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General introduction and
Aim of this thesis

D. Van Hemelen
A.J.M. Van Oosterhout

Adapted from: Clin Exp Allergy. 2009 Dec. Vol 39(12): p1783-5.

Allergy
Allergies are type-I or immediate type hypersensitivity reactions with clinical symptoms
such as edema, vasodilation and bronchoconstriction caused by an aberrant immune
response against harmless environmental allergens. Allergies have become one of the
most prominent immunological disorders of this century. Immunologically, this aberrant
response is characterized by the development of allergen-specific IgE antibodies,
produced by B-cells under direct instruction of Th2 cytokines [1]. These major players
in the allergic immune response, as well as some strategies and attempts to study and
possibly improve the current treatments will be discussed throughout this thesis.
Allergies can be developed against a wide variety of natural and in some cases
synthetic antigens, from which airborne allergens such as grass or tree pollen, cat or
dog dander, house dust mite excrements, but also food proteins, drugs, and insect
venoms are the most common. Airborne allergens generally cause symptoms restricted
to the upper or lower airway track, resulting in allergic rhino-conjunctivitis or asthma
respectively [2], while food and insect venom allergens can cause both local and systemic
(anaphylactic) responses [3]. For food allergens, local reactions are characterized by
itching or a burning sensation in the area of the mouth (oral allergy syndrome), while
in venom allergy they are characterized by a swelling largely extending the sting site
(large local reaction). Systemic anaphylactic responses are the most severe clinical
manifestations in both food and venom allergy, and range from mild urticaria to lifethreatening respiratory or cardiovascular collapse [3-5].
The prevalence of allergic diseases has strongly increased over the last decades in
westernized countries [6-8]. The prevalence of rhino-conjunctivitis, asthma, or atopic
dermatitis reached up to 20% in children in 1998 [6], and in 2004 the center for disease
control and asthma, reported that one in 15 Americans were suffering from asthma [9].
For insect venom allergy, sensitization is measured by a positive skin test and/or the
detection of specific IgE (sIgE). The prevalence of sensitized individuals in our population
is indicated between 9.3% and 28.7% [10]. From this population only a subpopulation
of around 10% will eventually develop a systemic anaphylactic reaction [11]. Another
common cause of anaphylactic responses are food allergies. Food allergy occurs in
up to 10% of young children, and persists in 2–3% of adults, yet prevalence of food
allergies still appears to be increasing. But because of the lacking of good prevalence
studies a clear statement cannot be drawn [7, 8, 12]. Currently over 200 million people
are suffering from allergic asthma [13], posing a great burden on health-care systems.
The increase in allergic diseases during the last decennia has been hypothesized
to be caused by changes assigned to both the host as well as the environment [1417]. As not all individuals develop allergies, a specific susceptibility must be inherent
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to the host. Allergic responses often run within families, which indicates a genetic
basis in the development of allergic diseases [16, 17]. Different genetic determinants
were associated with the development of allergic diseases. A whole series of genes
have been found to contribute to the susceptibility for high serum levels of IgE, or to
the susceptibility for the development of allergies [18, 19]. Some of these genes are
directly involved in Th2 or IgE mediated pathways, such as a cluster of genes on the 5q
chromosome, encoding for cytokines as IL-3, IL-4, IL-5, IL-9, IL-13 and GM-CSF [16], and a
gene on the 11q chromosome, encoding the beta chain of the high affinity IgE receptor
type I (FceRI) [17]. Remarkably, the concordance between the susceptibility genes for
asthma, atopic rhinitis and atopic dermatitis indicate a very limited role for IgE in the
susceptibility of the different allergic disorders [20]. Although a genetic basis is involved
in the susceptibility to allergy development, the genetic predisposition did not change
within the last 20 years. Therefore changes in external factors such as the environment
must also have contributed to the increased incidence of allergic disorders.
Exogenous factors must be an important driver for the increased incidence of atopic
diseases. Different environmental factors have shown to be involved in this process,
such as changes in of the incidence of infectious diseases, changes in the levels of
air pollution, and allergen exposure, as well as altered dietary intake. Air pollution
and the amount of house dust mites present in houses have shown to contribute to
increased prevalence of allergic disorders [14, 15]. Furthermore, studies comparing
atopic phenotypes in monozygotic twins [21] and the Eastern German population
after reunification show the importance of these environmental factors in driving
the increased prevalence of allergic disorders [22]. Environmental factors also have
the capability to alter the regulation of gene expression without altering the genetic
code. This phenomenon, called epigenetics, acts through the control of gene promotor
activity, chromatin structure and/or mRNA stability, thereby regulating gene expression
levels. For instance, diesel exhaust particles were shown to be an environmental risk
factor for allergic sensitization [15, 23]. These particles were recently shown to induce
methylation of CpG residues in the interferon gamma (IFNg) promoter and reduce the
methylation in the interleukin (IL)-4 promotor, thereby decreasing IFNg, and increasing
IL-4 expression and through these changes possibly influencing the development of
atopic diseases [24, 25].
Overall, the susceptibility to allergic sensitization is induced by a complex interaction
between genetic and environmental factors. These gene-environment interactions
could play an important role in the increased prevalence of atopic diseases seen in the
last decades.
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Insect venom allergy
Venom allergy is a specific subclass of allergic diseases, which can result in life
threatening systemic responses. In the normal population, the prevalence to develop
systemic reactions to insect stings is around 1-3% [26]. In a subpopulation of patients
suffering from indolent systemic mastocytosis (ISM), a disease characterized by an
abnormal proliferation of mast cells either only in the bone marrow, or in tissue as well,
the prevalence is strongly increased and varies from 6 to 27 % [27]. The reason for this
increased prevalence in ISM may be the presence of large amounts of mast cells due
to the uncontrolled clonal proliferation of these cells. Moreover, the risk of reoccurring
systemic reactions in ISM patients suffering from wasp venom anaphylaxis is almost
100%, which is markedly lower in the population without mastocytosis, varying
between 20-70% [28]. Therefore effective treatment for insect venom allergy, especially
for the ISM patient group is necessary to offer adequate protection from anaphylactic
responses, and protect these patients from these severe and life threatening responses.

Mechanism of allergic responses
The development of allergic diseases starts with the sensitization to a normally
innocuous allergen. Patients become sensitized when B-cells specific for the allergen,
undergo class-switching to the e heavy chain, after cognate activation by CD4+ T-cells
through MHCII/TCR and CD40/CD40 ligand (CD40L) interactions in the presence of the
cytokine IL-4, resulting in the production of allergen-specific immunoglobulin E (sIgE)
[1]. The cognate signal is delivered by allergen-specific Th2 cells, although basophils
are also able to express IL-4 and CD40L, and are therefore recently being discussed as
a possible secondary route for allergic sensitization [29]. The sIgE molecules circulate
within the periphery, and bind through their Fc portion to the high-affinity receptor
FceRI, present on mast cells and basophils [30]. This process of the generation and
binding of sIgE molecules to the effector cells is called the allergic sensitization.
Renewed exposure to the allergen in a sensitized individual leads to an allergic
response, which can be divided into two parts: the immediate reaction and the late–
phase response. The immediate reaction is induced upon cross-linking of the membrane
bound FceRI/IgE complexes by the allergen. This cross-linking results in receptor
aggregation [31, 32], leading to the activation of receptor-associated cytoplasmatic
kinases, and different signaling pathways, resulting in the activation of the FceRI
bearing cells [33]. Activation of mast cells and basophils causes degranulation, and
release of preformed biologically active mediators from the granules, such as histamine
and different enzymes as tryptases, acid hydrolases, cathepsin G and carboxypeptidase
[34]. Furthermore, activation of mast cells and basophils also induces the production
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and release of lipid mediators as Prostaglandin D2 (PGD2), Leukotrienes (LT) C4, D4,
and E4, Platelet activating Factor (PAF) and different cytokines, including IL-3, Tumor
necrosis factor (TNF) a, Macrophage inflammatory protein (MIP) -1α , IL-4, IL-13 and
IL-5. The release of the preformed mediators results in the physiological changes
characteristic for the immediate allergic reaction due to increased vascular permeability,
mucus production, nerve stimulation, and smooth muscle constriction. After allergen
exposure, allergic symptoms occur immediately with a maximum around 15 minutes
after exposure. The synthesis and secretion of cytokines and other mediators by mast
cells and basophils results in the influx, and accumulation of different leukocytes such
as lymphocytes, basophils, eosinophils and neutrophils at the site of inflammation [1,
35]. Eosinophils, unlike basophils and mast cells, contain preformed major basic protein
(MBP), and eosinophil cationic protein (ECP), capable of inducing tissue damage and
dysfunction [36]. In addition, allergen-specific Th2 cells will be activated through
antigen presentation, and release cytokines as IL-4, 5, 6, and 13 [37, 38]. The release
of these mediators causes a further influx of inflammatory cells and tissue damage,
resulting in swelling and redness in the skin, and a decrease in forced expiratory volume
in 1 seconde (FEV1) and shortness of breath in asthma [38-41]. These symptoms are
known as the late phase response, which develops 4-8 hours after exposure, and can
last up to 48 hours after the initial type I reaction.

T and B-lymphocytes are the major players of the adaptive immune system, and the
main regulators of chronic inflammatory responses within the body. The T lymphocyte
population exists of CD4+ T helper (Th) lymphocytes, CD8+ Cytotoxic T (Tc) lymphocytes,
natural killer T (NKT) lymphocytes, and gd T lymphocytes. CD4+ T-cells are called helper
cells due to their assistance in the antibody-production by B-cells, and their help in
the acquisition of effector functions by Tc-cells and macrophages [42]. The antigenspecificity of every individual T cells is determined by the T cell receptor (TCR) on the
surface of the cell. CD4+ T cells express a TCR interacting with extracellular protein-derived
peptides presented by MHC-II molecules. MHC-II molecules are expressed by professional
antigen-presenting cells (APC), as dendritic cells, as well as by non-professional APC,
as macrophages, B-cells, and epithelial cells [42]. CD8+ Tc cells are specialized in the
destruction of virally infected cells, and interact with intracellular protein-derived
peptides presented by MHC-I complexes, present on all nucleated cell types [43]. NKT
cells bear characteristics of both natural killer cells and T cells, and are therefore known to
bridge the innate and adaptive immune system. NKT cells recognize glycolipid antigens
presented by CD1d molecules [44]. gd T cells are a small (1-2%) subset of T cells, which got
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their name due to the expression of a different kind of TCR. Normal T cells express a TCR
consisting of one a and one b chain; the gd TCR consists of one g and one d chain. gd T cells
detect whole proteins rather than MHC-restricted peptides, and also play an important
role in bridging the innate and adaptive immune responses [45].

Th cell phenothypes, and their role in allergic diseases.
Around 25 years ago, two different Th cell subsets were discovered, first in mice [46], and
later also in humans [47, 48]. The discrimination of these 2 subsets was based on different
functions and patterns of cytokine production, and were called type 1 (Th1) and type 2
(Th2) T helper lymphocytes. Th1 cells predominantly produce IFNg, and are responsible
for the protection against intracellular pathogens by the stimulation and activation of
macrophages and CD8+ T cells. Th2 cells on the other hand, produce the cytokines IL-4,
IL-5, IL-9 and IL-13, but not IFNg and play a major role in the protection against helminths
by the stimulation and activation of mast-cells, eosinophils and basophils [49]. Increased
stimulation, and activation of Th2 cells, associated with reduced Th1 activity has been
shown to underlie the induction, maintenance and progression of allergic disorders [49].
The cytokines produced by Th2 cells, IL-4, IL-5, IL-9 and IL-13 are responsible for
development and maintenance of allergic diseases: IL-4 together with IL-13 promote the
isotype switching of B-cells to produce allergen-specific IgE [1, 50, 51], and the further
development of Th2 cells. IL-4 furthermore promotes the growth of mast-cells, basophils
and eosinophils, and IL-5 is a key mediator of eosinophil maturation and differentiation
[52]. The relevance of IL-5 for eosinophils was shown in a clinical trial using Mepolizumab,
a monoclonal anti-IL-5 antibody, resulting in reduced eosinophil numbers in blood and
sputum [53]. IL-13 plays an important role in airway hyperresponsiveness, globlet cell
hyperplasia, and mucus hypersecretion [54]. IL-9, a cytokine regulating a variety of
hematopoietic cells, has also been associated with Th2 cells [55].

Regulatory T cells
Treg cells, expressing CD25, were first discovered by Sakaguchi et al., who showed their
importance in self-tolerance [56]. This subset of Tregs was defined as naturally occurring
Tregs (nTregs), because of their generation in the thymus [57, 58]. After their generation
they enter the periphery, and are characterised by expression of the lineage-specific
transcription factor FOXP3 [59], although FOXP3 expression is not strictly associated with
nTregs, also activated T cells show a transient expression of FOXP3 [60], their regulatory
mechanism was shown to be dependent on both soluble factors and cell-cell contacts,
presumably mediated by CTLA-4, surface bound TGFb, and the glucocorticoid-induced
TNF receptor (GITR) [61-63].
12

A second type of Treg cells is generated from naïve Th cells in the periphery in
response to antigen stimulation. These so-called adaptive Treg cells, are subdivided
in Tr1 and Th3 cells, are FOXP3 negative, and exert their suppressive capacity by the
release of their respective immunosuppressive cytokines IL-10 and TGFβ [64].
Until now IL-10 and TGFb have been described to execute a suppressive effect at
different levels of the allergic immune reaction. Reduced activation of T-cells, B cells,
and effector cells as mast cells and basophils have been attributed to IL-10 [65, 66]. IL-10
has been shown to play a role in the reduction or inhibition of the costimulatory signal
necessary in T cell activation by inhibiting the tyrosine phosphorylation of CD28, and
therefore the downstream signalling pathway [67]. IL-10 is also involved in the down
regulation of CD40, CD80 and CD86 on APCs, thereby further inhibiting the activation
of Th cells, [68, 69]. Furthermore, IL-10 is able to reduce the IL-4 induced IgE production,
and induce IgG4 production by B-cells [70]. Therefore IL-10 is thought of as a key player
in the suppression of Th cells through governing the induction of immunity vs tolerance.
TGFb on the other hand is essential for the maintenance of immunological self-tolerance
[71], and required for the in vivo expansion and immunosuppressive capacity of nTregs
[72, 73]. TGFb also has the possibility to induce the production of IgA [74].
Tregs are suggested to play a role in the development of allergic diseases, as
decreased numbers and functionality of regulatory subsets as Th3, Tr1 and nTregs were
discovered in allergic compared to non-allergic individuals [75, 76].

Recently, more Th cell subsets, such as Th9, Th17, follicular helper T cells and Th22
cells were described, and their involvement in allergic diseases has been the topic
of different studies during the last years [77]. Th17 cells are mainly involved in the
clearance of extracellular pathogens during infections [78], but were also shown to be
involved in autoimmune diseases, and allergic asthma [79-82]. Th17 cells, characterized
by the production of high levels of IL-17A through IL-17F, are induced by a combination
of IL-6, IL-21, IL-23, and TGF-b [65]. IL-17 has mainly been involved in the chronic phase
and airway remodeling in asthma, by the attraction of granulocytes in the airways
[83]. One subclass of the IL-17 family, IL-17F (IL-25), showed to induce IL-4, IL-5, and
IL-13, and therefore also Th2-associated pathologies. Moreover serum levels of IL17F have been reported to correlate with the severity of allergic rhinitis [84, 85]. Th9
cells, a distinct T-cell population producing high amounts of IL-9, develop from naïve
Th cells, after stimulation with IL-4 and TGF-β. These cells were shown to be involved
in tissue inflammation, leading to excessive mast cell reaction and eosinophilia [86].
Although higher levels of IL-9 have been described in allergic compared to non-allergic
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individuals, their role in allergies still need to be elucidated. IL-22 production was mainly
attributed to IL-17 producing cells, although recent studies showed the presence of IL22 producing T cells independent of IL-17 production. These cells are called Th22 cells
[81, 87-89].
Although the pure, “old fashioned” Th1/Th2 balance is disappearing with the
discoveries of new Th cell subpopulations, a dominant role for Th2 cells is still manifest
in allergic individuals, while the suppressive function predominantly seems to be
performed by Treg cells, rather than Th1 cells.

Th cell differentiation
The differentiation of naïve helper T cells into different subtypes of effector Th cells
(Th1, Th2, Th9, Th17, Th22 and Treg cells), depends on the exposure to different
signals. A first signal, which is provided in an MHC-II restricted fashion, will select and
activate the antigen-specific T cells through the T cell receptor. Although the primary
signal determines the T cell specificity, a secondary signal is necessary to discriminate
between foreign and own antigens. This secondary or costimulatory signal is provided
by the interaction of the CD80 and CD86 molecules on the surface of the APC, with
the CD28 molecule on the T cell surface. If this signal is absent during TCR activation, T
cells will become anergic. A third signal existing of inflammatory cytokines has recently
been described to further increase the clonal capacity of activated Th cells, and play a
role in the differentiation towards a specific phenotype. IL-4 for instance, has shown
to steer the T cell phenotype towards Th2 cells, producing IL-4, IL-5 and IL-13 [90]. The
T cell phenothype is therefore determined by the microenvironment, affecting the Th
cell itself, and the activation state of the APC, which influences the surface expression
of the costimulatory molecules [91]. Completely maturated or activated APC are more
prone to activate T cells to an inflammatory state, whereas partially activated or semimature APC will induce tolerogenic Th cells [92]. Differentiated Th2 cells are critical
in the induction and maintenance of allergic responses by their production of the
inflammatory cytokines IL-4, IL-5, IL-9 and IL-13, causing the production of allergenspecific IgE [1], and the attraction of different kind of lymphocytes [37].

Allergen-specific Immunotherapy
Allergen-specific immunotherapy (SIT) has been used for the treatment of allergic
diseases since it was first applied by Noon in 1911 [93]. Ever since, not much has changed
in the original treatment protocol of subcutaneous injections with increasing doses of
crude allergen extracts. This seems rather surprising since it is currently the only disease
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Mechanisms of SIT
Very early desensitisation of Mast cells and Basophils
After starting SIT, the earliest effect seen is the immediate desensitization of Mast
cells and Basophils that occurs shortly after the first injection of SIT. This reduction in
the susceptibility of mast cells and basophils to release their mediators, results in an
immediate decrease of anaphylactic responses [101, 102]. This reduction in the capacity
to degranulate, might be dependent on the small amounts of mediators released due
to the SIT treatment, which might affect the subsequent threshold for degranulation. A
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modifying treatment that offers long-term protection against allergic manifestations
[94]. Moreover SIT has shown to alter the atopic march, by preventing the development
of asthma in children with allergic rhinitis [95], and the spreading from single to multiple
sensitizations both in children and adults [96, 97]. Therefore SIT clearly alters the natural
history of allergic diseases. The efficacy of SIT, however, is rather variable and appears
to differ from patient to patient, depending on the type of allergen. In addition, as of
yet unknown factors, including genetics, might contribute to the variable efficacy of SIT
between individuals. Finally, efficacy of SIT also varies largely between different allergic
disorders, for instance between the treatment of insect venom allergy and allergic
rhinitis. While insect venom SIT results in a 80–90% reduction of the clinical symptoms
[28], the improvement in allergic rhinitis only ranges from 11-68% [98]. Moreover, the
clinical efficacy of SIT treatment in allergic asthma is even lower. This difference might
be dependent on the frequency of allergen exposure. In venom allergy, allergens
can be avoided more easily compared to inhaled allergens, therefore a chronic Th2
inflammatory response might have an inhibitory effect on the induction of Tregs during
treatment, and therefore the efficacy of SIT.
In addition to its variable clinical efficacy, SIT has several important practical and
clinical drawbacks. First, the treatment requires an intensive up-dosing phase in the
outpatient clinic, followed by monthly injections with allergen for at least three years to
achieve a long-lasting protection [98]. Second, treatment is associated with the risks of
severe side effects including anaphylaxis. Hence, there is a strong unmet medical need
to improve clinical efficacy of SIT. Novel strategies are on their way to improve the burden
of multiple subcutaneous injections through the use of sublingual or intralymphatic
administration, to improve its efficacy by using an adjuvant and to improve the
standardization by using recombinant allergens [99, 100]. However, application of SIT
in a wider range of allergic disorders requires a more detailed understanding of the
mechanisms that contribute to its efficacy as well as preventing its side effects.
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second theory involves the role of the Histamine Receptors (HR) present on the surface
of the basophils. Novak et al. showed that a rapid upregulation of HR2 was observed
after starting SIT, which is a strong inhibitor of FcεRI-induced activation of Basophils
[102], and might therefore play an important role in the very early desensitization of
Mast Cells and Basophils.

