

Er zijn veel jonge kinderen die vóór de leeftijd van 3 jaar klachten hebben van hoesten, 

piepen en/of benauwdheid; zij worden early wheezers genoemd. Het grootste deel van 

deze kinderen heeft geen astma, groeit over de klachten heen en heeft geen medicatie 

nodig. Minder dan eenderde van deze kinderen heeft deze klachten nog steeds op de 
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leeftijd van 6 jaar en krijgt dan wel de diagnose (allergisch) astma. Ouders en behandelaars 

van early wheezers willen natuurlijk graag weten of hun kind al dan niet astma heeft 

of zal ontwikkelen. De diagnose astma wordt in de praktijd vaak pas gesteld op basis 

van longfunctiemetingen. Echter dit is meestal niet goed mogelijk bij jonge kinderen tot 

ongeveer 6 jaar oud en dus is er behoefte aan een andere methode om astma al op 

jonge leeftijd vast te stellen of te voorspellen. Vroege identificatie van de kinderen die 

astma hebben of ontwikkelen betekent dat vroegtijdig met de juiste therapie kan worden 

gestart en onnodige behandeling van alle andere kinderen kan worden voorkomen. Het 

is dus belangrijk om kinderen die astma ontwikkelen vroegtijdig te kunnen identificeren. 

Voorspellen van astma op basis van klinische kenmerken van early wheezers is tot nu 

toe niet gelukt. Ervan uitgaande dat de ontwikkeling van allergisch astma en dus de Th2 

ontstekingsreactie al vroeg in het leven op gang komt, zouden verschillen in bepaalde 

functies van het afweersysteem ook vroeg meetbaar moeten zijn. In onderzoek dat tot nu toe 

is uitgevoerd is vooral gekeken naar verschillen tussen personen mét en personen zonder 

allergische ziekte, maar niet naar verschillen in de ontwikkeling van het afweersysteem. 

In dit proefschrift laten we zien dat er 3 ontstekingsreactie inducerende stoffen zijn (MDC, 

IP-10 en TARC) die verhoogd zijn in early wheezers van 3 jaar, die later, door middel van 

o.a. een longfunctiemeting, de diagnose allergisch astma krijgen. En deze stoffen zijn niet 

verhoogd bij de early wheezers die over hun klachten heen groeien. Veelbelovend, maar 

deze resultaten zullen moeten worden bevestigd in grotere studies en kunnen dan in de 

toekomst gebruikt worden om op jonge leeftijd de diagnose astma te kunnen stellen.

COnCLuSIE

De ontwikkeling van het afweersysteem start vroeg in het leven en wordt door zowel 

genetische als omgevingsfactoren beïnvloed. Verstoring van de ontwikkeling van het 

afweersysteem kan leiden tot ziekten zoals GvHZ en astma. In dit proefschrift hebben we 

laten zien dat een hoog percentage regulatoire T cellen in zowel het donormateriaal als kort 

na transplantatie beschermt tegen GvHZ. Daarnaast toonden we aan dat de regulatie van 

de afweerreactie op allergenen verstoord is bij kinderen die allergisch zijn. Zowel specifieke 

Th2 cellen als stoffen die kenmerkend zijn voor verstoring van het afweersysteem kunnen 

al gedetecteerd worden voordat allergische symptomen aanwezig zijn. Het meten van 

deze stoffen in het bloed van jonge kinderen met klachten van hoesten, piepen en/

of benauwdheid vormt een veelbelovende techniek om de ontwikkeling van astma te 

voorspellen, zodat tijdig de juiste behandeling kan worden gestart.
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LIST OF abbREVIaTIOnS