Th cell modulation
A second important mechanism of successful immunotherapy is the induction of T
cell tolerance. Peripheral T cell tolerance is characterized by reduced allergen induced
PBMC proliferation [103], and reduced activation of effector T-cells, resulting in reduced
cytokine production [104]. Within the historical context of the Th1/Th2 paradigm in
allergies, a shift from Th2 to Th1 cells was proposed, in which the stimulation of Th1
cells had a suppressive effect on the allergen-specific Th2 cells [74, 105, 106]. After the
discovery of the Tregs, these cells were considered to be largely responsible for the
suppression of aberrant Th2 responses, clinically successful SIT and the underlying
immunological responses, e.g. increased IgG4 levels [100, 106]. Clinical improvement
after SIT has been associated with CD4+ Tregs that produce the immunosuppressive
cytokines IL-10 and TGF-b and with CD4+CD25+FOXP3+ Tregs [74, 105, 106]. IL-10
producing CD4+ Tregs are induced early after starting SIT injections and may be
responsible for the increased serum levels of specific IgG4, while TGF-b has been shown
to play a role in the induction of IgA [100, 106]. Increased numbers of CD4+FOXP3+ Tregs
have been observed after venom SIT [107]. Moreover, CD4+FOXP3+ cells are increased
in the nasal mucosa after grass-pollen SIT and were occasionally associated with IL-10
production by these T-cells [108]. In a more recent study by Wambre et al. SIT seemed to
alter the number of allergen-specific T cells, responsible for the production of IL-4, while
the number of specific T-cells producing IL-10, and IFNγ were left in similar numbers
[109]. Resulting in a changed balance of produced cytokines upon an allergen-specific
stimulus, favoring the production of IL-10 and IFNγ. Considering the emerging role of
Tregs in SIT, strategies to facilitate their induction using adjuvants in combination with
SIT may be promising to improve the efficacy of SIT.

Humoral mechanisms
Already in 1935, serum from SIT treated patients was shown to contain a component
able to block inflammation induced by serum from allergic individuals [110]. These
components were later identified as the allergen-specific IgG fraction, which is strongly
induced during SIT [111]. These IgG molecules were able to block allergen mediated
histamine release in basophils [112], allergen binding to sIgE, and inhibit IgE-facilitated
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allergen presentation by DCs [113]. The mechanism by which these allergen-specific IgG,
in particular IgG4, molecules block the IgE mediated responses involves the formation
of allergen-IgG4 complexes, inhibiting the FceRI facilitated allergen presentation [114].
Moreover, IgG4 molecules also block effector cell activation by binding to their low
affinity receptor FcgRIIb, present on mast-cells, basophils, eosinophils, macrophages,
neutrophils and B-cells. These FcgRIIb receptors contain an immunoreceptor tyrosinebased inhibition motif (ITIM), which can inhibit FceRI signaling, and thereby preventing
the activation of the FceRI bearing cells [115]. Increased levels of IgG4 detected after SIT,
however, do not always correlate with the clinical improvement [116, 117]. Therefore the
increased capacity of IgG4 to block IgE mediated responses rather than the sole increase
in IgG4 is suggested to be important in tolerance induction [66]. Moreover in a study
performed by James et al., long term clinical improvement after SIT was shown to be
dependent on the blocking capacity of sIgG4, and not on the absolute amounts of sIgG4
present within the serum [118]. Therefore, the blocking capacity of the IgG4 molecules
rather than their absolute levels could be important for clinically successful SIT.

Improvement of SIT

Adjuvants that are currently being considered for SIT are mainly immunological in
nature, e.g. immunostimulatory oligodeoxynucleotides and monophosphoryl lipid
A [99, 100]. These adjuvants act on toll-like receptors (TLR), respectively TLR-9 and -4,
expressed by antigen-presenting cells and were initially aimed at promoting allergenspecific Th1 responses [99]. Pharmacological agents as glucorticosteroids (GCS) or
vitamin D3 (VitD3), could be interesting as adjuvants for SIT [119]. 1,25-dihydroxyvitamin
D3 (1,25VitD3) is the physiologically active form of VitD3 and binds to the vitamin D
receptor, a nuclear hormone receptor, to exert its biological effects. The rationale to
use GCS or GCS/VitD3 as an adjuvant is the reported induction of IL-10 production by
CD4+ T-cells and upregulation of CD4+FOXP3+ T-cells by in vivo or in vitro treatment
with these anti-inflammatory drugs [120, 121]. 1,25VitD3 has been shown to inhibit the
maturation of dendritic cells (DCs) thereby facilitating the generation of adaptive Treg
cells [122-124]. Interestingly, 1,25VitD3 and GCS have a synergistic suppressive effect
on DC maturation and consequently display enhanced IL-10 production [125]. Van
Overtvelt and colleagues [126] studied the combination of VitD3 and GCS as adjuvant
for SLIT in an ovalbumin-allergic mouse model and showed enhanced suppression of
airway hyperreactivity (AHR) associated with peripheral expansion of FoxP3+ Treg cells.
Unfortunately, allergic inflammation was not studied and no effect on antigen-specific
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immunoglobulin levels was observed. Altogether, the rationale to use a combination of
GCS and VitD3 as adjuvant for SIT appears better than using GCS alone. Interestingly,
1,25VitD3 has been shown to be effective as adjuvant in an allergic mouse model of
immunotherapy, potentiating the suppression of AHR, eosinophilic airway inflammation
and serum IgE levels [127]. Moreover, these suppressive effects were mediated by IL-10
and TGFb, pointing to a role of Treg cells.
In a randomized, double-blind, placebo-controlled trial with children aged 6-12
years with IgE-mediated asthma, Majak and colleagues examined prednisone alone
or in combination with VitD3 as adjuvants for SIT [119]. Surprisingly, the group that
received house-dust mite SIT with GCS as adjuvant, showed significantly less clinical
improvement compared to the SIT control group. On the other hand, VitD3 seemed to
neutralize this negative effect, as the group that received SIT with GCS/VitD3 adjuvant
displayed similar improvement as the SIT control group. Clinical improvement was
associated with increased FOXP3 and IL-10 expression at 3 months and FOXP3 expression
at 12 months after SIT alone or with GCS/VitD3 adjuvant. These mouse data together
with the data from Majak and colleagues warrant further studies into the use of VitD3
as adjuvant for SIT.

Aim and scope of this thesis
Allergen-specific Th cells are known to be key players in the initiation, progression, and
maintenance of allergic reactions, as well as in tolerance induction after SIT. Therefore
the study of these allergen-specific Th cells is of major importance to understand the
underlying mechanisms within allergic disorders, and to develop new therapeutic
strategies, or to improve current strategies in the treatment of allergic diseases.
The major disadvantage of studying allergen-specific Th cells is the low number of
allergen-specific precursor cells present within the blood [128]. In this thesis we therefore
aimed to optimize the characterization of allergen-specific Th cell phenotypes from
PBMC, and applied this in a study of Th cell modulation during clinical studies of grass
and mugwort pollen as well as wasp venom SIT. To be able to detect these low numbers
of cells, long-term in vitro-cultures are currently used to expand allergen-specific T
cells. In vitro cultures include the risk of phenotype skewing. Therefore in chapter 2 we
compare the detection of allergen specific Th cells using short-term activation assays
using different activation markers with 2 other approaches detecting the grass-pollen
proliferating cells in long-term cultures. With this study we compared the different
methods to develop a reliable method to study the grass-pollen specific T cells, from
patients treated with SIT.
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In chapter 3 we further deepened our knowledge on the detection of allergen-specific
T cells using MHC-II tetramer complexes in the model of mugwort allergy. Mugwort
allergy, with only one immunodominant epitope, and a clear HLA-DR1 restriction offers
a superior model to address the specificity and sensitivity of the tetramer method, and
further compared this method with allergen-induced proliferating T cells, assessed by
CFSE-dilution.
To study the effect of SIT on allergen-specific T cells, PBMCs should be isolated over
the time of treatment. To decrease the processing variability between the samples,
a simultaneous evaluation is preferred; therefore cryopreservation of the PBMCs is
necessary until all samples are collected. As we are interested in the effect of SIT on
Treg cells. In chapter 4 we studied whether cryopreservation influenced Tregs within
PBMCs.
Due to the extremely high efficacy of wasp-venom immunotherapy, in combination
with the fact that patients are not subjected to clinical or seasonal symptoms, waspvenom immunotherapy offers a useful model to study the immunological mechanisms
of SIT. To be able to study the specific Th cell responses in wasp-venom immunotherapy,
we wanted to study all T cells responsive to the wasp-venom extract. In chapter 5 we
describe a method that allowed the detection of all wasp-venom specific Th cells. These
techniques were then applied to study the allergen-specific Th cells in both normal
and mastocytosis patients suffering from wasp-venom allergy treated with SIT. One
disadvantage to study the effect of VIT on allergen specific T cells is the ethical difficulty
to monitor clinical effectiveness of patients treated with VIT.
The second part of the thesis focuses on the improvement of the clinical effectiveness
of SIT using 1a, 25(OH)2 VitD3 as an adjuvant (VITAL-study). The VITAL-study is a double
blind placebo controlled clinical trial in which the adjuvant 1a, 25(OH)2 VitD3 was
added to grass-pollen immunotherapy. 1a, 25(OH)2 VitD3 was shown to be effective as
an adjuvant in a mouse model of immunotherapy, where it potentiated the reduction
of airway hyperresponsiveness, allergic inflammation, and specific IgE levels compared
to SIT alone allowing lower doses of allergen to be used for injections. In chapter 6,
the clinical improvement was measured by monitoring the symptoms of grass-pollen
allergic individuals, before treatment, and after 9 weeks, and 12 months of treatment
with grass-pollen immunotherapy. In chapter 7 we proceed with this study, and applied
a method described in chapter 2, to investigate the allergen-specific Th cells originating
from the patients treated in the VITAL study.
Finally in chapter 8, the results obtained within this thesis are discussed and
summarized.
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Abstract
Background: Allergen-specific TH cells play an important role in IgE-mediated disorders
as allergies. Since this TH cell-population only accounts for a small percentage of TH cells,
they are difficult to phenotype without prior selection or expansion.
Methods: Grass-pollen-specific TH cell profiles were evaluated in 5 allergic and 4
nonallergic individuals using three different approaches: CD154 expression on ex vivo
grass-pollen-activated PBMCs (i); CFSE-dilution in grass-pollen-restimulated PBMCs (ii)
and T Cell Lines enriched for allergen-specific T cells (iii).
Results: Relatively low numbers of allergen-specific TH cells were detected using CD154
expression, limiting the power to detect phenotypic differences between allergic and
non-allergic individuals. In contrast, higher frequencies of proliferating TH cells were
detected by loss-of-CFSE intensity in PBMCs and TCLs after grass-pollen-stimulation,
resulting in the detection of significantly more IL-4 producing TH cells in allergic vs
nonallergic individuals. In addition, higher numbers of IFNg producing TH cells were
detected in long-term cultures compared to the CD154 expressing TH cells.
Conclusion: To detect allergen-specific TH cells for a common allergen as grass-pollen,
expansion is not absolutely necessary, although within 8-day grass-pollen cultures,
higher numbers of proliferating cells resulted in increased statistical power to detect
phenotypic differences. However, this approach also detects more bystander activated
TH cells. TCLs resulted in comparable percentages of cytokine expressing T cells as 8-day
cultures. Therefore enrichment can be necessary for detection of TH cells specific for a
single allergen or allergen-derived peptide, but is dispensable for the detection and
phenotyping of allergen-specific TH cells using crude extracts.
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Allergen-specific TH cells play an important role in IgE-mediated disorders such as
allergies. The production of high amounts of the TH2 type cytokines IL-4, IL-5, and IL13, are responsible for the development and maintenance of allergic diseases [1]. Due
to the low precursor frequencies of allergen-specific TH cells [2, 3], they are difficult
to phenotype without prior selection or expansion [4]. Therefore an easy-to-use, and
reproducible method to detect allergen-specific TH cells is important to study the
immunopathogenesis of allergic diseases. Moreover, accurate T-cell phenotyping is
important to monitor therapies targeting T-cells in the treatment of allergic diseases,
such as allergen-specific immunotherapy (SIT).
MHC-II tetramers bound to a specific peptide, target TH cells with specific TCR [59]. Despite the high specificity, the applicability is limited by the fact that only a
selection of defined HLA alleles can be used, the immunodominant peptides have to
be predefined and recombinant proteins produced. Furthermore, in most patients
the number of TH cells specific for a single allergen-derived peptide is extremely low,
limiting the possibility for direct characterisation. Therefore simultaneous detection
of T cells reactive to all immunogenic epitopes in a complex antigen mixture such as
allergen-extracts could be advantageous.
Approaches towards the detection of all T cells reactive towards a complex allergenextract, without the need for prior patient HLA typing, are based on TH cell activation
or proliferation after allergen stimulation. One recently described technique is based
on the activation marker CD154, which is transiently expressed on TH cells after
allergen-specific stimulation of peripheral blood mononuclear cells (PBMCs) [10, 11].
This technique allows allergen-specific T cells to be studied without long-term in vitro
culturing. Another method uses tracking of allergen-stimulated proliferation of CD4+
T cells by reduced carboxyfluoresceine-diacetate succinimidylester (CFSE) intensity or
by DNA incorporation of bromodeoxyuridine (BrdU) [12-14]. These techniques allow
identification of allergen-stimulated cell division, and can be combined with standard
intracellular cytokine stainings.
In this study we directly compare the use of the activation marker CD154 and
reduced CFSE-intensity to phenotype allergen-specific T cells. CD154 is measured, after
16h of in vitro allergen-specific stimulation, whereas CFSE profiles are measured after
restimulation of 8-day PBMC, and T cell line (TCL) cultures in the presence of grasspollen-extract. Our data shows that, although a lower statistical power, the phenotype
of CD154-expressing TH cells after 16h ex vivo stimulation faithfully predicts the
cytokine profiles of the long-term cultures with a reduced frequency of bystander TH
cell activation.
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Methods
Patients
The study was approved by the local Medical and Ethical committee, all volunteers gave
a written informed consent before participation. Blood samples were obtained from
grass-pollen-allergic (n=5) and non-allergic (n=4) individuals outside the grass-pollenseason. Both groups were sex and age matched; 60% males with a mean age of 28.4
for the allergic-individuals, and 75% males with a mean age of 33.3 for the non-allergic
individuals. Allergic patients suffered from rhinitis during the grass-pollen season,
but not from allergic asthma, or atopic dermatitis. No patients underwent specificimmunotherapy, and no medication was used, at time of blood collection. Allergic
sensitisation was defined as specific IgE > 2 kU/L (Phadia, Uppsala, Sweden).

16h Grass-pollen-specific stimulation
1 x 106 PBMCs/well were stimulated in a 96-well U-bottom plate (Greiner Bio-one,
Frickenhausen, Germany) for 16h with grass-pollen-extract (60µg/ml, ALK-abello,
Hørsholm, Denmark, Endotoxin levels < 0.05EU/ml in culture) or SEB (Staphylococcal
enterotoxin B) (5 μg/ml, Sigma-Aldrich), in the presence of 1 μg/ml soluble CD28-specific
antibody (28.2, BD Pharmingen, Franklin Lakes, USA), as a co-stimulatory molecule.
After the first 2h of stimulation, Brefeldin A (10μg/ml, Sigma-Aldrich) was added to the
cultures. Optimal stimulation conditions were determined based on the expression of
CD154 after stimulation with different concentrations (2.5 – 120µg/ml) and after times
of stimulation (6 – 24h) (data not shown).

CFSE labeling
10 x 106 cells (PBMCs or TCLs) were stained in 0.5ml of CFSE solution in a final concentration
of 10µM for 15 minutes at 37º C. To stop the reaction, cells were washed 3 times with
RPMI 1640 (Bio-Whittaker) supplemented with 10% Fetal Calf Serum (FCS).

8-day PBMC cultures
PBMCs labeled with CFSE were cultured in a 24 well plate (3524 Costar, Cambridge,
Mass, USA) in 500µl of Ultra Culture Medium (BioWhittaker) supplemented with 2mM
glutamine and 2 x 10 -5M β-mercaptoethanol in the presence of 60µg/ml of grasspollen-extract. Wells without grass-pollen-extract served as control. At day 7 cells were
restimulated in flat-bottom 96-well plates with plate-bound anti-CD3 (ON 30µl 5µg/ml,
OKT-3), and soluble anti-CD28 (1µg/ml, BD biosciences) for 16h in the presence of 10 µg/
ml brefeldin A.
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Oligoclonal TCLs were developed as described earlier by Bohle et al. [15] In short, PBMCs
(1.5 x 106) were stimulated with 60 µg/ml grass-pollen-extract in 24-well plates (Costar),
in 500µl of Ultra Culture Medium (BioWhittaker) supplemented with 2 mM glutamine
and 2 x 10 -5 M β-mercaptoethanol. After 5 days, 10 U/ml human rIL-2 (Roche, Basel,
Switzerland) was added to the cultures. Cultures without grass-pollen-extract served as
control. At day 7, T cell blasts were harvested by means of density gradient centrifugation,
and unspecifically expanded using irradiated PBMCs and IL-2. Ten days after the last
feeding, TCLs were labeled with CFSE, and restimulated with grass-pollen-extract (2.5
µg/ml) in the presence of irradiated (60 Gy) autologous PBMCs at a final concentration
of 1.5 x 106 cells/well. At day 5 these cells were restimulated in flat-bottom 96-well plates
with plate-bound anti-CD3 (ON 30µl 5µg/ml, OKT-3), and soluble anti-CD28 (1µg/ml, BD
biosciences) for 16h in the presence of 10 µg/ml brefeldin A.

Flow cytometry
PBMCs were washed with cold (4°C) dPBS, and stained for surface markers at 4°C for
30 minutes in dark with the following antibodies: CD3-eFluor605 (eBioscience, San
Diego, USA), CD4-PerCP, CD8-Alexa-Fluor700, and CD69-APC-Cy7 (all BD-Pharmingen).
Subsequently, cells were fixed using 2% formaldehyde (Merck KGaA, Darmstadt,
Germany) in PBS during 20 minutes at RT in dark, and permeabilized using 0.1% saponin
(Sigma-Aldrich) and 0.5% BSA (Sigma-Aldrich) in PBS. Intracellular antibodies: IL-4-PE,
CD154- PE-Cy5 (BD Pharmingen), IFNg-PE-Cy7 (eBioscience). Isotype controls as well
as non-restimulated cells served as control. Measurements were performed using BD
FacsCanto, or a BD LSR-II flow Cytometer (BD Pharmingen), and analysed using Flowjo
9.2 software (Tree Star, Inc, Ashland, Ore).

Statistics
Differences between the TH-cell responses from the two groups are detected using nonparametric Mann-Whitney Tests, and results are expressed as median (range). When
groups were normally distributed, students T test was used, and results expressed as mean
±SEM. A p-value < 0.05 was considered to be statistically significant (GraphPad Prism 4 for
Mac; Inc, La Jolla, USA). To determine the power of the different methods, Cliff’s delta was
calculated to determine the effect size of non-parametrically distributed data sets. The
effect size measures the strength of a relationship between two variables in a statistical
population, and is a simple way of quantifying the difference between two groups. In our
case, the effect size represents the average difference taking into account the variation,
between the allergic and non-allergic individuals detected using the different methods.
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Results
Direct detection of allergen-specific T cells after 16h of grass-pollenstimulation
Detection of ex-vivo allergen-activated T-cells after 16h of stimulation with grasspollen-extract and anti-CD28 was based on the expression of activation markers CD69
and CD154 within the TH cell population (Fig. 1A). PBMCs cultured in the presence of
medium alone, or medium supplemented with anti-CD28 did not express CD154
in combination with CD69 (Median (range): 0.11% (0.09-0.13) and 0.09% (0.09-0.12)
respectively). After grass-pollen-stimulation, both allergic (n=5) and nonallergic (n=4)
individuals expressed CD69 and CD154, with no difference detected between allergic
and non-allergic individuals (Table 1).
The expression of activation markers CD69 and CD154 on TH cells cultured in the
presence of SEB served as a positive control (Fig. 1A). Significantly more TH cells expressed
CD69 and CD154 (7.2% ± 1.4) after SEB stimulation compared to grass-pollen-stimulated
PBMCs in both allergic and non-allergic individuals (0.57% ± 0.18, p < 0.0001). Again no
differences were observed in the number of activated T cells between allergic (8.0% (7.112.8)) and non-allergic (5.4% (3.0-7.9)) individuals (p = 0.34). All CD154 expressing cells
co-expressed CD69 (Fig1A), therefore CD154 can be used as a single marker to detect
recently activated TH cells.
To characterize the TH1 or TH2 type cytokine profile of CD154+ TH cells from grasspollen-allergic and non-allergic individuals, we evaluated their intracellular IL-4 and
IFNg expression. Fig. 1B, shows representative dot plots of the intracellular cytokine
staining of CD154-positive TH cells after grass-pollen-stimulation from one allergic and
one non-allergic individual. Higher numbers of IL-4 producing cells were found in the
CD154 expressing TH cells from allergic compared to non-allergic individuals, though
reached no statistical significance (Table 1, p=0.1). The number of IFNg producing cells
within the CD154 expressing TH cells was similar in allergic and non-allergic individuals
(Fig 1C, and Table 1). Therefore a higher number of TH2 cells were detected in allergic
individuals, while in non-allergic individuals a clear TH1 response was detected.
To compare the power to detect statistical differences in the number of IL-4
producing CD154+ TH cells between allergic and non-allergic individuals, the effect size
(ES) was calculated (ES = 0.7) using Cliff’s delta for nonparametric measurements.
Within these short-term cultures, an allergen-specific population was detected using
the activation marker CD154, with a trend towards increased numbers of IL-4 producing
cells in allergic individuals.
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Detection of allergen-specific TH cells by CFSE dilution after 8-day PBMC
cultures in the presence of grass-pollen-extract
After 8-day cultures of CFSE-labeled PBMCs in the presence of grass-pollen-extract
(60µg/ml) or medium alone, PBMCs were stained for CD3 and CD4, to select the TH cell
population. Within the wells cultured with grass-pollen-extract, proliferating TH cells
could be detected by reduced CFSE-intensity, which was not observed in the PBMCs
cultured in medium alone (Fig. 2A). The allergen-specific TH cell subpopulation, detected
after culturing with grass-pollen-extract, constituted of a larger fraction of the total TH
cell population compared to the ex vivo analysis using CD154 expression (Fig. 2B, Table
1). To characterize the TH1 or TH2 type cytokine profile of these allergen-specific TH cells
identified by reduced CFSE-intensity, the cultures were restimulated for 16h using plate
bound anti-CD3, and soluble anti-CD28. In Fig 2C, representative dot plots from the
same individuals as in fig. 1B show the IL-4, and IFNg stainings for the CFSE-low TH cells.
We found that in allergic individuals (n=5), significantly more CFSE-low TH cells
produced IL-4, compared to non-allergic individuals (n=4) (p=0.01), while the
percentages of IFNg producing cells were comparable between allergic and non-allergic
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Figure 1: Flow cytometric assessment and phenotyping of grass-pollen-specific TH cells
according to intracellular antigen induced CD154 expression. (A) Comparison of CD154 expression
in CD3+CD8- T cells cultured for 16h in the presence of medium, Grass-pollen or SEB. (B) TH cells
from a representative allergic and non-allergic individual stimulated with grass-pollen-extract
for 16h. Intracellular IL-4 and IFNγ versus CD154 expression of CD3+CD8- TH cells are analyzed. (C)
The percentages of IL-4 and IFNγ producing cells within the dividing CD3+CD4+ T cell population
of 4 nonallergic (open squares) and 5 allergic (solid rounds) individuals. The symbols represent
individual patients, and the line indicates the mean value.
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Figure 2: In vitro tracking of dividing TH cells labeled with CFSE, cultured in the presence of
grass-pollen-extract (60µg/ml). (A) Representative flow cytometric dot plots of CD3+ CD4+ T
cell proliferation. Left plot shows the background CFSE-dilution, right plot the CFSE-dilution
in response to grass-pollen-extract (60µg/ml) after 8 days of PBMC culturing. (B) Percentages
of TH cells detectable for the analysis of cytokine expression using the expression of CD154 or
proliferation by CFSE-dilution as different selection methods. (C) Representative flow cytometric
dot plots of IL-4 (left) and IFNγ producing CD3+ CD4+ T cells from a representative allergic (top)
and nonallergic (bottom) donor. PBMCs were stained with CFSE, cultured in the presence of
grass-pollen-extract during 8 days. Cytokine expression is shown as a function of cell division
(CFSE) after restimulation with plate bound anti-CD3 and soluble anti-CD28. (D) The percentages
of IL-4 and IFNγ producing cells within the CFSE-diluted TH cell population of 4 nonallergic (open
squares) and 5 allergic (solid rounds) individuals. The symbols represent individual patients, and
the line indicates the mean value.