APC = antigen presenting cell

AT = anaphylatoxin

Bet v 1 = Betula verrucosa group 1

C3/5 = complement factor 3/5

CD = cluster of differentiation

CFSE = carbosyfluorescein succinimidyl ester

DC = dendritic cell

Der p 1 = Dermatophagoides pteronyssinus group 1

ELISA = enzyme-linked immunosorbent assay

EW = early wheezer

FACS = fluorescence activated cell sorting

FCS = fetal calf serum

Fel d 1 = Felis domesticus group 1

FOXP3 = forkhead box protein 3

GvHD = graft-versus-host disease

HDM = house dust mite

HSCT = haematopoietic stem cell transplantation

IFNγ = interferon gamma

IgE = immunoglobulin E

IL = interleukin

IP-10 = interferon gamma inducing protein 10

MDC = macrophage derived chemokine

PBMC = peripheral blood mononuclear cells

PW = persistent wheezer

TARC = thymus- and activation regulated chemokine

Th = T helper

TLR = Toll like receptor

Treg = regulatory T cell

TSLP = thymic stromal lymphopoietin
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danKwOORd

Het is gelukt! Het streven om in mijn promotieonderzoek zelf patiënten te includeren en zelf 

het labonderzoek te doen. Maar dat was nooit gelukt zonder de hulp en steun van heel 

veel mensen. Zij hebben bijgedragen aan de totstandkoming van dit proefschrift en ervoor 

gezord dat ik er, ondanks frustraties en tegenslagen op zijn tijd, met veel plezier aan heb 

gewerkt.

Berent, wie had dat gedacht toen ik in 2005 kwam informeren of ik misschien een korte 

stage kon lopen bij de immunologie en ook even in het lab kon meekijken. Ik ben blij dat 

ik ja heb gezegd tegen die pizza. Dank voor je vertrouwen, enthousiasme en voor de gave 

die je hebt om mensen een goed gevoel over zichzelf te geven. Het is inspirerend te zien 

hoe zeer jij oog hebt voor de mens achter de onderzoeker. 

Maarten Hoekstra, mede dankzij jou is deze promotie van start gegaan! 

Ismé, zonder jou was er geen DART en préDART geweest. Samen op het matje bij de 

METC was een van de eerste belevenissen in mijn promotietijd. En kijk toch eens waartoe 

dit allemaal heeft geleid. Dank voor al je inzet en input voor mijn artikelen. 

Femke, twee jaar geleden dacht ik niet dat ik ooit zou promoveren en zie nu! En daar heb 

jij een enorme bijdrage aan geleverd. Jij wist als geen ander orde en prioriteiten te stellen 

in mijn chaos aan projecten. 

Bert, rots in de longfunctiebranding en zoveel meer. Wat begon als hulp bij het includeren 

van patiënten, werd een uitgebreide samenwerking. Je was altijd onverminderd enthousiast 

en betrokken, daar wordt een mens blij van.  

Sytze, de Roock!, waar zal ik eens beginnen. Jij bent een van de weinigen die daadwerkelijk 

mijn hele promotietraject heeft meegemaakt. Dank voor alle cappuccini en het aanhoren 

en beantwoorden van mijn eindeloze vragen en problemen. Het organiseren van de pizza-

pubquiz avond was een groot feest, net als onze gezamenlijke congresbezoeken. Ik kan 

geen beter persoon bedenken dan jij om rust te brengen als we in het zweetkamertje zitten. 

Petra, Peet!, ik blijf onder de indruk van jouw doorzettingsvermogen en kijk uit naar jouw 

promotie. Onze koffiedates met of zonder kinderen zijn altijd een succes. Laten we die 

sfeer ook in het zweetkamertje voortzetten.

De Prakkers: Jenny, Jennei!, sorten, ELISA’s, PCRen, CFSEen en heerlijke orde in het lab! 

Superdank voor al je hulp, zonder jou waren al die experimenten niet zo vlot afgekomen. 

Rianne, wat was het luxe dat ik jouw hulp kreeg met de laatste grote experimenten toen ik 

al bij de microbiologie was begonnen, dank daarvoor! Mark, Markus!, de bescheidenheid 

zelve. Sorten met jou was nooit stress, ook niet als het niet helemaal liep zoals gepland. 

Dank voor je rust en die vele “einde van de dag” sorts. Mariska, het is alweer enige tijd 

geleden, maar dank voor de gezellig start in het “allergiegroepje”. Sanne, ook jij was 
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onderdeel van het “allergiegroepje” en het was makkelijk binnenlopen schuin tegenover 

voor wetenschappelijk en niet-wetenschappelijk overleg. Ellen, Elena!, indrukwekkend hoe 

ultiem jij je experimenten voorbereid en uitvoert! Gelukkig was er ook nog tijd voor koffie. 

Maja en Marloes, mijn statistische heldinnen! Zonder jullie was het niet gelukt of zat ik nu 

nog te worstelen met SPSS. Wilco, dank voor je onmisbare input voor ons biomarker 

stuk! Theo, zou leuk zijn als we in de toekomst weer collega’s worden! Joost, Joostos! 

Jij bracht (samen met Sytze) lol in het lab. Ik hoop binnenkort ook bij jouw verdediging te 

zijn. Gerdien, Genoveva, Felicitas, Bas, Annick, Eveline, Alvin, Selma, Lianne, Sarah, Joost 

S., Ruud, Annemarie, Annemieke, Henk, Eva en Yvonne dank voor de samenwerking en 

gezelligheid op het lab. Erica, Angela en Heleen, bedankt voor alle hulp bij administratieve 

zaken en het plannen van afspraken met Berent. 

Nico W., dank voor het mogelijk maken van de familiedag van het prakkenlab en voor mijn 

laatste congresbezoek.

Mijn studenten: Rianne, zo fijn dat jij tijdens mijn zwangerschapsverlof mijn onderzoek 

draaiende hebt gehouden. En wat een feest: na zo lang zijn de data, waarvan jij het begin 

genereerde, toch gepubliceerd! Sandra, wat was het bijzonder dat ik jou mocht begeleiden 

bij je wetenschappelijke stage en je als eerste mocht feliciteren met het behalen van je bul!

De Boesgroep: het begon met Marianne, miss Boes herself, maar al gauw werd ‘t een 

groep. Arjan, Lieneke, Willemijn, Colin en wat recenter Dr. Maud, Lotte en Nina, met jullie 

erbij was er altijd wel volk in het lab, gezellig. Thijs, volgens mij is muziek your middle name, 

jij geeft het concept “los gaan” vorm. Robert dank voor al je hulp bij mijn western blot 

pogingen. 

De Nieuwenhuis groep: Simone, Sabine en Michal. Kerstin, was mijn duits maar zo goed 

als jouw nederlands, es war super toll. Caroline en Kerstin, betere pieten zijn er niet! Sylvia, 

het was een genoegen om wat microbiologie met je te delen.

De Coffers  en daaruit volgend de Beekmannen: Jorg, Veerle, Stephin, Cornelieke, Estel, 

Ane-Rita, Marit, Lodewijk, Pauline en Florijn, dank voor alle hulp met mijn pogingen te 

confocallen en western blotten. Jeffrey dank voor je hulp bij het FOXGATA stuk!

Jos van Strijp, dank voor de hulp bij het initiëren van mijn “microbiologie project”.  Suzan, 

ook al schoot het niet echt op, je was altijd bereid om weer mee te denken! Dank voor je 

kritische blik. Maartje, dank voor je hulp als ik weer eens wat nodig had uit het lab van de 

microbiologie.

Edward Knol, wie had gedacht dat we jaren na die enorme trip naar Zwitserland nog samen 

een paper zouden schrijven. Het was me een genoegen. Dank voor je betrokkenheid en 

enorme allergiekennis.
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(ex)Kamergenootjes: Anne, eindelijk is het voor mij toch ook zover, dank voor de mooie 

tijd tijdens het eerste deel van mijn promotie en de gezellige etentjes.  Beatrijs, ik ken niet 

veel mensen die altijd voor de file komen en na de file weggaan, indrukwekkend hoeveel 

uren jij maakte! Maarten, als ik aan jou denk, zie ik rust, doelgerichtheid en SPSS, dank 

voor de gezelligheid en statistische adviezen. Ewoud, je bent natuurlijk een Boeser maar 

bovenal kamergenoot. Indrukwekkend hoe je al die confocal uren volhoudt. Dank voor het 

aanhoren van mijn kletspraat en voor de goede zorgen. Veel succes met het afronden van 

je promotie. Miekske! Een dag niet gewerkt is…… een dag vol gekletst. Wat leuk dat je 

weer in het WKZ bent en fijn dat 3 Beans er nu is.