individuals (Fig 2D, Table 1). Remarkably the percentage of IFNg producing allergenspecific TH cells detected after 8-day culture was much higher compared to percentage
within the CD154 expressing TH cells after 16h of ex-vivo grass-pollen-restimulation. The
statistical power of this method to detect differences in the percentage of CFSE-low
PBMCs from allergic and non-allergic individuals producing IL-4 was 1 (Cliff’s delta).
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Detection of allergen-specific TH cells in TCLs enriched for grass-pollenspecific T cells
Subsequently TCLs enriched for grass-pollen-specific T cells were generated. TCLs
were labeled with CFSE, and after 6 days of grass-pollen-extract restimulation, TCLs
were stained for CD3 and CD4 for TH cell selection. Grass-pollen-extract stimulated TCL
cultures showed more proliferating cells compared to TCLs cultured in medium alone,
although background proliferation was higher compared to 8-day PBMC cultures (Fig.
3A). Using loss-of-CFSE to define allergen-specific T cells, we observed an increased
allergen-specific subpopulation within the total TH cell population in TCLs after 6 days
of grass-pollen-restimulation (after correction for background proliferation), compared
to the 8-day PBMC cultures, indicating an enrichment for allergen-specific TH cells due
to blast cell enrichment and expansion (Fig. 3B, Table 1).
To study the cytokine expression in the CFSE-low TCL cells, we restimulated the
cultures using plate bound anti-CD3, and soluble anti-CD28. Fig. 3C shows representative
dot plots of IL-4 and IFNg staining on CFSE-low TCLs from the same individuals as
shown in Fig. 1B and 2C. Within the CFSE-low TH cells from the TCLs, higher numbers
of IL-4 producing cells were detected within the allergic compared to the non-allergic
individuals (p=0.03), while the percentage of IFNg producing cells were comparable
between allergic and non-allergic individuals (Fig. 3D, Table 1). The statistical power of
this method to detect differences in the percentage of divided TCL TH cells from allergic
and non-allergic individuals producing IL-4 was 0.9 (Cliff’s delta).
We find that TCLs show a higher subpopulation of allergen-specific TH cells compared
to 8-day PBMC cultures. Also within this subpopulation significantly more IL-4 producing
TH cells were observed in allergic compared to nonallergic individuals.
Table 1
(a) Allergen-specific TH Cells %

(b) % IL-4+ from a
A

A

NA

S

0.5 (0.3-0.8)

0.3 (0.07–0.9)

NS 16.4 (1.9-25.4) 1 (0-5.7)

8-day PBMC 6.9 (4.8-11.1)

5.8 (2.2-14.2)

NS 3.3 (1.9-10.4)

CD154
TCL

34.7 (22.3-65.9) 42.3 (34.5-56.1) NS 6.9 (2-11.3)

NA

(c) % IFNg + from a
S

A

NS 4.1 (1-7.9)

NA

S

4.6 (2.3-8.3)

NS

0.5 (0-0.6) *

20.1 (15.6-30.3) 18.6 (5.8-26.6) NS

1.3 (0-2.2) *

6.9 (3.8-27.2)

12.1 (3.5-12.9) NS

Table 1: (a) % of allergen-specific T cells detected within the total cell population. % of IL-4 (b) and
IFNg (c) producing allergen-specific TH cells. NS: non significant, *: p < 0.05.
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Within 8-day PBMC cultures, a larger allergen-specific population was detected
compared to the CD154 expressing TH cells after 16h of grass-pollen-stimulation, with a
significantly higher number of IL-4 producing cells in allergic individuals.
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Figure 3: In vitro tracking of dividing TCLs, labeled with CFSE cultured for 6 days in the presence
of grass-pollen-extract (2.5µg/ml) and irradiated autologous PBMCs. (A) Representative flow
cytometric dot plots of CD3+ CD4+ T cell proliferation of TCLs enriched for grass-pollen-specific
T cells. Left plot shows the background CFSE-dilution in the presence of autologous feeders
alone, right plot the CFSE-dilution in response to autologous feeders in the presence of grasspollen-extract (2.5µg/ml) after 6 days of culturing. (B) Percentages of TH cells proliferating
after 8 days of PBMC and 6 days of TCL culturing in the presence of grass-pollen-extract. Each
symbol represents an individual patient, and the horizontal line indicates the mean value. (C)
Representative flow cytometric dot plots of IL-4 (left) and IFNγ producing CD3+ CD4+ T cells from
the TCL dividing upon the 6 day culture in the presence of the grass-pollen-extract. Cytokine
expression is shown as a function of cell division (CFSE) after restimulation with plate bound
anti-CD3 and soluble anti-CD28. Dot plots from a representative allergic (top) and nonallergic
(bottom) donor are shown. (d) Mean ± SEM of the number of IL-4 and IFNγ producing cells within
the CFSE-diluted TH cells after enrichment for allergen-specific T cells are shown for 2 nonallergic
(open) and 2 allergic (solid) individuals.
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In the present study, we show comparative results between different methods to detect
intracellular cytokine profiles of allergen-specific TH cells using flow cytometry. We used
the expression of activation marker CD154 to detect ex-vivo allergen-activated TH cells,
and compared it to loss-of-CFSE-intensity after 8-day PBMC cultures in the presence
of grass-pollen-extracts or after enrichment of grass-pollen-specific T cells in TCLs, as
alternative approaches to detect the same cells. Irrespective of the method used, more
IL-4 producing TH cells were detected in allergic compared to non-allergic individuals.
After 16h of grass-pollen-stimulation, approximately 0.5% of TH cells expressed CD154,
representative for the number of TH cells responsive to the grass-pollen-extract. These
results are in line with different studies determining the percentage of antigen-specific
CD4+ T cells by limited dilution analysis using CFSE dilution, or tritiated thymidine
incorporation [2, 3] as well as with other studies using CD154 to detect allergen-specific
T-cells [10, 11]. Due to the low precursor frequencies, the number of TH cells expressing
CD154 upon allergen-specific stimulation is limited, resulting in low numbers of events
and increased variation. Allergen-exposure e.g. pollen seasons, have shown to increase
the number of allergen-specific T cells, and their cytokine expression [8]. Therefore,
the numbers of CD154 expressing TH cells can vary dependent on the exposure to the
allergen. Nevertheless the value of this method is the absence of phenotypic deviation
due to the short-term of the culture.
To increase the low number of allergen-specific TH cells, PBMCs were cultured
in the presence of grass-pollen-extract, resulting in the proliferation, and expansion
of the allergen-specific population. Moreover using CFSE-labeled PBMCs, allergenreactive TH cells could be readily detected after 8-days of culturing, which represented
a strongly increased subpopulation of allergen-specific TH cells, compared to 16h of
ex-vivo grass-pollen-stimulation. Remarkably after 8 days of culture the detection of
CD154 on restimulated cells lost it’s specificity (data not shown), which is in line with
a recent study comparing CD154 expression with MHC class-II tetramer complexes
after 2 weeks of in vitro culturing [9]. Within the TCLs, 5 times more proliferating T
cells were detected compared to the 8-day cultures, indicating an expansion of the
allergen-specific subpopulation. The higher number of IL-4 producing TH cells in allergic
compared to non-allergic individuals did not reach statistical significance after 16h of
ex vivo grass-pollen-stimulation, although in 8-day PBMC or TCL cultures the number
of IL-4 producing TH cells was significantly increased within allergic compared to nonallergic individuals. Power calculation based on Cliff’s delta for non-parametrically
distributed data, showed the higher power to detect differences in the percentage of
IL-4 producing TH cells between allergic and non-allergic individuals in the 8-day PBMC
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cultures (d = 1). The TCL cultures showed a slightly lower power of 0.9, while within
the CD154 expressing cells after 16h of grass-pollen-restimulation the power was the
smallest (0.7).
Immune deviation within the blood of allergic individuals towards a dominant TH2
type response is widely accepted and clearly demonstrated [7, 8, 16, 17, 21, 22], however
the role of IFNg producing T cells is less clear. Our results show no impairment of
allergen-specific T cells from allergic individuals to produce IFNg. In agreement with our
results, no differences in IFNg production was found after 6h of polyclonal [16], or 18h of
allergen-specific stimulation [17] between atopic and non-atopic individuals. Moreover,
no differences in IFNg-production were observed after 6-8 days allergen co-cultures
[18-20]. In contrast it is hypothesized that allergen induced TH1 cytokine production
is down regulated in allergic vs non-allergic individuals. This is demonstrated by Van
Overtvelt et al., who showed increased percentages of IFNg producing Bet v 1-specific
CD4+ T cells in non-allergic individuals using MHC Class II Peptide tetramers in Bet v 1 T
cell cultures [7, 8]. Also earlier studies using allergen-specific T cell clones (TCCs) showed
more IFNg producing TCCs in healthy compared to allergic individuals [21, 22].
The disadvantage of activation or proliferation markers to detect antigen-specific Th
cells is the risk of bystander T cell detection, activated in a non-allergen-specific fashion,
or phenotype skewing during culture. Compared to the 16h stimulations, 8-day PBMC
and TCL cultures were characterized by increased percentages of IFNg producing TH
cells. Similar numbers of IFNg producing TH cells were observed after Bet v 1-specific
cultures, where the authors demonstrated, by combining CFSE and MHC-II labeling,
that most of the IFNg producing TH cells were not allergen-specific [8]. It can therefore
be assumed that also in our case, the IFNg producing cells are not allergen-specific.
Moreover outgrowth of specific Th cell subpopulations can occur due to preferential
proliferation rates, or apoptosis [23, 24], and non-dividing or anergic allergen-specific
TH cells, that may produce (regulatory) cytokines, will not be detected. Factors present
during culturing, as anti-CD28 or the CFSE used for PBMC-labeling, may skew the TH cell
phenotype, or also activate nonspecific TH cells. As a result, not all detected Th cells will
be allergen-specific, and they will not necessarily include all allergen-specific TH cells.
Interestingly, the cells producing the highest levels of cytokines after 8 days of PBMC
culture are those that proliferated most strongly. This phenomenon was not observed
in the proliferating TH cells from the TCLs. TH cells are known to acquire the ability to
synthesize and secrete cytokines in a division dependent manner, thereby evolving
into a more effector TH cell phenotype [25, 26], which may offer an explanation for the
difference between the primary culture and the TCLs. After T cell blast enrichment,
proliferating T cells are selected, resulting in effector-like phenotypes. Our observations
are in line with Fazekas de st groth et al. who also noticed the highest levels of cytokine
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production by the strongest proliferating cells within primary PBMC cultures [12].
To conclude, our data suggests that by using CD154 expression, a relatively low
number of allergen-specific TH cells is detected, nevertheless the phenotype observed
by this method faithfully reflects the phenotype in long-term cultures. Within 8-day
cultures of CFSE-labeled PBMCs, higher numbers of proliferating TH cells resulted in
a higher statistical power, although more bystander activated TH cells were detected.
This enrichment is important to detect phenotypic differences in TH cells specific for
allergens, to which a lower number of precursor TH cells are present, as recombinant
allergens. Even more specific TH cells could be detected within TCLs, advantaging the
detection of T cells specific for a particular part of an allergen, as peptides. Therefore to
detect allergen-specific TH cells for a very common allergen, as grass-pollen, expansion
is not absolutely necessary, and short-term stimulation is advantaged over longer
cultures to avoid the risk of phenotype skewing due to bystander activation.
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Abstract
Background: Fluorescence-labeled MHC class II/peptide tetramer complexes are
considered as optimal tools to characterize allergen-specific CD4+ T cells, but this
technique is restricted to frequently expressed HLA-class II molecules and the knowledge
of immunodominant epitopes. In contrast, allergen-stimulated proliferation assessed by
CFSE-dilution is less sophisticated and widely applicable. The major mugwort allergen,
Art v 1, contains only one single, immunodominant, HLA-DR1-restricted epitope (Art v
125-36). Thus, essentially all Art v 1-reactive cells should be identified by a HLA-DRB1*01:01/
Art v 119-36 tetramer.
Methods: We compared specificity and sensitivity of tetramer+ and allergen-induced
proliferating (CFSElo) CD4+T cells by flow cytometry.
Results: The frequency of tetramer+CD4+ T cells determined ex vivo in PBMC of mugwortallergic individuals ranged from 0 to 0.029%. After 2-3 weeks of in vitro expansion,
sufficient tetramer+ T cells for phenotyping were detected in 83% of Art v 125-36 -reactive
T cell lines (TCL) from mugwort-allergic individuals, but not in TCL from healthy
individuals. The tetramers defined bona fide Th2 cells. Notably, Art v 125-36 -reactive TCL
depleted of tetramer+ T cells still reacted to the peptide and only 44% Art v 125-36 -specific
T cell clones were detected by the tetramer. CFSElo CD4+ T cells contained only 0.3-10.7%
of tetramer+ T cells and very low proportions of Th2 cells.
Conclusion: Allergen-specific T cells can be identified by HLA-class II tetramers with
high specificity, but unexpected low sensitivity. In contrast, allergen-stimulated CFSElo
CD4+ T cells contain extremely high fractions of bystander cells. Therefore, for T cell
monitoring either method should be interpreted with caution.
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Allergen-specific CD4+ T cells play a major role in the initiation and cure of IgE-mediated
allergy. Excessive Th2 cytokine responses (IL-4, IL-5, IL-13) to allergens are the hallmark of
allergic responses, whereas the Th1 cytokine IFN-g and IL-10 from regulatory T cells are
associated with tolerance to allergens in non-allergic individuals or patients successfully
treated with allergen-specific immunotherapy (AIT)(1,2). As the frequency of allergenspecific CD4+ T cells in peripheral blood is very low, their characterization has been
based on T cell clones (TCC) derived from T cell lines (TCL) after in vitro expansion with
allergen. Recently, functional reactivity in response to allergen-stimulation indicated
by expression of activation markers, cytokine production or proliferation assessed by
CFSE-dilution became frequently used to identify specific T cell responses (3-6).
For the characterization of antigen-specific CD8+ T cell responses, detection via
peptide/major histocompatibility complex class I (pMHCI) tetramers (7) has become
a “gold standard”. More recently available pMHCII tetramers allow direct detection of
antigen-specific CD4+ T cells (8) and are currently praised as a tool to characterize and
monitor CD4+ T cell responses at a single cell level, e.g. in AIT. However, their application
has several limitations. The avidity of pMHCII tetramers and CD4+ T cells is lower than the
avidity of pMHCI tetramers and CD8+ T cells (9,10). The knowledge of immunodominant
T cell epitopes and MHC-restriction is a prerequisite to apply pMHC technology and a
cumbersome pre-selection of patients is required. Thus, studies are usually restricted to
the most frequent HLA-class II alleles and comprise low patient numbers.
pMHCII tetramers have been applied to investigate T cells specific for allergens
from grass, birch, alder, cat, cow or peanut (11-17). Most allergens contain multiple T
cell epitopes and allergic individuals differ markedly in epitope recognition patterns.
However, the major allergen of mugwort pollen, Art v 1, contains only one single
immunodominant T cell epitope (Art v 125-36) and it’s recognition is significantly
associated with HLA-DR1 (18-20). We used a pMHCII tetramer consisting of HLADRB1*01:01 and the immunodominant peptide of Art v 1, which should ideally identify
all Art v 1-reactive T cells, to address the specificity and sensitivity of tetramers. We
also compared tetramer-staining with allergen-induced proliferation assessed by
CFSE-dilution, a more commonly applicable and less costly method to identify and
characterize antigen-specific CD4+ T cells.
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Materials and Methods
Patients
17 mugwort pollen-allergic patients were included who all had recurrent rhinitis/
conjunctivitis during late summer, positive skin prick tests and specific IgE to mugwort
pollen (ImmunoCAP, Thermo Fischer Scientific, Phadia, Uppsala, Sweden). All were
sensitized to Art v 1 as determined by IgE-immunoblots and ELISA (19). Typing of
the patients’ HLA-DRB1-alleles was performed by SSO typing kit (BAG Mr.Spot, Lich,
Germany), and if necessary by All set SSP DR low resolution (Invitrogen, Bromborrough,
UK) and high resolution typing nucleotide sequencing (BigDye Terminator Cycle
Sequencing Kit, ABI, Foster City, CA). 15 patients expressed at least one HLA-DRB1*01:01
allele and 2 patients at least 1 HLA-DRB1*15:01 allele. Five healthy donors with HLADRB1*01:01 alleles and no detectable serum IgE for Art v 1 were included for comparison.
The study had been approved by the local ethics committee and all individuals had
given informed consent.

Tetramer design
The peptide Art v 119-36 (NKKCDKKCIEWEKAQHGA) was chosen for the production of
PE-labeled tetramers with HLA-DRA*01:01 and HLA-DRB1*01:01 (DR1/Art tetramers),
because this 18-mer peptide covers more than 90% of T cell reactivity to Art v 1 in our
population (19) and induces strong proliferation (21). The DR1/Art tetramer and DR1/
CLIP control tetramer were purchased from Beckman Coulter Immunomics (Fullerton,
CA).

Allergen-specific T cell cultures and cell sorting
Art v 125-36 -specific TCL were established from PBMC of HLA-DR1+, Art v 1-sensitized
mugwort-allergic patients by allergen-specific stimu
lation with recombinant Art
v 1 (Biomay, Vienna, Austria; 95% purity; 0.012 EU/µg endotoxin) or Art v 1-peptides
containing Art v 125-36 (Thermo, Ulm, Germany) in Ultraculture medium (Lonza,
Walkersville, MD). Recombinant human IL-2 (10, 20 and 100 U/ml) was added at days 3
or 5 and cells were further expanded up to 5 weeks by addition of 10 U/ml IL-2 or IL-2
plus irradiated PBMC upon splitting. For 4 of 6 tested PBMC samples 20 U/ml IL-2 added
at day 3 was optimal to obtain tetramer+ cells. TCC were obtained by limiting dilution
of TCL (19).
For sorting of CD4+ tetramer+ and CD4+ tetramer- T cell populations, 5-10x106 cells of
TCL were stained with DR1/Art tetramer for 1h at 37°C and CD4-PE-Cy7 or CD4-PerCPCy5.5 for 30 min RT and sorted on a BD FACSAria (BD Biosciences, San Diego, CA).
For proliferation assays, TCL or TCC (5x104 cells) were stimulated in duplicates with
48

Cell staining and flow cytometry
PBMC, TCL and TCC (up to 1x106 cells) were incubated with 2 µl DR1/Art- or the DR1/
CLIP control tetramer in 30 µl of HEPES-buffered RPMI1640 containing 10% human
serum for 1 h at 37°C and 5% CO2 and then stained for 30 min at RT with antibodies:
CD3-Horizon V500, TCRab-FITC (both BD Biosciences), CRTh2-APC, CD27-PeCy7, CD28APC, CD62L-PeCy7, CD45RO-APC, CCR7-PerCP-eFluor710 (all eBioscience, San Diego,
USA), CD4-Brilliant violet 421, CXCR3-PerCP, CD14-APC-Cy7, CD19-APC-Cy7 (Biolegend,
San Diego, USA). After washing with PBS, cells were stained with Fixable Viability Dye
eFluor® 780 (eBioscience) for 30 min and analyzed by flow cytometry using a FACS
Canto II (BD Biosciences) with Diva or FlowJo software. Within the lymphocyte gate,
dead cells, B-cells and monocytes were excluded and a gate set on CD3+CD4+ T cells. For
CFSE labeling, 1x107 PBMC were stained in 500 µl PBS containing 0.5 µM CFSE (Molecular
probes, Invitrogen, Camarillo, CA) for 15 min at 37°C and washed 3 times with RPMI1640
containing 10% FCS.

Cytokine detection
For cytokine detection in tetramer+ cells, TCL were stained with tetramer for 1 h at 37 °C,
washed and stimulated with PMA (1 µg/ml) and ionomycin (100 µM) in the presence of
brefeldin A (10 µg/ml; Sigma) for 5 h. TCL were subsequently labeled for live/dead, CD4,
CD14 and CD19, and cytokine expression was determined. For intracellular cytokine
staining of IFN-g and IL-4, cells were fixed, permeabilized and stained with anti-IL-4APC (BD), anti-IFN-g-PECy7 (eBioscience). Cytokine capture assays for IL-10-detection
was performed as described by the producer (Miltenyi, Bergisch-Gladbach, Germany)
after stimulation with Art v 123-35-peptide and 2 µg/ml anti-CD28 for 5 h. Cytokines in TCC
supernatants were determined using Luminex system 100 (Luminex, Austin,TX).

Statistics
Wilcoxon signed rank test was used to calculate significant differences by GraphPad
Prism 5.0 (La Jolla, CA). P-values of <0.05 were considered significant.
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irradiated (60 Gy) APC and peptides at an optimum concentration of 3 µM, if not indicated
otherwise. After 48 h, 0.5 µCi 3H–thymidine were added for 16 h, and proliferation
assessed by b-counting. HLA-restriction of TCC was assessed by stimulation of 5x10 4
cells with 2.5x104 EBV-transformed B cells expressing defined HLA-DR molecules after
pre-incubation for 2 hours with Art v 1 (5 µg/ml) or 18-mer Art v 1-peptide (2 µM) and
subsequent irradiation (60 Gy). Proliferation was determined after 48h. Results are
shown as stimulation indices (SI = mean cpm of T cell proliferation with stimulant /
mean of T cell proliferation without stimulant).
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Results
The DR1/Art tetramer binds specifically to CD4+ T cells reactive to Art v 125-36
As reported previously, the PE-labeled DR1/Art tetramer containing the peptide Art
v 119-36 (NKKCDKKCIEWEKAQHGA) specifically bound to several T cell cultures reactive
with Art v 125-36 (KCIEWEKAQHGA) (22). A cloned TRAV17/TRBV18 TCR of a tetramer+ TCC
(23) was transduced into Jurkat T cells (clone 41-19) by amphotropic retroviruses in the
presence of polybrene as described (23) and 40-60% of these cells expressed the Art
v 1-specific TCR and bound the DR1/Art tetramer but not a DR1/CLIP control tetramer
(Fig. 1A). In a spike-recovery experiment, 0.1-25% of TCR-transgenic tetramer+ Jurkat
cells were added to PBMC from a HLA-DR mismatched donor. The recovery of these
cells after tetramer-staining correlated highly with the percentage of spiked cells and
suggested a detection limit of about 0.1% (Fig. 1 B). Art v 125-36 -reactive TCL derived from
two mugwort-allergic individuals with DRB1*15:01/*04:04 or DRB1*15:01/*15:02 were
tetramer- indicating the exclusive identification of DR1-restricted T cells.

Ex vivo staining of PBMC with DR1/Art tetramer
Cryo-preserved PBMC from 4 different, DR1-positive, mugwort pollen-allergic patients
and 2 DR1-positive, non-allergic donors were thawed and stained with DR1/Art or
DR1/CLIP control tetramer. DR1/Art tetramer+ cells were not or only rarely detected
corresponding to a maximum of 1:3.400 of CD3+CD4+ cells (0.0-0.029%) (Fig. 1C).
Therefore, PE-labeled cells were enriched via magnetic anti-PE beads (n=4; 3 different
allergic donors). The frequency of detectable tetramer+ T cells increased by about 25fold to 1:303-1:143 CD3+CD4+ T cells (0.33%-0.70%). However, by this approach a large
fraction of cells was lost and only a total number of 12-71 tetramer+CD4+ T cells were
obtained from 3x107 PBMC of each patient (Fig. 1C). Repeated enrichment of aliquots
from the same PBMC sample resulted in reproducible cell numbers, i.e. 38 and 40
tetramer+ cells. In 3x107 PBMC from the 2 non-allergic subjects 8 and 11 tetramer+ CD4+
T cells were detected after enrichment (data not shown).

Expansion of DR1/Art tetramer+ cells by in vitro stimulation with allergen
Since the number of tetramer+ T cells was not sufficient for further characterization ex
vivo, in vitro enrichment by Art v 1-stimulation and expansion with IL-2 was performed.
In time-course experiments of 8 Art v 1-specific TCL maximum percentages of tetramer+
cells were observed after 2 to 3 weeks of in vitro culture (Fig. 2A, B). In 24/29 (83%)
TCL established from 12 allergic patients tetramer+ CD4+ T cells were obtained (median:
5.2%; range: 0-36%; Fig. 2C). The DR1/CLIP control staining ranged from 0.03%-0.23%
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(median: 0.12%). Application of the same enrichment protocol for 5 non-allergic subjects
did not result in detectable tetramer+ cells or Art v 1-specific proliferation.
Several approaches were tested to further improve our in vitro expansion
procedure First, we induced TCL with 12-mer Art v 125-36 (KCIEWEKAQHGA), 14-mer Art
v 123-36 (NKKCIEWEKAQHGA) and 18-mer Art v 119-36 (CDKNKKCIEWEKAQHGA) peptides,
respectively. Several approaches were tested to further improve our in vitro expansion
procedure. First, we induced TCL with 12-mer Art v 125-36 (KCIEWEKAQHGA), 14-mer Art
v 123-36 (NKKCIEWEKAQHGA) and 18-mer Art v 119-36 (CDKNKKCIEWEKAQHGA) peptides,
respectively. The 14-mer was the most effective peptide to activate Art v 1-specific
TCL and TCC (Fig. 3 A,B). Second, we included a short peptide sequence from the HLA
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Figure 1: Tetramer staining of Art v 125-36-specific T cells. A. Jurkat cells expressing an Art v
1-specific TCR. B. Spike-recovery experiment with TCRtg Jurkat cells. C. Ex vivo-enrichment of
Art v 125-36-specific T cells. PBMC from mugwort-allergic donors were stained with DR1/Art
tetramer-PE and then enriched by PE-labeled magnetic beads. Two representative experiments
of 4 are shown. Tet, tetramer; CLIP, control tetramer

51

invariant chain (LRMK) at the N-terminus of Art v 125-36, which had been described to
facilitate direct loading of HLA-class II molecules (Fig. 3D) (24). Third, we added the
dipeptide YR during stimulation with Art v 123-36, which should trigger peptide exchange
in HLA class II molecules (Fig. 3E) (25). However, none of these approaches significantly
improved the proliferation of established Art v 1-specific TCL and TCL or stimulation
of PBMC. Art v 1 and the 14-mer were rather identical in stimulating proliferation of
established TCL (n=23: 17.572 dpm (4.500-71.431 dpm) vs. 17.558 dpm (2.869-61.702
dpm) (Fig. 3C), but Art v 1 was slightly better in stimulating PBMC and yielded slightly
higher numbers of tetramer+ T cells after expansion (n=6 donors; 0,76% (0-8%) vs. 0,38%
(0-16%).

Figure 2: Kinetics of tetramer+ CD4+ T cells during expansion in vitro. PBMC from different
mugwort-allergic donors were stimulated with rArt v 1 and cells expanded for up to 31 days by
adding 20 U/ml IL-2 at day 3 and further cultivation with 10 U/ml and/or irradiated, allogeneic
PBMC as feeder cells. A. Time course of one representative patient. B. The horizontal bar indicates
median values of DR1/Art tetramer positive cells in TCL (n=8) at different time points of culture. C.
Three examples for tetramer-staining of TCL after 3 weeks expansion.
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Phenotype of DR1/Art tetramer+ CD4+ T cells
The production of IL-4 and IFN-g by tetramer+ T cells was analyzed by intracellular
cytokine staining in 14 TCL from 11 patients after 2-3 weeks of expansion in vitro (Fig.
4A-C). The majority of tetramer+ cells (median: 68.3%; range: 41.1-90.9%) was IL-4+, while
only 8.8% (0-83.6%) were IFN-g+. The number of IL-4+IFN-g+ tetramer+ cells was also low
(8.2%; 0-44.8%). These results were in line with the high expression of CRTh2 (50.9%;
5.4-94.7%) and the low expression of CXCR3 (7.7%; 1.1-69.6%) on tetramer+ T cells. In 4
experiments, we combined Art/DR1 tetramer- and IL-10-staining. The few percent of IL10+CD4+ T cells detected were not co-stained with the tetramer.
In addition, various differentiation markers were assessed on tetramer+ CD4+ T cells
(Fig. 4B). 98.8% (95.7-100%) expressed CD45RO, 9.1% (0.8-47.3%) CD62L and 1.6% (0-19.4%)
CCR7. CD27 was expressed at low levels (3.3%; 0-34.3%) while CD28 was high (92.4%; 54.3-
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Figure 3: Optimisation of Art v 125-36 -specific T cell stimulation. Art v 1-peptides were tested for
stimulatory capacity with A. TCL (n=8) and TCC (n=7, 4 different patients). (Wilcoxon signed rank
test; * p<0.05; **p< 0.01). C. Art v 1 was compared to 14-mer using TCL (n=23; 8 representative
examples are shown). The Ii-Key-Art v 1peptide (D.) or co-incubation with YR-dipeptide (E.) were
not superior to stimulation with the 14-mer.
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100%). Together, in allergic individuals Art v 1-specific T cells identified by the tetramer
predominantly were Th2 cells at an “intermediate” stage of differentiation (26).

Detection of allergen-specific T cells by allergen-induced CFSE-dilution
As an alternative method to identify Art v 1-specific CD4+ T cells, we assessed CFSEdilution in short term cultures. Allergen-induced proliferation of PBMC had been proven
optimal at day 8 for the analysis of CFSElo proliferating cells (3). In 14 cultures from 6
different patients we obtained a median of 2.8% (range: 0.3%–13.9%) CFSElo CD4+ T cells
after stimulation with Art v 1. The median background proliferation was 0.7% (0.1-7.9%).
The CFSElo fraction of CD4+ T cells contained significantly (p=0.002) lower percentages
of IL-4-producing cells (4.7%; 0-48.3%) and less CRTh2+ cells (2.0%; 0.3-36.8%) compared
to the tetramer+ cell fraction observed in IL-2-expanded TCL. In contrast, the number of
IFN-g-positive cells (21.6%; 2.7-48.3%) and the expression of CXCR3 (23.6%; 8.7-88.4%)
was slightly higher (Fig. 4C). On the other hand, CFSElo cells expressed higher levels of
CD27 (60.2%; 34.6-91.0%) and CD62L (78.3; 62.0-87.7%) than tetramer+ T cells in IL-2expanded Art v 1-specific TCL.
Most notably, staining of CFSE-labeled short-time cultures with the DR1/Art tetramer
revealed that merely 1.5% (0.3-10.7%; n=14) of the CFSElo cell fraction was tetramer+. The
DR1/CLIP-tetramer resulted in a median reactivity of 0.02% (0-0.16%). One example is
shown in Fig. 4D.

Peptide-reactivity of DR1/Art tetramer-negative CD4+ T cells
As only very small subpopulations of antigen-activated, proliferating CFSElo T cells
were tetramer+, we also wondered whether Art v 125-36 –reactive TCL contained peptidereactive, tetramer- T cells. Therefore, tetramer+ CD4+ T cells were removed from 3 Art v
125-36 -reactive TCL (from 2 patients) by flow-cytometric cell sorting. Restimulation of the
tetramer- CD4+ T cells resulted in a reduced, but still marked proliferation with Art v 1 or
peptides in the range of 7%-89% (median: 39%) of the unsorted, total TCL (not shown).
These experiments suggested that peptide-reactive T cells exist that were not detected
by the tetramer.

Limited DR1/Art tetramer reactivity with Art v 119-36 -specific T cell clones
To further investigate the discrepancy between peptide-reactivity and tetramerbinding, we investigated 27 DR1-restricted, Art v 123-36 -reactive TCC derived from 5
different individuals (Table 1). Interestingly, binding of the DR1/Art tetramer was only
detected in 12/27 TCC (44%), although they clearly reacted with Art v 119-36 contained
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in the pMHCII tetramer. Notably, the proliferative response to Art v 123-36 did not differ
between tetramer-positive and -negative TCC (Table 1, Fig. 5A). Moreover, the lack of
tetramer-binding was apparently not due to reduced expression of the TCR on the
respective TCC, as for 5 tetramer+ and 2 tetramer- TCC no difference in TCRab-staining
was observed (MFI: 1,257-1,990 and 886 and 1,984 respectively). In addition, neither
recent activation of the TCC (27, 28), nor application of the protein kinase inhibitor
dasatinib (29), which both had been reported to improve staining with pMHCII tetramer,
promoted binding of our DR1/Art-tetramer (data not shown). The tetramer staining
varied in its intensity. Fig. 5B shows one tetramer- and two tetramer+ TCC derived from
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Figure 4: Phenotype comparison of tetramer+ CD4+ T cells in TCL after 3 weeks and CFSElo
cells at day 8. PBMC were stimulated with Art v 1, IL-2 was added at day 3 and after 3 weeks
of expansion with IL-2 cells stained with Art/DR1 tetramer. (A) Cytokine assessment after
stimulation with PMA/ionomycin. One representative experiment of 14 is shown. (B) Staining of
cytokines and markers of differentiation (n=14). In parallel, CFSE-stained PBMC were stimulated
with Art v 1 and stained at day 8. (C) The Th-phenotype obtained in the two approaches was
compared (**Wilcoxon signed rank test; p< 0.01). (D) Tetramer-staining of CFSElo CD4+ T cells.
One representative experiment out of 14 (patients n=6) is shown.
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a single individual. Similarly, the staining intensities varied also in oligoclonal TCL (Fig.
3C) indicating that the affinity of the DR1/Art tetramer varies and might become limiting
for certain TCR clonotypes.
Table 1: Characterization of Art v 1-specific T cell clones
Patient No.

TCC

(HLA-DRB1 alleles)
6 ( *01,*03)

1 (*01,*16)

3 (*01,*03)

7 (*01,*11)

5 (*01,*04)

Proliferation

Restriction

Tetramer
staining

Th subset

(SI)

(HLA-DR)*

S20

16

1, 4, 8,16

pos

PR24

185

1

neg

Th2

PX24

17

1

neg

Th2

P 97

19

1

neg

Th2

Th0**

P100

81

1

neg

Th2

P110

47

1

neg

Th0

P102

12

1

neg

Th2

P205

7

1

neg

TH2

P459

75

1

pos

Th2

J25

97

1, 3

pos

Th1

J63

62

1

neg

Th1

J86

327

1, 3

pos

Th1

J157

20

1

neg

Th1

J223

84

1,3

neg

Th2

J203

87

1,3

pos

Th0

J215

8

1,3

pos

Th1

J303

288

1, 3, 11

neg

Th0
nd

J116

9

1

neg

J259

529

1

neg

nd

T65

45

1, 11

pos

Th0

T216

75

1, 11, 7

neg

nd

T45

17

1, 11, 4, 7

pos

Th2

T54

155

1, 11, 7

pos

Th0

T82

25

1,11, 7

pos

Th2

T105

64

1

pos

Th2

A38

10

1, 4

neg

nd

A47

29

1

pos

nd

*HLA-restriction was tested in proliferation assays using APC homozygous for the respective HLADR allele and the 14-mer Art v 1 peptide except the TCC from patient 3 which were tested with the
18-mer Art v 1 peptide and TCC from patient 7 which were tested with Art v 1 (indicated in grey).
**TCC were assigned to Th subsets as follows: Th2: IL-4/IFN- >5, Th1: IFN- /IL-4 >5 and Th0: IFN-/
IL-4 0.2–5.
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Figure 5: The DR1/Art tetramer does not detect all Art v 1-peptide specific T cell clones. Of 27
DR1-restricted, Art v 123-36-reactive TCC derived from 5 different patients only 12 (=44%) were
detected by the DR1/Art tetramer. (A) Similar proliferation of tetramer+ and tetramer- Art v
1-specific TCC in response to Art v 123-36 (Mann-Whitney; p=0.6782). (B) One tetramer- and 2
tetramer+ TCC from the same patient are shown. (C) Six tetramer+ and 5 tetramer-TCC derived
from 5 different patients were mapped for critical amino acids within Art v 125-36 presented by
HLA-DR1. T cell reactivity was tested with single mutant peptides. After 2 days proliferation was
assessed by ³H-thymidine uptake. (-) denotes <30%, (+) >70% of the original proliferation value.
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In order to address the possibility that tetramer-binding depends on differences in
TCR epitope recognition, we analyzed critical amino acids involved in the activation of 6
tetramer+ and 5 tetramer- TCC. The recognition patterns obtained for both types of TCC
by stimulation with Art v 1-peptides containing single alanine-substitutions were not
drastically different (Fig. 5C). The number of critical amino acid residues ranged from
3-11 amino acids for tetramer+ TCC and from 3-7 amino acids in tetramer- TCC (Fig. 5C),
possibly indicating a stronger interaction between TCR and pMHC in tetramer+ TCC. This
difference was mostly localized at amino acids 26C and 28E.
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Discussion
Monitoring of allergen-specific T cell responses during AIT could reveal its impact on T
cells and their involvement in treatment efficacy. In this respect, pMHCII tetramers are
ideal tools to monitor AIT-induced changes at the T cell level. The uniform T cell response
in mugwort pollen allergy, involving one immunodominant T cell epitope restricted by
HLA-DR1 (18,19) is a perfect model to compare pMHCII tetramers with the less costly
allergen-induced CFSE-dilution for the characterization of allergen-specific CD4+T cells.
Application of the DR1/Art tetramer to determine the frequency of peptide-specific
CD4+ T cells ex vivo revealed the expected low frequencies of Art v 1-specific CD4+ T
cells (undetectable - 1:3400) in mugwort-allergic subjects. The frequency of tetramer+
CD4+ T cells in peripheral CD4+ T cells had been reported to range from 1:103-1:106 for
pollen-allergens (14,30,31) and from 1:2000 to 1:104 for perennial allergens respectively
(15,31,32). Similar to previous reports (12,14,30,31,33) we found even less tetramer+
CD4+ T cells in healthy individuals. Thus, the sensitivity of our tetramer matched the
sensitivity of other pMHCII-reagents. However, the number of tetramer+ T cells was too
low to characterize their phenotype. As in other studies on pollen allergens (13,16,31),
after in vitro expansion, the DR1/Art tetramer identified predominantly IL-4+CRTh2+, i.e. a
bona fide Th2-cells for allergic subjects (Fig. 4B,C). These data also matched our own data
deduced from Art v 1-specific TCC (19) and indicate a high specificity of the tetramer.
Due to the uniform T cell response to Art v 1, with virtually all T cells recognizing the
same epitope, we found that the DR1/Art tetramer failed to detect a major fraction of
peptide-specific T cells. More than 60% of Art v 1-specific TCC which strongly responded
to stimulation with the Art v 1-epitope were not identified by the DR1/Art tetramer (Table
1). Such a high prevalence of tetramer-negative effector T cells specific for autoimmune
and viral antigens had previously been solely shown in mice in one report (34). To
analyse whether TCR recognition of the epitope differed between tetramer-positive and
-negative TCC, the aa critical for activation were analyzed with single alanine-mutant
peptides of Art v 125-36. Slightly differential reactivity patterns for tetramer+ and tetramerTCC (Fig. 5C) indicated subtle differences in TCR recognition possibly resulting in higher
avidity for the tetramer. In fact, tetramer-staining in oligoclonal TCL (Fig. 3C) and
different TCC (Fig. 5B) ranged from low to medium fluorescence intensities, suggesting
varying avidities of this pMHCII tetramer for different TCR clonotypes. In summary, the
DR1/Art tetramer shows high specificity, but a low sensitivity.
Notably, the specificity of the CSFE-dilution method proved to be strikingly poor.
Only 1.5% (0.3-10.7%) of CFSElo cells were also tetramer+ positive. Even if one considers
that the tetramer might not recognize 60% of peptide-reactive T cells, the fraction of
estimated Art v 1-specific T cells is small within the CFSElo cell population. In addition,
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only a minority of CFSElo cells were Th2 cells, i.e. produced IL-4 (4.7% vs. 68.3% in
tetramer+ cells) or expressed CRTh2 (Fig. 4C), indicating a very high level of bystander
activation. These apparently less polarized cells (as they were also only moderate IFN-g
producers) might represent freshly activated auto- or xeno-reactive T cells similar to the
background of proliferating cells in the control cultures, which then additionally get
expanded in allergen-stimulated cultures by cytokines released from allergen-reactive
CD4+ T cells.
In this study, for the first time we compared allergen-induced proliferation
and pMHCII tetramers directly for characterization of allergen-specific T cells. The
application of an allergy model, in which a single tetramer should identify nearly all
allergen-specific CD4+ T cells, revealed unexpected limitations in the use of tetramers
because they failed to detect a relatively large fraction of peptide-reactive CD4+ T cells.
If applied in monitoring of specific T cells, this deficit will result in the underestimation
of their frequency and in a loss of T cell populations which may differ in their phenotype
from the detected population. In contrast, the less sophisticated CFSE-dilution
method showed low specificity and characterization of CFSElo T cells did not mirror the
phenotype of allergen-specific T cells, but was strongly biased by an enormous fraction
of bystander T cells. The shortcomings of each method to identify allergen-specific
CD4+ T cells especially in evaluating their involvement in efficacy of AIT need to be taken
in into consideration in future AIT studies.
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Sir,
With great interest we read the recent article in the Journal of Immunological Methods
by Elkord (2009) in which the author reports a reduction of human regulatory T (Treg)
cell numbers in peripheral blood mononuclear cells (PBMCs) after cryopreservation [1].
Treg cells were identified by flow cytometric measurement of CD25hi or Forkhead Box P3
(FoxP3) expression in CD4+ T cells. CD25 and the transcription factor FoxP3 are known to
be expressed by functionally suppressive Treg cells [2], but are not specific for this subset
of CD4+ T cells, as recently activated T cells are also able to transiently express CD25 and
FoxP3 [3]. We are interested in the application of cryopreservation of PBMCs, as it allows
the simultaneous analysis of samples obtained at multiple time points during a clinical
trial. Given the pivotal role of Treg cells in the treatment of allergic diseases, we have in
the recent past extensively studied the effects of cryopreservation on T cell subsets, and
in particular on CD4+ T cells expressing CD25 and FoxP3, allowing direct comparison to
the data published recently by Elkord (2009)[1].
In contrast to the results reported by Elkord (2009), we do not detect substantial
differences in the expression of FoxP3, or the cell-surface marker CD25 within the CD4+
T cell population between freshly isolated and reconstituted cryopreserved PBMCs [1].
Here, we show data derived from PBMCs obtained from three independent individuals
after receiving informed consent, analyzed before, and after minimum one week of
cryopreservation (figure 1). Elkord (2009), as well as Costantini et al., reported a decrease
in the percentage of CD4+ T cells after cryopreservation [1,4]. Our data suggests a similar
reduction in CD4+ T cell numbers after cryopreservation (48.2 ± 3.8% to 41.8 ± 6.3 %,
figure 1b), but the reduction in CD4+ T cell numbers is not statistically significant in this
small sample group. In contrast, the percentages of CD4+ T cells expressing CD25, or
FoxP3 were not altered after cryopreservation (figure 1). Looking at the recovery, the
fraction of CD25hi (85%) and FoxP3+ (82%) CD4+ T cells recovered after cryopreservation is
comparable to the recovered fraction of total CD4+ T cells (86%). These data underscore
the absence of a specific loss of FoxP3+ or CD25hi subpopulations within the CD4+ T cell
fraction. Additionally we analyzed the expression of the cell-surface markers CTLA4 and GITR within the CD4+ T cell population, and also here we could not detect any
differences between freshly isolated PBMC and those recovered after cryopreservation
(data not shown).
The observed decrease in the percentage of CD4+ FoxP3+ T cell population in the
data published by Elkord (2009, and Figure 1 and 2 therein), seems clear, and is observed
in every single individual tested. The most likely explanation for these differences is a
slightly different approach to cryopreservation. In contrast to the ‘freezing medium’
used by Elkord (2009), consisting of 90% fetal bovine serum (FBS) and 10% dimethyl