Marie-Jeanne, Ingrid en Femke, dank voor het op orde houden van alle DART post en het 

aannemen van telefoontjes van ouders, much appreciated. 

De dames van de longfunctie, Rolien, Joyce, Valesca en Hetty, superbedankt voor het 

doen van de longfunctietesten bij al mijn DARTers en voor de gezelligheid. Rolien, wat een 

luxe was het om die korte lijn met jou te hebben voor planning, vragen en uitslagen. 

Myriam, dank voor het regelen van al mijn afspraken met Bert en ook namens Jorien dank 

aan “die leuke mevrouw” voor het oppassen.

Suzanne Terheggen en Karin de Winter bedankt voor de hulp bij het includeren van de 

astmapatiënten. 

Pirkko, Koos, Gerrit, Ronald, Nening, Debbie en Jaap-Jan dank voor jullie bijdrage aan wat 

mijn eerste publicatie voor mijn proefschrift is geworden!

(ex-)AIOS medische microbiologie: Florine, Suzan, Karen, Arjen, Melanie, Michael, Harold, 

Anneloes, Andras, Rosa, David O, David H, Esther, Erik, Jan, Peter, Marije, Maarten, 

Annette en Dik, bedankt voor de gezelligheid. Hoewel ik lange tijd voornamelijk in het WKZ 

zat, voelde ik me al snel thuis binnen de AIOS groep.

Annemarie Weersink, dank voor je steun en de mogelijkheid om mijn promotie met de 

opleiding tot arts-microbioloog te combineren. Anne Wensing, een nieuwe opleider is altijd 

even wennen, maar dank voor je stimulerende ideeën over mijn toekomst in de immuno-

microbiologie en voor de mogelijkheid tijd te nemen voor mijn promotie.

En natuurlijk buiten de werkvloer:

Margot, hoewel het ook een beetje op de werkvloer is, ook na m’n promotie is er nog 

genoeg te bespreken onder het genot van cappuccino. De T!! What more can I say……..

DFD. Laten we de goede traditie voortzetten. Loeze, ik zeg stelling 8. WJ, Arja en Jules, 

Sanne en Arvid, Marian en Arjen, Karel en Hoang, Mathieu en Mariska, Evelyn en René, Géja 

dank voor alle gezellig etentjes en feestjes.  Die gaven in drukke tijden rust en ontspanning. 

Marije, Jacobine en Saskia, dank voor jullie steun en babbelmomenten. Elina, wat had ik  

&



154

Addendum

je graag nog hier gehad. Eetclubbers, Veerle, Tom, Bram, Laurien, Lonneke, Marco en 

Bianca. Eén “baan of opleiding” zit erop! Ik kijk uit naar het volgende diner.

Pieter P. jouw enthousiasme over de microbiologie heeft bijgedragen aan mijn stap naar de 

Medische Microbiologie. Wie weet komt er nog wel eens een Afrika projectje, de aanhouder 

wint.

Hedy, wat vind ik het bijzonder dat jij zo nauw betrokken bent geweest bij het maken van 

mijn “boekje”. Heel erg bedankt voor je enorme inzet!

Diny, Jet, Maarten, Rico en Pauline, zonder jullie als achterban waren veel experimenten, 

meetings en computeruren niet mogelijk geweest. Rien, in gedachten altijd bij ons.

Loes en Raymond, zuslief en schone broer, de luxe diners zijn altijd weer genieten. 

Papa en mama, wat meer kan ik zeggen dan: een goed begin is het halve werk. Dank voor 

jullie steun en ondersteuning. 

Jan, Don Juan, en Jorien, Herman van Veen is all I need to say.
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performed her final internship at the department of Pediatric Immunology under supervision 

of Prof. Dr. Berent Prakken. After graduating for her medical degree (cum laude) in 2006 
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