66

Chapter 4 | Cryopreservation does not alter the frequency of regulatory T cells in peripheral blood mononuclear cells.

Figure 1. Expression of T cell markers CD4, CD25, and FoxP3 as determined by 3 color flow
cytometry in freshly isolated and reconstituted cryopreserved PBMCs. Representative dot plots
from freshly isolated and reconstituted cryopreserved PBMCs are shown for CD4 gated T-cells,
stained for isotype control, CD25, and FoxP3 (A). The percentages of CD4+ cells in the total
lymphocyte population, and CD25+ and FoxP3+ cells in the CD4+ population are shown before
and after cryopreservation from three independent individuals (B).
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sulfoxide (DMSO), our ‘freezing medium’ contains 50% FCS, 40% HBSS (Lonza/BioWhittaker) and 10% DMSO (Sigma-Aldrich, St Louis, MO, USA). After isolation, the PBMCs
are first resuspended in FCS/HBSS medium alone, whereafter the DMSO is gently added
to the suspension, instead of immediately dissolving the PBMCs with the freezing
medium already containing DMSO. The freezing cycle used in both protocols seems
identical, since we freeze our samples in Cryo Preservation Modules (Stratagene, La
Jolla, Canada), as do the authors, rendering a controlled cooling rate of - 0.4-0.6 °C/
minute when placed at -80 °C. After 24h, the frozen vials were transferred into liquid
nitrogen.
To reconstitute the frozen samples, Elkord (2009) transferred the rapidly thawed
samples drop-by-drop to 10ml of 10% FBS in RPMI [1]. In contrast, we gradually dilute the
contents of the rapidly thawed cryovials with 10 ml of 37 °C culture media (RPMI-1640
(Lonza/Bio-Whittaker) supplemented with 100 U/ml penicillin, 0.1 mg/ml Streptomycin,
and 50 μM β-mercaptoethanol (Sigma-Aldrich, St Louis, MO, USA)). This gradual dilution
is performed by first adding 1 ml, followed by a drop wise addition of the remaining
9 ml of medium, which is important to avoid osmotic stress, reducing cell damage [5].
After this first washing step, we wash our cells a second time by gradually adding 20
ml of culture medium, while the centrifugation speed between the washing steps was
limited to 380g.
For analysis, the cells were resuspended in PBS (106/ml), and analyzed by an antibody
staining procedure identical to the paper of Elkord (2009) [1]. As both studies used an
identical method to detect human regulatory T cells (Human regulatory T cell staining
kit, eBioscience, San Diego, CA, USA) in combination with similar CD25-APC / FoxP3-PE
(clone PCH101) antibodies, the differences in Treg cell recovery after cryopreservation
between both studies are most likely based on the processing of the PBMCs during
or after cryopreservation. Although we did not directly compare our cryopreservation
protocol to the one from the Elkord (2009), paper, we tend to conclude that the sensitivity
of Tregs to cryopreservation will depend on the way these cells are treated during the
process instead of on the process of cryopreservation per se.
Another point of discussion is the gating strategy used by Elkord (2009) to study
CD25-expressing CD4+ T cells. In Figure 1A, the authors depict dot plot diagrams
showing a CD4 (X-axis) versus CD25 (Y-axis) staining [1]. The numbers shown in
these plots are the percentages of CD4+CD25hi T cells within the whole lymphocyte
population. These numbers represent the recovery rather than the fraction of CD4+ T
cells expressing CD25. Since the authors also reported a decrease in CD4+ T cell numbers
after cryopreservation, it can readily be anticipated that a similar reduction in the
percentage of CD4+CD25+ expressing T cells within the whole lymphocyte population
will be observed. In our perspective, the CD25+ T cells should have been analyzed as a
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fraction of the total number of CD4+ T cells to avoid this side effect of analysis, as has
been done by the authors in the analysis of the FoxP3 expressing T cells (Figure 1C) [1].
Last but not least, it is important to mention that we do not want to discharge the
key message within the paper of Elkord (2009), which is to perform consistent and
comparative analyses on cryopreserved and freshly isolated PBMC samples [1]. Although
cryopreservation per se does not significantly change the number of CD25hi or FoxP3+ T
cells within the CD4+ population, it can not a priori be assumed that cryopreserved and
freshly isolated PBMC samples are identical, neither in composition nor in cell function.
We certainly do not attempt to discard this notion with our letter, but instead we show
that it is possible using the protocol specified above, to retain a Treg cell population
after cryopreservation that is identical in number to freshly isolated PBMC. It remains to
be established whether cryopreservation affects Treg cell function.
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Abstract
Background: Wasp venom anaphylaxis occurs in a large fraction of patients with
mastocytosis. Venom immunotherapy (VIT) induces clinical tolerance and long-term
protection against allergic reactions to insect stings in patients with wasp venom allergy
(WVA). In indolent systemic mastocytosis (ISM) patients with WVA however, long-term
protection after termination of VIT is absent.
Objective: We aimed to study the immunological changes associated with VIT in ISM
patients.
Methods: Specific IgE (sIgE) for Wasp Venom (WV), Ves v 1, and Ves v 5, as well as WVsIgG4 were determined in serum of WVA patients without and with ISM before and after
VIT. WV-specific Th cell responses were analyzed by characterizing CFSE labeled PBMC
cultured in the presence of dialyzed and heat-inactivated WV-extract. Ex vivo expression
of IL-4, IFNg, IL-10, FOXP3, IL-9, and IL-17 in WV-activated Th cells were analyzed by flow
cytometry.
Results: WV-specific IL-4 producing Th cells were detected in both WVA patient groups.
ISM patients show significantly lower serum levels of WV- and Ves v 5-sIgE. During VIT
both patient groups showed induction of Ves v 5-sIgE, and WV-sIgG4. In WVA patients
without ISM numbers of WV-specific IL-4 and IL-9 positive Th cells are suppressed by VIT.
Remarkably, this Th2 cell suppression is not observed in WVA patients with ISM.
Conclusion & Clinical Relevance: In our study we report for the first time an underlying
WV-specific Th2 response in WVA patients suffering from ISM. Interestingly, and
in contrast to WVA patients without ISM, VIT treatment is not able to suppress this
allergen-specific Th2 response in WVA-ISM patients. These differential effects of VIT on
Th2 cells between WVA patients with and without ISM may explain the lack of long-term
protection seen in WVA patients with ISM, and offer avenues for improvement of VIT
treatment in this patient group.

74

Indolent systemic mastocytosis (ISM) is the most prevalent form of systemic
mastocytosis (SM) and is characterized by a clonal proliferation of mast cells (MC) [1].
Clinical manifestations result from MC infiltration and/or the release of MC mediators
[2]. In patients with mastocytosis the prevalence of insect venom allergy is high, varying
from 6 to 27%, but is particularly high (47.4%) in patients with ISM [3, 4]. This prevalence
is far higher as compared to the normal population where it is estimated to be 0.3–
3% [5]. In addition, in ISM insect venom allergy goes almost always along with severe
anaphylactic reactions (grade IV[6]) compared to venom-allergic patients who do not
suffer from ISM where the estimated prevalence of severe anaphylaxis is 0.3% to 42.8%
of such systemic reactions [4, 7].
The severe and often life-threatening anaphylactic reactions in ISM patients require
effective treatment [8]. For insect venom allergic patients without mastocytosis, venom
immunotherapy (VIT) can restore normal immunity against venom allergens and
provide patients with a lifetime of clinical tolerance to venom [9, 10].
Based on a meta-analysis of venom anaphylaxis in ISM patients, we previously
concluded that VIT is reducing the risk of a reoccurring systemic reaction to insect stings
in this patient group [3], but to a lower extent than in patients without mastocytosis.
In addition, the long-term protection after termination VIT treatment might be less or
even absent in insect venom allergic patients with mastocytosis [3, 11]. The reason for
the reduced clinical efficacy in insect venom allergic ISM patients is currently unknown.
In insect venom allergic non-ISM patients long-term clinical protection has been
postulated to be the result of suppression of the induction of CD4+ helper T (Th) cell
tolerance [12], no data exists in mastocytosis patients. The allergic immune response
is characterized by higher frequencies of allergen-specific Th2 cells [13] and reduced
numbers of allergen-specific regulatory T (Treg) cells [14] compared to healthy subjects.
In venom allergy, the role of wasp venom (WV)-specific Th2 cells is under debate [15].
Determination of T cell responses to wasp venom is hampered by the cytotoxicity of the
venom [16], precluding direct analyses of WV-specific T cell phenotypes. To circumvent
venom toxicity, T cell stimulations so far have been performed using very low doses of
WV [16, 17] or recombinant wasp or bee venom allergens such as Phospholipase A2 (Ves
v 1) or Antigen 5 (Ves v 5) [18, 19]. These studies have revealed that exposure to high
doses of bee venom due to natural causes in beekeepers, or VIT treatment induces a
shift in WV-specific T cell responses by reducing allergen-specific Th2 cell numbers and
inducing Th1 and Treg cells and expression of the immunosuppressive cytokine IL-10
[16, 18-20]. These data indicate that in wasp venom allergic (WVA) patients without ISM
suppression of WV-specific Th2 cells is readily achieved by VIT. The lack of clinical efficacy

Chapter 5 | Absence of Th2 cell suppression during venom immunotherapy in wasp-venom allergic, indolent systemic mastocytosis patients.

Introduction

75

of VIT treatments and the absence of long-term protection against insect anaphylaxis
in WVA patients with ISM led us to hypothesize that VIT treatment in this patient group
fails to induce suppression of WV-specific Th2 cells.
To test our hypothesis we aimed to compare the immunological responses
induced by VIT treatment in wasp-venom allergic (WVA) patients with ISM to those of
WVA patients without ISM. To this end, we first optimized the culture of WV-specific
Th cells ex vivo, and compared these between WVA and non-allergic individuals. We
demonstrate the possibility to circumvent the cytotoxicity of wasp venom by using
a dialyzed and heat inactivated extract. Remarkably, WV-specific Th2 responses are
readily observed in WVA patients without, as well as in those with ISM. Interestingly,
and in contrast to WVA patients without ISM, the numbers of IL-4 and IL-9 producing
WV-specific Th cells were not suppressed by VIT treatment in WVA patients with ISM,
while in both groups WV-sIgG4 and Ves v 5-sIgE were increased. These divergent effects
of VIT on the suppression of Th2 responses between WVA patients with and without ISM
might explain the differences in clinical efficacy and long-term protective effects of the
treatment seen between both patient groups.

Methods
Patients
To optimize the ex vivo cultures of PBMC in the presence of WV extract for the study the
WV-induced T cell responses 8 WVA patients and 6 non-allergic (NA) healthy volunteers
who recalled being stung by a wasp without a systemic allergic reaction and who were
negative for WV-specific IgE served as control.
For the comparative study of the Th cell responses during VIT treatment in WVA
patients with and without ISM, 10 WVA patients without ISM and 11 WVA patients with
ISM were recruited. All patients had not been treated with VIT before the start of the
study. ISM was diagnosed based on the WHO criteria [21] and WVA was diagnosed based
on a history of severe anaphylaxis, venom-specific IgE, and/or intradermal skin testing
according to the EAACI guidelines. VIT was carried out using a semi-rush protocol
of weekly escalating doses of wasp venom extract (Pharmalgen-Wasp, ALK-Abelló,
Hørsholm, Denmark) injected subcutaneously in the upper arm, until the maintenance
dose of 100,000 AU was reached (week 6) as represented schematically in Figure 2.
Blood for serum and PBMC was drawn before start of VIT, and after 6 weeks of VIT for
both the WVA patients with ISM and without ISM (Fig 2). Informed consent was obtained
from all patients and the ethical committee board of the University of Groningen, The
Netherlands, approved the study. Patient characteristics are shown in Table 1.
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WVA

NA

WVA non-ISM

WVA ISM

Number

A.

8

6

B.

10

11

Age

42.7 (31-54)

34.8 (28-51)

48 (26-64)

57 (39-73)

Sex (M/F)

4/4

3/3

8/2

4/7

WV sIgE (Ku/L)

9.9 (1.1–100)

< 0.02

18.45 (1.5-52)

0.22 (0.005-4.0)

total IgE (Ku/L)

221 (35.7-852)

79.2 (38.6-232)

16.90 (4.5 - 159)

Anaphylaxis
(grade*)
I

1

0

0

0

II

2

0

0

0

III

2

0

1

1

IV

3

0

9

10

Skin Testing
Intradermal skin testing was performed in all WVA ISM patients and in WVA non-ISM
patients with inconclusive serologic sIgE measurements. Increasing concentrations of
0.03 ml Pharmalgen wasp (ALK-Abelló) ranging from 0.001 – 1 µg/mL were injected
intradermally with a read out after 15 minutes. The skin test was considered positive
if the wheal of the venom compared to wheal of the injected histamine (HEIC) was at
least 0.5.

Serum specific antibodies
Serum specific IgE antibodies (sIgE) to bee venom (BV), wasp venom (WV) and species
specific WV components (native (n)Ves v 1 and nVes v 5) were determined in the ADVIA
Centaur (ADVIA) [22] (Siemens Medical Solutions Diagnostics, Tarrytown, NY, USA).
A value of >0.35 kU/L was considered as positive. Serum venom-specific IgG4 were
determined using ImmunoCAP (Phadia, Upsalla, Sweden).

PBMC
Peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole
blood by ficoll gradient (Lymphoprep, Axis-Shield, Norway) and frozen as previously
described [23].
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Table 1: Patient characteristics A Describes the characteristics of WVA and non-allergic patients for
the study of ex vivo PBMC cultures with WV. Table 1B describes the characteristics of WVA patients
with and without ISM, treated with VIT.
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Wasp Venom extracts
WV extract (ALK-Abelló Source Material Laboratories, Inc. PA; USA) was dissolved in sterile
PBS. Dialyzed WV extract (dWV) was obtained using a 1mL 3.5-5 kD dialysis membrane.
1ml of WV-extract was dialyzed toward 1L of sterile PBS during 24h (refreshed 2 times),
and sterile filtered (0.22 µm filter). Heat inactivated WV extract (hiWV) was obtained
by heating the dWV extract to 80°C during 30min, whereupon the extract was placed
on ice, and stored at -20°C. When the extract was both dialyzed and heat inactivated
(dhiWV), dialysis was performed before the extract was heat inactivated.

Gel electrophoresis
WV-extracts were separated by gel electrophoresis using 10-20% Tris-glycine gels
(Invitrogen, Merelbeke, Belgium), and stained using Sypro ruby staining according to
manufacturers instructions (Invitrogen).

PBMC cultures with WV extract
For cell viability and proliferation, PBMC (2 x 105) were cultured in Ultra Culture Medium
(BioWhittaker) supplemented with 2mM glutamine and 2 x 10 -5M β-mercaptoethanol in
the presence of titrated concentrations (5-60µg/ml) of WV, dWV, hiWV, dhiWV extract
and rVes v 5 (ALK-Abelló, endotoxin levels < 0.05 EU/mL in culture). PBMC cultured in
medium alone served as a control. Cell viability was determined using trypan blue.
Proliferation was measured using tritiated thymidin (0.5µCi per well), added at day 6
for the last 16h of culture. Allergen-induced proliferating T cells were detected by flow
cytometry as described before [13].

Flow cytometry
Cultured cells were stained for surface markers at 4°C for 30 minutes in dark with
the following antibodies: CD3-eFluor605 (eBioscience, San Diego, USA), and CD4PerCP (BD-Pharmingen, Erembodegem, Belgium). Subsequently, cells were fixed, and
permeabilized using 2% formaldehyde (Merck KGaA, Darmstadt, Germany) and 0.1%
saponin (Sigma-Aldrich) solutions. For intracellular staining, IL-4-PE (BD Pharmingen),
IFNg-PE-Cy7 (eBioscience), FOXP3-AlexaFluor647, IL-10-PeCy7, IL17-AlexaFluor647, IL-9PE (all Biolegend, San Diego, USA) antibodies were used. Isotype controls and labelled
non-restimulated cells served as controls. Measurements were performed using BD
LSR-II flow Cytometer (BD Pharmingen), and analysed using Flowjo software (Tree Star,
Inc, Ashland, Ore).
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Differences between Th-cell responses from two groups with a non-parametric
distribution were detected using Mann-Whitney Tests and results are expressed as
median and range. By normal distribution, student T tests were used and results
expressed as mean ± SEM. P < 0.05 was considered to be statistically significant
(GraphPad Prism; Inc, La Jolla, USA).

Results
Efficient analysis of WV-specific Th cell phenotypes ex vivo after dialysis
and heat inactivation of venom extract
To test our hypothesis that VIT treatment fails to induce suppression of WV-specific
Th2 cells in WVA patients with ISM, we first aimed to be able to characterize the WVspecific Th cell responses during VIT treatment. As it is well known that WV-extracts
contain cytotoxic components hampering the ex vivo culture of WV-responsive Th
cells [16], we cultured PBMC in the presence of a dilution series of WV-extract. As
shown in figure 1A, PBMC cultures from WVA individuals containing more than 10 µg/
mL of WV showed decreased cell viability compared to cultures with medium alone.
Neither heat inactivation (hiWV) nor dialysis (dWV) of the WV extract was sufficient to
maintain the viability of PBMC throughout the culture period (at a concentration of
60µg/mL). In contrast, a combination of heat inactivation and dialysis of the WV extract
(dhiWV) resulted in the retention of cell viability up to at least 80% survival for 5 days
of culture (Fig. 1A). Protein gel electrophoresis showed no gross differences in the
presence of dominant protein bands in the extracts after heat inactivation and dialysis
(Supplemental Fig S1). These results demonstrate that dialysis and heat inactivation of
the WV extract results in strongly decreased cytotoxicity of the extract, whilst retaining
the major protein constituents.
Subsequently we determined the optimal concentration of dhiWV extract for the
induction of ex vivo proliferation. Measurement of the proliferation of PBMC from
WV-allergic individuals after 6 days of ex vivo culture in the presence of a range of
concentrations of dhiWV extract indicated that 30 µg/ml was the optimal concentration
to induce WV-specific Th-cell proliferation (Fig 1B). PBMC proliferation in the presence of
30 and 60 µg/ml of rVes v 5 was significantly lower compared to similar concentrations of
dhiWV (p<0.01, Fig 1B). This indicates that use of the full dhiWV extract induces stronger
T cell responses compared to the rVes v 5 allergen, likely reflecting the involvement of a
larger number of T cell clones and therefore more accurately reflecting the involvement
of the full Th cell repertoire specific for the WV-extract.
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Figure 1: T cell responses to a whole WV-extract. (A) Cell-viability of PBMC measured at different
time points (hours) after start of culture under different conditions: Medium alone (■), Wasp
Venom extract (WV-extract, 60µg/mL, □), Heat inactivated Wasp Venom extract (hiWV-extract,
60µg/ml, ), Dialyzed WV-extract (dWV-extract, 60µg/ml, ○) Dialyzed and Heat Inactivated Wasp
Venom Extract (dhiWV-extract ▲). (B) Proliferation of PBMC cultured 6 days in the presence of
medium (0µg/ml), different concentrations of dhiWV-extract (5, 10, 30, 60µg/ml), and rVes v 5 (30,
60 µg/ml). (C-D) In vitro tracking of dhiWV-induced proliferating Th cells in non-allergic (NA, n=6)
and wasp venom allergic (WVA, n=8) individuals using CFSE dilution after 8 days of culturing
in the presence of 30µg/ml dhiWV-extract. (C) Percentages of CFSElow Th cells in NA and WVA
individuals are depicted. (D) Percentages of cytokine (IL-4, IFN-γ, and IL-17) expressing CFSElow
Th cells, after 16h of restimulation using plate-bound aCD3, and soluble aCD28. p < 0.05, **: p <
0.01.

Number of WV-specific Th2 cells is increased in WVA individuals.
In order to detect the number and cytokine production profile of WV-specific Th cells
in WVA patients (n=8) and non-allergic healthy controls (n=6), CFSE labeled PBMC were
cultured in the presence of 30 µg/ml dhiWV extract for 8 days, followed by analysis of
the CFSElow CD4+ T cells, which are the allergen-responsive Th cells [13]. We detected
significantly more CFSElow, proliferating Th cells in dhiWV extract stimulated PBMC from
WVA patients compared to those from non-allergic, healthy controls (p<0.01) (Fig 1C;
Table 2 and Suppl. Fig S2). Next, we analyzed cytokine expression profiles of these WVspecific Th cells. We found that a significantly increased number of the CFSElow Th cells
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A

B

Figure 2: (A) VIT semi-rush treatment schedule of the WVA patients without (WVA non-ISM,
n=10) and with (WVA ISM, n=11) indolent systemic mastocytosis (ISM); ↓ mark the subcutaneous
injections. Visits (V)1-2 mark the blood sampling for PBMC and serum at the indicated time points
before VIT injection. (B) Serum levels of Wasp-venom (WV), Ves v 1 –, and Ves v 5 – specific IgE
(ku/L), and WV-sIgG4 (mg/L) at V1 and V2. All dots represent single measurements, within patient
measurements are connected. *: p<0.05, **: p<0.01, ***: p<0.001, NS: p>0.05.
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was IL-4 positive in WVA patients compared to non-allergic controls (Fig 1D and table
2; p < 0.05), indicating a Th2 biased response of the allergen-specific Th cells in WVA
patients. Moreover, a trend towards decreased percentages of allergen-specific Th cells
producing IFNg (p = 0.12) or IL-17 (p=0.09) was observed in WVA patients compared to
controls (Fig 1D and Table 2). No difference was found in the percentage of dividing
Th cells expressing FOXP3, IL-10, and IL-9 between WVA patients and controls (Table
2). Taken together, these data indicate that (i) the use of dhiWV allow efficient ex vivo
phenotypic characterization of WV-specific Th cells, and (ii) WVA individuals have a Th2
biased WV-specific Th cell pool.
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Table 2. Percentage of CFSElow CD4+ T cells, and percentage of cytokine producing cells from the CFSElow
CD4+ T cells in Wasp venom allergic (WVA) patients and healthy controls (NA) as detailed in Table 1A.
NA (n=6)

WVA (n=8)

Stat

1.12 ± 0.2%

6.05 ± 2.2%

**

IL-4

3.3 ± 0.4%

6.2 ± 0.9%

*

IL-9

0.22 ± 0.05%

0.38 ± 0.1%,

NS

IFNγ

19.35± 5.5%,

10.54 ± 2.3%

NS

IL-10

0.22 ± 0.08%),

0.21 ± 0.03%,

NS

IL-17

14.35 ± 4.7%,

6.1± 1.7%

NS

2.6 ± 0.6%

1.8 ± 0.3%

NS

CFSE

low

FOXP3

*: p < 0.05, **: p < 0.01

VIT induced immunoglobulin changes in both ISM and non-ISM WVA
patient groups
Since we aimed to test our hypothesis that VIT treatment in WVA ISM patients is less
efficient in inducing Th cell tolerance, we next performed phenotypic analysis of WVspecific Th cells in WVA ISM and WVA non-ISM patients during the up-dosing phase of
VIT treatment (see Fig 2A for treatment schedule and Table 1B for patient characteristics).
First, to evaluate antibody responses to VIT treatment, we determined WV-sIgE, Ves v 1
and Ves v 5 as well as WV-sIgG4 in WVA patients with and without ISM. Before treatment
the WV-, and Ves v 1-sIgE levels were significantly lower in WVA ISM patients compared
to WVA non-ISM patients (resp. p=0.007 and p=0.02, Table 3). We also observed a trend
towards lower Ves v 5-sIgE in WVA ISM patients (p=0.06). Before treatment, WV-sIgG4
levels did not differ between WVA ISM and non-ISM patients (Table 3).
Compared to the baseline measurement, levels of Ves v 5-sIgE as well as WV-sIgG4
significantly increased after 6 weeks of treatment in WVA non-ISM patients (Fig. 2B,
Table 3). In WVA patients with ISM, levels of WV-, Ves v 1-, Ves v 5-sIgE, and WV-sIgG4
were significantly increased 6 weeks after VIT treatment as compared to baseline levels
(Fig 2 B, Table 3).
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Table 3. Venom specific Ig measurements before and during VIT treatment
Immunoglobulins

V1

V2

WVA non-ISM

36.06 ±11.27

51.31 ± 13.22

WVA ISM

1.5 ± 0.5##

9.5 ± 4.3***

WVA non-ISM

41.39 ± 15.05

53.09 ± 15.13

WVA ISM

1.229 ± 0.6##

11.88 ± 6.5**

WVA non-ISM

11.47 ± 5.2

26.44 ± 9.2*

WVA ISM

1.5 ± 0.63

5.62 ± 2.9**

WVA non-ISM

2.5 ± 2.08

3.9 ± 1.8*

WVA ISM

1.45 ± 0.8

6.8 ± 2.05***

WV-sIgE (kU/L)

Ves v 1-sIgE (kU/L)

Ves v 5-sIgE (kU/L)

WV-sIgG4 (mg/L)

*: p < 0.05, **: p < 0.01, ***: p < 0.001. *: visit compared to baseline. #: WVA ISM patients compared
to WVA non-ISM patients

VIT reduces the number of Th2 cells in WVA non-ISM patients
Next, we analyzed the Th cell responses in WVA patients with and without ISM during the
first 6 weeks of VIT treatment. No difference was observed in the number of proliferating
WV-responsive Th cells between WVA patients with ISM and those without ISM at
baseline (Fig 3A, Table 4). After 6 weeks of VIT, a trend (P=0.08) towards an increased
number of proliferating Th cells was seen in WVA non-ISM patients (Fig 3A, Table 4). In
WVA ISM patients, the percentage of proliferating Th cells increased significantly after
6 weeks of treatment (p=0.03) (Fig 3A, Table 4). These data indicate that VIT treatment
leads to a similar expansion of WV-responsive Th cells in both WVA patient groups.
To test the effect of VIT treatment on Th cell phenotype, we evaluated the cytokine
expression profile of WV-specific Th cells during VIT treatment in WVA patients with
ISM and those without ISM. The number of IL-4 and IL-9 expressing WV-specific Th cells
in WVA patients without ISM decreased significantly after 6 weeks of treatment (resp.
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Overall, higher sIgE levels were observed at baseline in WVA patients without ISM
compared to WVA patients with ISM. Notwithstanding, after 6 weeks of VIT, a significant
increase in sIgE and sIgG4 levels were seen in both patient groups (Fig 2B, Table 3).
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Figure 3. In vitro tracking of dhiWV-induced proliferating Th cells in WVA patients without (WVA
non-ISM) and with (WVA ISM) indolent systemic mastocytosis. (A) Percentages of CFSElow Th
cells from WVA non-ISM (n=10) and WVA ISM (n=11) patients from V1 and V2, after 8-day cultures
in the presence of 30µg/ml dhiWV-extract. (B) Percentages of cytokine expressing CFSElow Th
cells from WVA non-ISM and WVA ISM patients. Eight-day cultured PBMC were restimulated
during the last 16h of culture using plate-bound aCD3, and soluble aCD28. The percentage of
CFSElow Th cells expressing IL-4, IL-9, IFNγ, IL-10, IL-17 and FOXP3 are depicted. All dots represent
single measurements, within patient measurements are connected. *: p < 0.05, **: p < 0.01.
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Table 4. Percentage of CFSElow CD4+ T cells, and percentage of cytokine producing cells from
the CFSElow CD4+ T cells in WVA patients with (ISM) and without (non ISM) indolent systemic
mastocytosis (as detailed in Table 1B)
WVA non-ISM

WVA ISM

V1

V2

V1

V2

CFSELow

10.34 ± 1.778

14.53 ±2.75

7 ± 1.83

9.24 ± 2.1#

IL-4

4.17 ± 0.55

3.313 ± 0.41*

7.42 ± 1.5

7.08 ± 1.35

IL-9

0.32 ± 0.07

0.19 ± 0.06**

0.47 ± 0.12

0.40 ± 0.09

IFNγ

11.72 ± 3.88

11.67 ± 3.08

11.69 ± 1.66

9.2 ± 1.56

IL-10

0.31 ± 0.09

0.16 ± 0.04

0.47 ± 0.12

0.4 ± 0.09

IL-17

4.8 ± 1.07

4.15 ± 0.92

4 ± 0.82

2.94 ± 0.62

FOXP3

3.15 ± 0.41

2.4 ± 0.32*

3.45 ± 0.51

2.95 ± 0.47

*: p < 0.05, **: p < 0.01, ***: p < 0.001.
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p=0.04, and p=0.005). Surprisingly, this decrease in numbers of IL-4 and IL-9 positive WVspecific Th cells was not observed in WVA ISM patients (Fig 3B, Table 4). No significant
changes were induced by VIT in the fractions of IFNg, IL-10 or IL-17 producing cells in
both groups of WVA patients (Fig 3B, Table 4).
In WVA non-ISM patients, the fraction of FOXP3 expressing allergen-activated CD4+
T cells was decreased after 6 weeks of treatment (p=0.04), which was not observed in
WVA ISM patients (Fig 3B, Table 4). In the non-dividing T cell population, no changes
were detected in FOXP3 expression after starting VIT in both treatment groups (data
not shown). Overall, in WVA non-ISM patients VIT reduced the number of IL-4 producing
Th2 cells, the number of FOXP3 expressing and IL-9 producing Th cells while, intriguingly,
WV-specific Th2 cells were not affected in WVA ISM patients.
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Discussion
In the present study we aimed to test our hypothesis that VIT treatments fails to suppress
Th2 cell activity in WVA patients with ISM. To this end we first optimized the ex vivo culture
and phenotypic characterization of WV-specific Th cells by comparing WVA patients with
healthy non-allergic controls. Here, we find that WVA patients have markedly increased ex
vivo Th cell responses to WV extract, with presence of IL-4 producing WV-specific Th2 cells.
Next, we performed VIT treatment in WVA patients with and without ISM, and analyzed
serum Ig responses and WV-specific Th cell responses at baseline and after 6 weeks of
treatment. Both WVA patient groups showed an induction of WV-sIgG4, and Ves v 5 sIgE.
In the WVA patients with ISM, also Ves v 1-sIgE increased, which is in agreement with other
reports during the updosing phase of VIT treatment [24].
Our data for the first time show that a WV-specific Th2 response is also present in WVA
patients with ISM; analysis of WV-specific Th cell phenotype at baseline revealed a similar
fraction and Th2 bias of WV-specific Th cells between WVA patients with and without ISM.
Moreover, our analyses after 6 weeks of VIT treatment revealed a significantly reduced
number of IL-4 and IL-9 producing Th cells in WVA non-ISM patients, indicating a direct
suppression of Th2 as well as Th9 cells by VIT. Surprisingly, and in marked contrast, we
observed no suppression of WV-specific IL-4 and IL-9 producing Th cell numbers in WVA
patients with ISM during the first 6 weeks of VIT treatment. Although our data do not
provide information about long-term alterations in WV-specific Th cells by VIT in WVA
allergic patients, our results do indicate that the suppression of WV-specific Th2 and Th9
cell numbers observed in WVA patients without ISM after 6 weeks of VIT is not seen in
WVA patients with ISM.
To date, no reports have directly tested the effects of VIT on Th cell responses in
WVA patients with ISM, in part due to the technical difficulties associated with these
ex vivo cultures. WV extracts are known to contain cytotoxic components including
low-molecular-weight amines and irritants [16], which severely hamper the ex
vivo characterization of WV-specific T cells. We show that a dhiWV extract allows
characterization of both proliferation and cytokine responses of WV-specific Th cells.
We cannot exclude that in comparison to the full extract, the relative abundance of
some of the smaller proteins is lower in the dhiWV extract, but the fact that the Th cell
response to the dhiWV extract exceeds that of a similar amount of rVes v 5 indicates
that a significant number of T cell epitopes are well retained in dhiWV extract, while
cytotoxicity is by and large lost. Therefore we postulate that the use of dhiWV extract
to study WV-specific T cell responses ex vivo is superior to either using strongly reduced
levels of WV extract [16] or recombinant allergens [15], enabling detailed studies on
WV-specific T-cell responses.
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Interestingly, our PBMC cultures with dhiWV extract indicate increased numbers
of WV-specific Th cells in WV-allergic patients compared to non-allergic individuals,
while no differences were observed between WVA patients with and without ISM in
WV-specific Th cell numbers. VIT treatment increased WV-specific Th cell proliferation
after 6 weeks in both ISM and non-ISM WVA patient groups. In agreement with our
data, increased numbers of Ves v 5 specific Th cells have been reported in WVA patients
compared to healthy controls [15, 19], as well as after VIT [19, 25]. Overall these data
indicate that VIT is increasing the proliferation of WV-specific Th cells during the
updosing phase of VIT.
Phenotypic characterization of these WV-specific Th-cells revealed the presence
of increased numbers of IL-4 producing Th cells in WVA patients compared to nonallergic controls. In agreement herewith, Aslam et al recently reported that rVes v
5-stimulated PBMC cultures showed increased numbers of IL-4 producing cells in WVallergic individuals [19]. We show for the first time that also in WVA patients with ISM,
the numbers of WV-specific Th2 cells are increased, a notion that has been subject to
debate due to the low or undetectable sIgE levels in this specific patient group [26].
In agreement with our own data, low or even undetectable levels of WV-sIgE
molecules have been reported in WVA patients with ISM [26-28]. We also show that
Ves v 1-sIgE levels are significantly lower in WVA patients with ISM, while a trend can
be observed for lower levels of Ves v 5-sIgE in this patient group compared to WVA
patients without ISM. The low or even absent levels of sIgE have been explained by
the adsorption of sIgE by the large number of mast cells within ISM patients [29, 30]. As
observed previously [31, 32], WV-sIgG4 was induced by VIT treatment in the WVA patient
group without ISM. In our study, we show that similar levels of sIgG4 are induced by VIT
in WVA patients with ISM (Table 3). Therefore, we show that also in WVA patients with
ISM an overall sIgG4 response is induced by VIT in addition to an increase in sIgE. The
levels of WV- and Ves v 1 sIgE, did not seem to increase in the WVA non-ISM patients.
Since serum Ig responses induced by VIT treatment were in line with the expected
results, we next examined the effect of VIT on WV-specific Th cells in both WVA patient
groups. In WVA patients without ISM, a significant reduction in IL-4 and IL-9 producing Th
cells was detected after 6 weeks of VIT treatment. These results are in line with previous
studies showing reduced IL-4 mRNA expression in T cells [33] and IL-4 protein levels in
WV-stimulated PBMC after VIT [16]. Remarkably, in WVA patients with ISM. the numbers
of IL-4 and IL-9 positive WV-specific Th cells were not affected by VIT. This is the first
report of a fundamentally different response to VIT treatment of WVA patients with ISM
compared to those without ISM. This absence of allergen-specific Th2 cell suppression
during the updosing phase of VIT treatment in WVA patients with ISM might in fact
contribute to the low efficacy of VIT and the absence of long-term protection in this
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specific patient group, as characterized by fatal reactions that have been reported in
VIT-treated mastocytosis patients after termination of VIT treatment [11].
Our observation regarding the presence of IL-9 producing Th cells in WVA patients
and their suppression in WVA patients without ISM by VIT treatment is of interest.
Decreased numbers of IL-9 producing cells might be a result of decreased numbers of
Th2 cells, which are known to be able to produce IL-9 [34], but the recently described
Th9 cells might also play a role [35]. In grass-pollen allergic individuals, a reduction in the
number of IL-9 producing cells was shown in nasal biopsies after SIT [36]. Interestingly,
IL-9 is known to enhance the growth of mast cells and to induce the upregulation of
alpha chain of the IgE receptor (FceRIa) [37, 38]. Their presence in WVA patients with ISM,
but especially the failure of VIT treatment to suppress their numbers might therefore
be of great clinical importance. Future studies will need to determine the long-term
effects of VIT treatment on the IL-9 production by WV-specific Th cells in WVA patients
with ISM.
In addition to Th cell phenotypes, we also analyzed the number of FOXP3+ CD4+ T
cells in both patient groups during VIT. No differences were found in the number of
non-dividing FOXP3+ Th cells in both patient groups during VIT. Nevertheless, WVA
patients without ISM displayed a decrease of FOXP3 expressing Th cells in the CFSElow
Th cells. Decreased numbers of FOXP3 expressing Th cells after VIT have also been
described by Kerstan et al. [17], who showed that this decrease in PBMC was associated
with enhanced activation and a lymph node homing phenotype of FOXP3 expressing
Th cells. Since FOXP3 is transiently expressed after activation in T cells [39], this decrease
could also reflect a reduction of conventional Th cell activation.
IL-10 has been shown to be important in VIT-mediated suppression of allergen
induced Th cell proliferation [18]. In our study, however, no increase in numbers of IL-10
producing Th cells was observed in either WV-responsive (Table 4), as in non-responsive
Th cells (data not shown). IL-10 mostly is induced during the build-up phase of VIT [40].
Therefore, our approach to detect IL-10 by intracellular flow cytometry might not have
been well-suited to detect these IL-10 producing Th cells. In agreement herewith, a
recent study in which children were treated with VIT, also failed to show increases in
IL-10 producing regulatory T cells by flowcytometric analyses [41].
The remarkable failure of VIT to suppress IL-4 positive WV-specific Th cells only in
those WVA patients that also have ISM raises questions on the relevance of mast cells
for the mechanism and efficiency of allergen-specific immunotherapy. Several studies
identify the mast cell as an effector cell subject to Treg-mediated suppression [42, 43].
Mast cells have been observed to be a critical intermediate of Treg-induced tolerance
in a mouse model for allograft rejection [44]. Moreover, in vitro studies indicate that
activation of naïve Th cells by mast cells leads to the preferential induction of Treg cells
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[45], indicating that increased numbers of mast cells might in fact contribute to Treg
induced tolerance. At the same time, mast cells have been observed to counter Treg
activity and allow Th17 cell activity in mouse models of experimental autoimmune
encephalomyelitis [46]. Hence, how increased mast cell numbers in vivo interfere
with tolerance induction will need to be the subject for further studies. One possible
explanation might be that mast cells from ISM patients are functionally incompetent to
enhance or execute Treg-driven suppression.
Our study has some shortcomings. We have a somewhat limited number of patients
(n=10 WVA non-ISM; n=11 WVA ISM), indicating the need for replication of our results
in an independent study. In addition, we have focused exclusively on the updosing
phase of VIT treatment in WVA patients, in our protocol the first 6 weeks of treatment.
Although most immunological changes in allergen-specific immunotherapy treatment
occur relatively short after induction of the treatment during the updosing phase [40],
it is well established that long-term treatment is needed for the acquisition of lasting
tolerance to the allergen. It might therefore be possible that suppression of the WVspecific Th2 and Th9 cells which is lacking after 6 weeks of VIT, will be induced in WVA
patients with ISM at a later time point during VIT. This would, however, still reflect a
strongly delayed suppression of Th2 activity in the WVA patients with ISM. Further
research should therefore include the long-term effects of VIT on the numbers and
Th2 phenotype of WV-specific Th cells in WVA patients, comparing the subgroup of
ISM patients to those without ISM. The reason for a delayed or absent WV-specific Th2
cell suppression in WVA patients with ISM is unknown and can only be speculated on.
Our data indicate that in the presence of increased mast cells numbers in ISM patients,
tolerance induction is hampered. Another shortcoming of our study is that we could not
correlate the immunological changes with clinical efficacy, as this would require sting
challenges in the WVA patient group with ISM, which are not routinely performed in our
hospital. So far, only 3 mastocytosis patients were restung in a field setting, resulting in
a systemic response in one patient, while two other patients were restung without a
reaction. Also two of the WVA non-ISM patients were restung without a reaction.
In summary, we are the first to phenotypically characterize the response of the full T cell
repertoire towards the optimal concentration of a complete WV extract by depletion of
cytotoxic components while preserving all major allergens. These T cell responses reveal
the existence of a Th2 biased response in both WVA ISM and WVA non-ISM patients
compared to a balanced Th1/Th2 response in non-allergic individuals. VIT efficiently
suppressed Th2 responses in non-ISM WVA patients after 6 weeks of treatment. In
contrast, VIT was not able to modify the WV-specific Th2 response in WVA ISM patients.
This failure of Th cell modulation within the mastocytosis patients might explain why
systemic responses reoccur in mastocytosis patients after stopping VIT. Additional
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studies are needed to assess the long-term effects of VIT treatment in WVA patients
with ISM, yet our data do lend some support to the need for life-long VIT treatment of
WVA patients suffering from ISM. All-in-all, our finding that the Th2 suppression in VITtreated WVA patients with ISM is absent is very intriguing and might be highly relevant
to improve future treatment options for insect venom allergic patients with and without
mastocytosis.
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S1
Gel electrophoresis of WV, dWV, and dhiWV extract, using sypro ruby protein
staining. Major venom allergens, Hyaluronidase (HYA), Phospholipase A1 (Ves v 1) and
Antigen 5 (Ves v 5) are marked on the gel. **: p < 0.01
S2
An example of the Th cell prolifaration detected by CD4+CFSElow T cells
from one WVA (upper plots), and one NA (lower plots) individual. Left plots show the
background CFSE-dilution, after 8-day culture in medium alone. Right plots the CFSEdilution in response to 30µg/ml dhiWV-extract after 8 days of PBMC culturing.
S3
In vitro tracking of dhiWV-induced proliferating Th cells in non-allergic (NA,
n=6) and wasp venom allergic (WVA, n=8) individuals using CFSE dilution after 8 days
of culturing in the presence of 30µg/ml dhiWV-extract. Percentages of cytokine (IL-10,
FOXP3, and IL-9) expressing CFSElow Th cells, after 16h of restimulation using platebound aCD3, and soluble aCD28. All dots represent single measurements, within patient
measurements are connected.*: p < 0.05, **: p < 0.01.
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Abstract
Background: Allergen-specific immunotherapy (SIT) is proven to be effective in reducing
symptoms in patients with allergic rhinitis or asthma. However long treatment duration
and the risk of anaphylactic side effects are disadvantages, which could be improved.
In a mouse model of allergic asthma, the use of 1α,25-Dihydroxyvitamin D3 (VitD3) as
adjuvant markedly increased the effects of experimental immunotherapy.
Objective: To test whether VitD3 supplementation to SIT offers a faster and superior
protection to allergen-induced nasal inflammation and obstruction, in comparison to
SIT alone.
Materials & Methods: Grass-pollen-allergic patients were randomly and double blind
assigned into three treatment groups (Placebo-Placebo (Pl/Pl), SIT-Placebo (SIT/Pl) and
SIT/VitD3). All groups were evaluated before, 9 weeks and 1 year after treatment by nasal
allergen provocation (NAP), skin prick testing (SPT), blood measurements, symptom
and VAS scores. During the grass-pollen season, patients were asked to keep a diary
recording their symptoms and medication use.
Results: Within the Pl/Pl group, no changes were observed in the parameters tested over
time of treatment. Compared to the Pl/Pl group, only the SIT/Pl group only showed a
significant improvement in the SPT responses after 9 weeks of treatment. No significant
differences were found in the clinical parameters between the SIT/Pl and the SIT/VitD3
group.
Conclusion: Although a slight improvement was seen within the SPT in SIT/Pl group
compared to Pl/Pl group, this was not observed for the other clinical parameters
measured. No additional improvement in clinical parameters was seen in the SIT/VitD3
group.
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Allergy is a prevalent problem of the western world and is responsible for a significant
reduction in quality of life of patients and for substantial costs to society [1]. Treatment
strategies largely focus on the suppression of induced symptoms through long-term use
of corticosteroids and/or anti-histamines. In contrast, allergen-specific immunotherapy
(SIT) may offer the prospect of a long-term suppression of allergic symptoms.
SIT reduces symptoms in patients with (seasonal) allergic rhinitis, and asthma [2, 3],
and may prevent the progression to asthma in predisposed patients with allergy [3].
In allergic rhinitis, immunotherapy is indicated when pharmacotherapy insufficiently
controls symptoms or produces undesirable side effects, or in patients who do not wish
to receive daily pharmacotherapy [4, 5]. The positive effects of immunotherapy can
even be seen years after discontinuation of the immunotherapy [6, 7]. However, largescale use of immunotherapy in patients is hampered by the long duration of treatment
and, although rare, the risks associated with anaphylactic and broncho-obstructive side
effects [8]. Improvements in immunotherapy should therefore aim at increasing the
efficacy of the treatment and/or reducing the duration of the treatment [9, 10].
The precise mechanism of SIT is still not fully understood, although increased levels
of allergen-specific IgA (sIgA) and IgG4 (sIgG4), together with a reduction in allergenspecific IgE (sIgE) can be observed [11-14]. On the T cell level, SIT has shown to induce
regulatory T (Treg) cells that produce immunosuppressive cytokines like Interleukin
(IL)-10 and Transforming growth factor (TGF)-b, suppressing T-helper type 2 (Th2)
lymphocytes, the key mediators of allergic inflammatory response [15].
1α,25 dihydroxyvitamin D3 (VitD3), the active form of vitamin D (VitD), has shown
to inhibit dendritic cell (DC) maturation leading to the induction of IL-10 and FOXP3
expressing T cells [16]. Furthermore VitD3 supplementation increased IL-10 gene
expression in peripheral Th cells [17], and protein levels in serum [18]. Interestingly, we
previously demonstrated in the ovalbumin mouse model of allergic asthma that the
suppressive effects of SIT on specific IgE, allergic airway inflammation and bronchial
hyperresponsiveness could be markedly increased by the addition of VitD3 as an
adjuvant [19]. This increase in efficacy was completely reduced by the simultaneous
blocking of IL-10 receptor and TGF-b. The latter strongly suggests that Treg cells are
responsible for the anti-allergic effects of SIT with VitD3 as adjuvant. Besides this finding,
vitamin D has gained enormous attention in clinical studies as a potent protector in
allergy; its omnipresent insufficiency has been proposed to have a relation with the
worldwide rising incidence in atopy, although not all studies confirmed this and some
even show an inverse relation [20 - 22].
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In the present exploratory study we investigate whether a combination of SIT and
VitD3 offers a superior reduction in symptomatology and protection to allergen-induced
inflammation, in comparison to immunotherapy alone. In the evaluation we focused
on the anti-inflammatory effect and on the reduction of upper airway symptoms. The
primary objective was to evaluate whether an early effect in the reduction of symptoms
after nasal provocation could be detected after only nine weeks of treatment. The
secondary objectives included changes in quantitative skin prick tests and sIgE and
sIgG4 levels, as well as improvements in a combined symptom and medication score
during the Dutch grass pollen season as well as the clinical changes after one year of
treatment.

Materials and Methods
In- and exclusion criteria
Patients in the age range of 18-65 years suffering from allergic rhinoconjunctivitis with
or without mild asthma due to grass-pollen for at least two years where recruited to
participate in the study. Recruitment took place in two university medical centers and
one allergy center at least nine weeks before the start of the Dutch grass-pollen season.
Grass-pollen allergy was defined by a positive history, in addition to a positive skin
prick test and nasal challenge with a standardized allergen extract (Phleum Pratense,
ALK-Albelló BV, Almere). Positive skin prick tests for perennial allergens, like house
dust mite and pets, were allowed as long as the clinical symptoms of the patient were
restricted to the grass pollen season, and these patients were not exposed to these
pets. Sensitization to tree pollen was allowed as long as clinical manifestations were
restricted to the grass-pollen season. Requirement of (nasal) corticosteroids out of the
grass pollen season was not allowed. The main exclusion criteria are stated in Table 1.
Upon inclusion, patients were randomized in 3 groups: 1. Placebo Placebo-group (Pl/
Pl), receiving subcutaneous injections of histamine (replacing IT) and a saline placebo
injection (replacing the VitD3) in the same schedule as in the active groups; 2. Purethal®Placebo group (SIT/Pl), receiving conventional IT combined with subcutaneous injections
of saline placebo and 3. Purethal®-VitD3 group (SIT/VitD3), receiving conventional IT
combined with subcutaneous injections of 0.04 μg/kg bodyweight VitD3. Informed
consent was obtained from all patients, and was agreed on by the ethical committee
board (METc2005/248).

100

Table 1: Main exclusion criteria
Severe asthma (FEV1 < 70%)
Presence of any malignant or immunological disease
Severe kidney disease, atopic dermatitis or psychological disease
Current treatment with beta-blockers, ACE inhibitors or immunosuppressive drugs
Contra indication for the use of adrenalin
Pregnancy or lactation
Previous treatment with immunotherapy in the preceding 5 years
A history of anaphylaxis
Protocol violation

Study design
Active treatment involved Purethal® grasses, a glutaraldehyde modified grass-pollen
allergoid absorbed onto aluminium hydroxide (HAL Allergy, Leiden, The Netherlands),
and injectable Calcitriol (Calcijex) (Abbott Laboratories, North Chicago, USA) containing
1µg/mL VitD3. Placebo medication for immunotherapy contained histamine (0.001mg/
mL), and was delivered by HAL allergy in identical vials to ensure a double blind
procedure. For VitD3 or placebo injections, vials were prepared by an independent
laboratory assistant, and labeled with the corresponding patient code. During the first
9 weeks patients were treated with escalating doses of Purethal® or placebo according
the manufacturer’s schedule, starting with 0.05 mL to a maximum dose of 0.5 mL. After
9 weeks patients went on maintenance dose with monthly injections of 0.5 mL (fig.
1). VitD3 or placebo was given simultaneously with the immunotherapy injection, as
separate subcutaneous injection in the same region of the upper arm with a maximal
distance of 5 cm. Clinical parameters and blood for serum and PBMC were assessed at
baseline, after 9 weeks and one year of treatment.
All patients were observed for any systemic reactions or local reactions during
30 minutes after injection. Patients were also asked to record any delayed local or
systemic reactions. If the local reaction was higher than 12 cm diameter, or in the case
of a mild systemic reaction a lower dose of IT was given during the next visit. If that
lower dose was well tolerated, the dose was subsequently increased the following visit
until maintenance dose was reached. In the case of a severe anaphylactic reaction, the
treatment had to be reassessed.
Patients were allowed to receive rescue medication for allergy related symptoms
during the pollen season if required. The rescue medication used during the pollen
season was recorded in the case report forms (CRF) and diaries. Only after consultation
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with the study team prescriptions for medication (local antihistamines, systemic
antihistamines, local corticosteroids, systemic corticosteroids, in this order) were given
relative to the severity of the symptoms.

Figure 1: Dosage scheme of the induction and maintenance phase of the Placebo/Placebo,
Purethal®/Placebo, and Purethal®/VitD3 treatment groups. indicate assessment of clinical
parameters and blood for serum and PBMC, and 25OH-VitD measurements

Nasal allergen provocation
At baseline (V1), the threshold allergen dose, (i.e. allergen dose by which within 15
minutes after provocation at least 5 sneezes or 0.5 g secretion was produced) was
determined using nasal provocation. For this, a vehicle provocation (to determine
hypersensitivity) followed by increasing doses of grass-pollen extract (1, 10, 100, 1.000
BU/mL with a time interval of 15 minutes) were administered in the nose until the
threshold was reached. After reaching the threshold concentration, a provocation with
a 10-fold of the threshold concentration was given, with a maximum of 10.000 BU/mL.
Nasal allergen provocation was repeated after nine weeks (V2) and one year (V3) of
treatment, starting one concentration under the threshold, followed by the threshold
and 10x the threshold concentration. Visual analogue scores (VAS) for nose, eye, and
lung, and Peak Nasal Inspiratory Flow (PNIF) were recorded every 15 minutes during
the first hour after nasal provocation, and after 3, 5, 7, and 10 hours, as well as the next
morning after awakening, and 24 hours after the nasal provocation.

Quantitative skin prick test
Quantitative skin prick test (SPT) was performed using grass pollen extracts (HAL
Allergy) in escalating doses: 1, 10, 100, 1.000 and 10.000 BU/mL. The size of the diameter
was defined as the mean of the sum of the largest diameter of the swelling and the size
of the midpoint perpendicular diameter. This wheal size was compared to the size of a
1% Histamin control solution, and expressed as Histamine equivalent Prick test (HEP).
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At monthly intervals, prior to the subcutaneous injections, blood was drawn for safety
evaluations. Electrolytes and vitamin D (25-OH vitamin D, Albumin, Calcium, Phosphate,
Urea) concentrations were evaluated by an independent investigator to detect potential
side effects of the VitD3 treatment. Furthermore, venous blood was drawn for the
measurement of immunoglobulin concentrations and T-cell proliferation assays. Serum
sIgE and sIgG4 for grass pollen were determined using ImmunoCAP (Phadia, Uppsala,
Sweden).

Pollen scores
Daily pollen counts, representative for the region the patients were exposed to, were
obtained from the pollen-monitoring station in Leiden (Burkard pollen trap, Leiden
University Medical Centre).

Diary
All participants were asked to keep a symptom and medication diary during the grass
pollen season (from first visit in may till the end of July) in which they recorded QS and
VAS about their symptoms and the use of any rescue medication. From this a clinical
index score (CIS) was calculated [22, 23] giving a clear impression about the symptoms
during the grass pollen season in relation to the use of symptomatic medication. In
order to compare the pollen seasons the CIS was evaluated on days with a pollen count
of over 30 pollen/m3/24hr.

Statistical analysis
This was an exploratory study and no formal sample size calculation was performed.
Non-parametric tests (Mann Whitney and Kruskal Wallis) were used to evaluate the
statistical clinical differences between the three treatment groups using SPSS (Chicago,
IL, USA) version 16.0.2. To evaluate the difference in observed threshold in each
individual patient a Fisher exact test was used. To compare IgE and IgG4 serum levels
at different time points during the study we used a 2-way ANOVA. P-values < 0.05 were
considered to represent significant changes.
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Results
Patients
The trial population consisted out of 54 patients, which were recruited in 3 medical
centers in the Netherlands, the Academic Medical Center Amsterdam (AMC), Allergy
Center Arnhem (APA), and the University Medical Center Groningen (UMCG). In the Pl/
Pl group, 18 patients were recruited, wherefrom 8 in the AMC, 2 in the APA and 8 in the
UMCG. In the SIT/Pl group, 20 patients were recruited, wherefrom 9 in the AMC, 1 in the
APA Arnhem, and 10 in the UMCG. In the SIT/VitD3 group, 16 patients were recruited,
wherefrom 6 patients in the AMC, 1 in the APA Arnhem, and 9 in the UMCG. Further
demographics are described in Table 2.
Table 2: Patient demographics
Plac-Plac
Group 1

Pureth-Plac
Group 2

Pureth-Vit D
Group 3

N

18

20

16

Mean (SD)

34 (11.4)

34 (10.9)

33.9 (9.6)

Range

19-60

21-56

23-51

65%

34%

Treatment group

Age

Gender

Male

70%

Treatment toleration
The regimen of SIT and VitD3 injections was generally well tolerated; some patients
experienced mild tenderness at the site of injection during the injection itself. During
the escalating phase only one patient received the same dose for subsequent weeks
before reaching the maintenance dose, because of recurrent local swelling. One patient
completely retired from the study because of the experienced burden of the injections.
Two patients were lost due to protocol violation. No systemic reactions were seen in
our study population. The patients were equally distributed among the three treatment
groups according to age, but there was slight overrepresentation of males in the SIT/
VitD3 group (Table 2). In addition to the clinical welfare of participants, also no changes
to blood levels of VitD (25OH-VitD), calcium, and/or phosphate were observed (data not
shown) as monitored by an independent investigator.
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Detection of clinical improvement using Nasal Provocation Testing (NAP).

To evaluate clinical improvement of treated patients, the allergen concentration
inducing a predetermined level of symptoms (threshold) was determined for each
individual patient at V1. The concentration inducing this level of symptoms was
compared to V2 and V3. If a higher concentration of pollen was needed to induce similar
symptoms, the result was scored as an improvement in clinical tolerance. Similarly
reduced concentrations were scored as worse clinical tolerance.
At V2, the clinical tolerance in the Pl/Pl group (n=18) improved in 2 patients (11%),
did not change in 5 patients (28%), and declined in 11 patients (61%). In the SIT/Pl group
(n=20), the clinical tolerance improved in 6 patients (30%), did not change in 6 patients
(30%), and declined in 8 patients (40%). In the SIT/VitD3 group (n=16), the clinical
tolerance improved in 3 patients (19%), did not change in 5 patients (31%), and declined
in 8 patients (50%). Calculating the differences between the three treated groups using
a Fisher exact test revealed no differences between the Pl/Pl group compared to the
SIT/Pl group, and no added value of VitD3 supplementation after 9 weeks of treatment
(p=0.66) (Fig. 2a).
At V3, the clinical tolerance in the Pl/Pl group (n=22) improved in 4 patients (18%),
did not change in 10 patients (45%), and declined in 8 patients (36%). In the SIT/Pl group
(n=20), the clinical tolerance improved in 3 patients (15%), did not change in 8 patients
(40%), and declined in 9 patients (45%). In the SIT/VitD3 group (n=16), the clinical
tolerance improved in 1 patient (6%), did not change in 12 patients (75%), and declined
in 3 patients (18%). Calculating the differences between the three treated groups using
a Fisher exact test resulted in no differences between the Pl/Pl group compared to the
SIT/Pl group, and no added value of VitD3 supplementation after 1 year of treatment
(p=0.29).
Overall using the threshold concentration as a marker for clinical improvement, no
differences were detected between the treatment groups over the time of treatment.

Recorded symptoms after NAP using VAS scores
During the first hour after NAP symptom scores for the eyes, nose and throat were
measured using a VAS-score (Fig. 2b). In the Pl/Pl group, there were no differences in
the median scores comparing baseline (320, (65 – 414)) to 9 weeks (351, (70 – 763)), and
1 year of treatment (288, (76 – 634)). In the SIT/Pl group, there were also no differences
comparing baseline (247 (122 - 766)) to 9 weeks (260 (102 – 758)) and 1 year of treatment
(314 (48 – 646)). In the SIT/VitD3 group on the other hand, while there was no difference
in median symptoms scores comparing baseline (276 (92 – 482)) to 9 weeks of treatment
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(339 (52 – 629) p=0.5), a trend towards improvement was seen after 1 year of treatment
(124 (44-379), p=0.06) compared to baseline.

PNIF measurements
In addition to the symptom scores, also PNIF measurements were performed at all three
visits (see Fig 2c). In all treatment groups (Pl/Pl, SIT/Pl, and SIT/VitD3) no differences were
found comparing median PNIF scores before treatment to 9 weeks, and one year after
treatment.

Figure 2: Clinical assessments after Nasal Allergen Provocation. Percentages of the different
treatment groups showing an improved, declined or similar response at the threshold after
9 weeks of treatment (A) and after 1 year (B) of treatment are shown on the X-axis, while the
absolute numbers of patients are shown in the bars. Combined symptom scores of the eye,
nose and lung symptoms (C), and Peak Nasal Inspiratory flow (PNIF) (D) during the first hour
after allergen provocation. Median ± interquartile range are shown for the Placebo Placebo ( ),
Purethal® Placebo (■), and Purethal® VitD3 (□
▫) groups, at baseline (V1), after nine weeks (V2), and
one year of treatment (V3).
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SPT were performed at baseline, after 9 weeks and 1 year of treatment. The mean value
of the diameters of the wheals at different concentrations was compared between
the different visits and groups (Fig 3a). Overall, a decrease in the severity of the wheal
of the skin prick tests was detected in the SIT/Pl group after 9 weeks but not after 1
year of treatment. Addition of the VitD3 did not result in an improvement of the effect.
Furthermore, no differences between the different treatment groups were detected.

Figure 3: The mean value of the diameters of the wheals at different concentrations (A). Median
± interquartile range are shown for the Placebo Placebo ( ), Purethal® Placebo (■), and Purethal®
VitD3 (□
▫) groups, at baseline (V1), after nine weeks (V2), and one year of treatment (V3). Clinical
Index Score of the patients within the three treatment groups during the Dutch grass-pollen
season (B). The median of the Placebo Placebo ( ), Purethal® Placebo (■), and Purethal® VitD3 (□
▫)
groups are shown for days where pollen counts were lower as 30 pollen/m3/24hr (Pollen < 30),
for days with pollen counts between 30 and 100 pollen/m3/24hr (Pollen >30), and for days with
counts higher as 100 pollen/m3/24hr (Pollen > 100). *: p<0.05.

Clinical index scores
During the grass pollen season, treated individuals kept a diary reporting their
medication use as well as perceived symptoms. The combination of both data entries
resulted in the clinical index score (CIS) [23, 24]. At days with low grass pollen exposure
(<30 pollen/m3/24hr), the Pl/Pl group had a median CIS of 0.47 (0.09 – 0.85), which was
not significantly different from the SIT/Pl group (0.49 (0.05-1.14) p=0.54) or the SIT/
VitD3 group (0.49 (0.07-1.3)). At days with medium grass pollen exposure (> 30 pollen/
m3/24hr and less than 100 pollen/m3/24hr) Pl/Pl group had a median CIS of 0.48 (0.04 –
1.2), which was not significantly different from the SIT/Pl group (0.75 (0.09-1.38)) or the
SIT/VitD3 group (0.65 (0.15-1.3)). At days with high grass pollen exposure (> 30 pollen/
m3/24hr), Pl/Pl group had a median CIS of 0.87 (0.0–1.7), which was not significantly
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different from the SIT/Pl group (1.03 (0.0-1.89)) or the SIT/VitD3 group (0.76 (0.4-1.6)).
Overall no differences could be found in the CIS reported during the grass pollen season
between the three different treatment groups.

IgE and IgG4
sIgE and sIgG4 were measured during the course of treatment. Within the Pl/Pl treated
group no differences in the levels of sIgE were observed between baseline (16.7 ± 4.8
kU/L), 9 weeks (20.9 ± 6.1 kU/L) and 1 year (20.2 ± 6.4 kU/L) of treatment (Fig. 4). Within
the SIT/Pl, and the SIT/VitD3 group, transient increases in the levels of sIgE were detected
after 9 weeks of treatment (54.4 ± 25.11 kU/L, p=0.03, resp. 45.65 ± 14.7 kU/L p=0.02)
compared to baseline (resp. 25.7 ± 7.8 kU/L and 33.25 ± 11.8 kU/L), which decreased
again to resp. 40 ± 18.8 kU/L, and 31.8 ± 10.6 kU/L after 1 year of treatment (Fig. 4). These
increases in sIgE did not differ between the SIT/Pl and SIT/VitD3 group, (Fig. 4).
Within the Pl/Pl-group, the sIgG4 levels did not change after 9 weeks (0.1 ± 0.03mg/L)
or 1 year (0.1 ± 0.04mg/L) of treatment compared to baseline (0.09 ± 0.03mg/L) (Fig. 2B).
Both in the SIT/Pl and SIT/VitD3 group, a significant increase in sIgG4 was observed after
9 weeks of treatment (resp. 0.98 ± 0.2 mg/L, p=0.004 and 0.76 ± 0.2 mg/L, p=0.004),
which remained significantly increased after one year of treatment (resp. 0.82 ± 0.2
mg/L, p=0.004, and 0.56 ± 0.13 mg/L, p=0.004) compared to baseline (resp. 0.19 ±
0.04 mg/L and 0.1 ± 0.03 mg/L) (Fig. 4B). Moreover, compared to the Pl/Pl group, IgG4levels were significantly increased in the SIT/Pl, and SIT/VitD3 groups after 9 weeks of
treatment sIgG4 (resp. p=0.0005, and p=0.027). IgG4 levels of the SIT/Pl and SIT/VitD3
groups did not differ from each other (p = 0.49) (Fig. 4B).

Figure 4: Grass-pollen sIgE (A) and sIgG4 (B) serum levels before (V1), after 9 weeks (V2), and 1 year
of treatment (V3), from Pl/Pl (— —), SIT/Pl (---▲---), and SIT/VITD3 (—■—). Dots represent mean
± SEM from different treatment groups at different time points. Statistical differences between
the different time points are shown as: * significant compared to V1, # significant compared to V2,
$ significant compared to Pl/Pl group *: p<0.05, **: p<0.01.

◦
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Serum 25-OH VitD levels
25-OH VitD levels were measured at monthly intervals before the treatment injections.
No differences could be detected between the 3 treatment groups, neither before nor
during the study. All treatment groups showed a significant increase of 25-OH VitD after
9 weeks of treatment (early spring) compared to baseline (winter). In the Pl/Pl group
25-OH VitD level increased from 44 nmol/L (25-137) at baseline to 74,5 nmol/L (33-245)
at V2, and returned to baseline levels at V3 (winter) (54 nmol/L (30-119)). The same
temporary increase was seen in both SIT/Pl and SIT/VitD3 groups with baseline levels
from respectively 55 nmol/L (22-133) and 34 nmol/L (13-130), reaching 71.5 nmol/L (31143) and 71 nmol/L (36-157) at V2, and decreasing again at V3 (40 nmol/L (27-71) and
36 nmol/L (15-116)) (Fig. 5). Therefore, also in the SIT/VitD3 group no increase in serum
levels of 25-OH VitD was found, which could be expected, as the time point of previous
VitD3 injections was more than a week, and during the maintenance phase more than
a month, before.

Figure 5: 25(OH)VitD serum levels from before (V1), after 9 weeks (V2), and 1 year of treatment
(V3), from Pl/Pl (— —), SIT/Pl (---▲---), and SIT/VitD3 (—■—). Dots represent mean ± SEM
from different treatment groups at different time points. *, #, $ represent significances from
V1 compared to V2 in respectively Pl/Pl, SIT/Pl, and SIT/VitD3 groups. *: p<0.05, **: p<0.01, ***:
p<0.001.

◦
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Overall, within the groups treated with SIT a transient increase in sIgE was seen
after 9 weeks of treatment, decreasing again to baseline levels after one year. sIgG4
increased in both the SIT treated groups compared to placebo group, though did not
increase further after one year compared to 9 weeks of treatment.
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Discussion
In this study, the concept of using VitD3 as adjuvant for SIT was studied in patients
with seasonal allergy to grass-pollen, treated with a grass-pollen allergoid. In our
experimental setting no beneficial effect of VitD3 could be detected for any of the
clinical outcome measures. However, the exploratory nature of the study, the small
patient numbers and the absence of an explicit clinical improvement in the SIT/Pl group
precludes a definite conclusion on the adjuvant effect of VitD3.
The SIT treated groups displayed a temporary but significant sIgE increase, and a
lasting increase in sIgG4 levels. These serological results are in line with other studies
using unmodified, and modified grass-pollen extracts [25-27], showing that although
the allergen extract was chemically modified, the allergens still induced serum levels
of allergen-specific immunoglobulins. Increased levels of sIgG4 without clinical
improvement contradict the role for sIgG4 as protective antibody [28]. In line with our
data, it has been suggested that the levels of sIgG4 antibodies after SIT rather correlate
with the amount of allergens injected than with the clinical efficacy of the treatment
[29]. Moreover in the study performed by James et al, long term clinical improvement
after SIT was shown to be dependent on the capacity of sIgG4 molecules to block IgE
binding to its receptors [26]. Thus, in our study SIT induced a serological immunologic
response, though this appeared to be insufficient to induce clinical improvement in SIT
treated groups.
Many clinical trials have studied and shown the positive effects of immunotherapy
on allergy symptoms [2, 3]. In the current study, the SIT/Pl group barely showed clinical
improvement compared to the Pl/Pl group. There even was a reasonable level of
deterioration of the threshold in all the groups. However, we did see a trend towards
improvement in the SIT/VitD treated group when looking at the VAS. The absence of
clinical effectiveness of the SIT/Pl treatment is in contradiction with previous findings.
Previous studies reported similar clinical efficacy compared to unmodified extracts
and an improved efficacy compared to a placebo control group [30, 31]. The short
treatment duration before measurement of the primary outcome and start of the pollen
season could be an explanation. Other allergoid grass-pollen extracts have shown to
be clinically effective in placebo-controlled studies [32, 34]. Since this study had an
exploratory nature and was not designed to test efficacy of allergoid SIT in general, we
can only conclude that in this setting VitD3 does not provide any benefits to SIT. Further
studies are needed to elucidate whether VitD3 can be of added value in different
settings. One could think of using bigger treatment groups, longer treatment periods,
different (unmodified) allergens, other treatment regimes or administration routes (SLIT
vs SCIT).
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Administration of adjuvants to SIT, have the goal to improve the efficacy of the allergy
vaccine. In our study, VitD3 as a potential adjuvant was given as subcutaneous coinjection in the same area as the IT injection. VitD3 is not often used in a subcutaneous
administration although time to maximal uptake in serum after subcutaneous injection
is comparable with intravenous administration [35]. We decided to administer VitD3
locally to mimic the positive effects of VitD3 in a mouse model of experimental SIT [19].
In the present study, no difference in the serum VitD levels were observed between
the groups treated with and without VitD3. This was expected, as the blood drawn
to control VitD levels was taken one week after the previous VitD3 injection, and VitD
shows peak serum levels around one hour after administration reaching baseline levels
again after 24 hours [35]. A possible negative factor affecting the adjuvant activity of
VitD3 could be the surprisingly low baseline levels of VitD. It turned out that at baseline
(at the end of the winter season), in our patient group, the VitD levels (mean 44 nmol/L)
were under the standard values known for VitD. Although there is no real consensus
about the cut off values of serum VitD, values lower than 50 nmol/L are considered as
insufficient, while normal VitD values are expected within the range of 80-225 nmol/L.
There is evidence that VitD, through its receptor available on nearly every cell in
the body, plays an important role in innate and adaptive immune system functions
and especially in T cell regulation [21]. However, also in experimental studies, there are
some controversial findings when studying VitD as an immunoregulator. Several studies
demonstrated an augmentation of the differentiation to a Th2 cell profile in a VitD rich
environment [36-39]. Given the many levels at which VitD may act both in terms of
different cells (dendritic cells, T and B cells, NK cells, and macrophages) and in terms of
the T cell responses (Th1, Th2, Th17, Tregs) [40] it is far from clear to what extent these
individual factors influence the control of allergic disease and its symptomatology.
Also in clinical studies, VitD has gained enormous attention as a potent protector
(in the development) of allergy, although also these results remain extremely
heterogeneous. VitD deficiency is a very common finding in especially the Western
population [21], as said this was also seen in our study population. It has been shown that
increased maternal VitD intake during pregnancy is associated with a lower incidence
of wheezing in childhood [41]. When looking at cord-blood levels, both high and low
serum VitD levels were found to be associated with childhood wheeze [42]. Camargo et
al confirmed an inverted association between cord-blood levels and childhood wheeze,
as well as with the risk for respiratory infections, but not for too high levels of VitD.
However, a real association with asthma in children could not be found [43]. Sharief et
al. found in a big cohort of children and adults, that VitD deficiency was associated with
higher levels of serum IgE in children and adolescents, not in adults [44]. When focusing
on adults, the clinical effects of VitD seem to be less clear. Li et al. found a positive
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correlation between the serum VitD levels and lung function in adult asthmatics [45],
but this may be explained by the reduction of respiratory tract infections alone. A true
relation between VitD and asthma was not found, nor a protective effect on respiratory
tract infections [46 - 48].
The previous described mouse model showed positive effects to airway
hyperreactivity in mice treated with IT in combination with VitD, a finding confirmed
in other studies using mouse models for allergy [49, 50]. It seems logical to extrapolate
this to a human model. In a study from Majak et al. corticosteroids with and without
VitD3 were added to SIT for house dust mite in children [51]. This was based on the
finding that T cells produced IL-10 when being exposed to corticosteroids and VitD in
vitro as well as in vivo. [52, 53]. Majak et al. found that the addition of corticosteroid and
vitD3 was as effective as SIT alone. We should note that the sole addition of steroids in
their model even reduced the efficacy of SIT, so that at least here (despite not increasing
the overall efficacy) VitD3 reduced the inhibitory effect of steroids. In children receiving
immunotherapy alone for house dust mite this same group later found that the serum
VitD concentration in these children was correlated with clinical as well as immunological
outcome: children with a higher VitD serum concentration had a lower asthma symptom
score, a higher TGF-β production and a higher Foxp3 induction during therapy [54]. In
another recent study from Baris et al., asthmatic children treated with IT for house dust
mite, with or without orally administered VitD, or with pharmacotherapy alone. Both the
SIT groups performed better on the whole, and besides an inversed relation between
VitD levels and asthma attacks as well as an improvement in VAS scores for asthma, in
this study also no major additional effect of VitD was observed [45].
In the previously discussed mouse model the addition of VitD further increased
serum IgG levels in comparison with SIT alone. A finding that we didn’t observe in the
current study. SIT increased serum IgG levels but no further increase was seen with the
addition of VitD, questioning the additional benefit of VitD3 in human allergy.
As no clinical improvement was detected between the treatment groups in our
study, also the methods by which clinical effects were assessed should be carefully
(re)evaluated. We defined treatment efficacy using subjective (question score, visual
analogue score and the diary) as well as objective parameters. The objective parameter
was focused on alterations in threshold in NPT based on clinical symptoms, supposed to
be a good surrogate for natural pollen exposure. However single exposure in a research
setting may not reflect the more continuous exposure seen in everyday life. For the
secondary parameters, a more subjective CIS during the pollen season was used, which
resulted in the same observations as seen in the primary parameters.
In conclusion the active form of VitD has been shown to induce Treg cell through
immature DCs and thus improve the effect of SIT in a previously described mouse
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model. In our human model, a definite conclusion about the adjuvant effect of VitD3 is
impossible to make, as we were unable to observe a clinical difference between Pl/Pl,
SIT/Pl and SIT/VitD3. Regarding the abundant paradoxal findings of the effect of VitD in
allergy, its effect still has to be elucidated to understand its precise role in the diverse
immunoregulatory pathways and in the possible augmentation of SIT.
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Abstract
Background: Treg inducing adjuvants are a promising tool for the improvement of SIT.
1,25VitD3 was efficacious in the induction IL-10 and FOXP3 expressing Th cells in vitro,
and potentiated SIT in a mouse model of immunotherapy. In a clinical trial of VitD3
adjuvant to SIT, changes in allergen-specific Immunoglobulins were present despite
lack of clinical effectiveness. The levels of Immunoglobulins are thought to dependent
on cytokines produced by Th cells. Therefore cytokine-production in allergen-specific
Th cells was studied.
Method: PBMCs from patients treated with Placebo-Placebo, SIT-Placebo or SIT-VitD3
injections, were isolated before, 9 weeks, and 1 year after treatment. Grass-pollen
responsive Th cells were detected by CFSE-dilution, and different Th cell subsets
were analysed by the expression of IL-4, IFNg, IL-10, FOXP3, IL-9, and IL-17 in allergenresponsive Th cells, using flow cytometry.
Results: After SIT, a temporary induction of Th cell proliferation was observed in the
SIT-Placebo group, and not in the Placebo-Placebo and SIT-VITD3 Groups. Moreover,
addition of VitD3 increased the percentage of grass-pollen specific IL-10 producing T
cells. In both treatment groups a reduction in the percentage of IFNg producing cells
was observed, and the transient decrease of FOXP3 expressing Th-cells observed in
patients treated with SIT, was abrogated in those receiving VitD3 adjuvant.
Conclusions: 1,25VitD3 as adjuvant for SIT potentiated the induction of allergen-specific
IL-10 and FOXP3 expressing Th cells compared to SIT alone. The absence of clinical
effective SIT precludes definite conclusions on the adjuvant activity of 1,25VitD3. As
the induction of IL-10 and FOXP3 expressing Th cells is thought to be crucial for the
induction of clinically successful SIT, 1,25VitD3 remains a promising adjuvant for the
improvement of SIT.
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Allergen-specific Immunotherapy (SIT) is the only disease-modifying treatment
for allergic disorders, inducing long-term relieve of symptoms[1]. The underlying
mechanisms inducing this clinical improvement are not yet fully understood. It is
well known that immunotherapy induces allergen specific IgG4 antibodies [2, 3],
increases the ratio of allergen-induced Th1/Th2 cytokines, and induces allergenspecific regulatory T-cells (Tregs) [4-6]. These Tregs are characterized by the production
of immunoregulatory cytokines IL-10 or TGFb, or by expression of the transcription
factor Forkhead box P3 (FOXP3). Moreover they are considered to be important, if
not crucial for clinically successful SIT [4, 5]. Although the critical role of IL-10 in the
suppression of allergic disease is difficult to determine in patients, it has been shown
that blocking of IL-10 signaling in a mouse model of SIT reversed its improvement of
allergic inflammation [7], and addition of anti-IL-10 to PBMC cultures prevented the SIT
mediated downregulation of allergen-induced proliferation [8].
The clinical efficacy of SIT has been demonstrated in several trials, yet the clinical
outcome is quite variable between patients. The unpredictable efficacy together with
the long-term duration of the treatment (3-5 years) is a burden for clinical practice.
Therefore, there is a strong unmet medical need to improve the clinical efficacy
of SIT. Adjuvants are used in many vaccines to direct and enhance the favorable
immune response. Likewise, Treg inducing adjuvants could be favorable in SIT. 1α,25
dihydroxyvitamin D3 (1,25VitD3), the active form of VitD3, has shown to inhibit dendritic
cell (DC) maturation leading to the induction of IL-10 and FOXP3 expressing T cells [9].
Furthermore, 1,25VitD3 supplementation increased IL-10 gene expression in peripheral
Th cells [10], and protein levels in serum [11]. Finally 1,25VitD3 was effective as an
adjuvant in a mouse model of immunotherapy, where it potentiated the reduction of
airway hyperresponsiveness, allergic inflammation, and specific IgE levels compared to
SIT alone allowing lower doses of allergen to be used for injections [7].
To determine whether 1,25VitD3 is useful as adjuvant for SIT in allergic patients,
a double blind placebo-controlled clinical trial was performed, in which grass-pollen
allergic patients were treated with subcutaneous grass-pollen allergoid SIT (SCIT)
supplemented with 1,25VitD3 or carrier control (Chapter 6). Unfortunately allergoid
SCIT did not result in improvement of symptom and medication scores, either in the
presence of absence of 1,25VitD3. The lack of clinical efficacy after grass-pollen allergoid
SCIT precludes a definite conclusion on the adjuvant activity of 1,25VitD3. Despite the
absence of clinical effectiveness, a significant increase in the levels of sIgG4 was observed
in both SIT treatment groups but not in the placebo group. As IL-10 has shown to be
involved in the induction of sIgG4 [12], we aimed to characterize the GP-specific Th-

Chapter 7 | 1a,25(OH)2VitD3 adjuvant increases IL-10+ Th cells after subcutaneous grass-pollen allergoid immunotherapy.

Introduction

121

cell responses in patients during SIT treatment with or without 1,25VitD3 adjuvant. We
find that addition of 1,25VitD3 adjuvant increased the numbers of grass-pollen-specific
IL-10 producing T cells. Moreover in both SIT treatment groups decreased numbers of
IFNg producing Th-cells were observed, and a transient decrease of FOXP3+ Th-cells was
observed in patients treated with only SIT, not in those receiving 1,25VitD3 adjuvant.

Material & Methods
Patients
Patients suffering from allergic rhino-conjunctivitis with or without mild asthma and
grass-pollen sensitization were randomized in 3 groups. The treatment is schematically
depicted in figure 1: The Placebo-Placebo group (n=9) was treated with 2 placebo
injections, The SIT-Placebo group (n=9) with Grass-pollen-allergoid (Purethal Gras,
HAL Allergy, Leiden, The Netherlands), and Placebo injections, and the SIT-VitD3 group
(n=9) with Grass-pollen-allergoid (Purethal Gras), and 1,25VitD3 (Calcijex, Abbott,
Illinois) injections. Grass-pollen allergy was defined by a positive history, in addition to a
positive skin prick test and nasal challenge with a standardized allergen extract (Phleum
Pratense, ALK-Albelló BV, Almere). Positive skin prick tests for perennial allergens, like
house dust mite and pets, were allowed as long as the clinical symptoms of the patient
were restricted to the grass pollen season, and these patients were not exposed to
these pets. Sensitization to tree pollen was allowed as long as clinical manifestations
were restricted to the grass-pollen season. All patients gave written informed consent.
From each group samples from 9 patients were taken for T-cell analysis. Age and sex
of the different groups from which T cell and antibody determinations were done are
described in table 1.

Figure 1: Dosage scheme of induction and maintenance phase of GP immunotherapy applied
within the three treatment groups. Arrows above the time line display the subcutaneous
injections of GP-allergoid. Arrows below the time line display the blood drawing before the
subcutaneous injection.
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Placebo-placebo

SIT-Placebo

SIT – VitD3

Number

9

9

9

Age

35.8 (23-52)

31.4 (20-50)

32.11 (22-51)

Sex (%male)

55%

66%

11%

PBMCs
Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized whole
blood by ficoll gradient (Lymphoprep, Axis-Shield, Norway), washed twice, and frozen
and thawed as described previously [13]. In short, isolated PBMCs were resuspended in
a 50% FCS, 40% HBSS (Lonza/Bio-Whittaker) and 10% DMSO (Sigma-Aldrich, St Louis,
MO, USA) freezing medium, and placed within a Cryo preservation module at -80°C.
After 24h, frozen vials were transferred into liquid nitrogen. Frozen PBMCs were thawed
quickly, and gradually diluted with 10ml of PRMI-1640, supplemented with 50µM
b-Mercaptoethanol, and washed a second time with 20ml of medium, before culturing.

PBMC cultures with GP-extract
We previously showed that we were able to detect GP-specific T cells with the highest
accuracy using 8-day cultures of CFSE labeled PBMCs in the presence of GP-extract [14].
Therefore allergen-induced T cell proliferation was detected by flow cytometry, 10 x
106 PBMCs were stained in 0.5ml 10µM CFSE solution for 15 minutes at 37°C. To stop
the reaction, cells were washed 3 times with RPMI 1640 (Bio-Whittaker) supplemented
with 10% Fetal Calf Serum (FCS). CFSE labeled PBMCs were cultured in a 24 well plate
(Costar, Cambridge, Mass, USA) in 500µl of Ultra Culture Medium (BioWhittaker) in the
presence of 30µg/ml of GP-extract. Wells without GP-extract served as a control. At day
7 cells were harvested and restimulated in flat bottom 96 well plates with plate bound
anti-CD3 (overnight, 30µl of 5µg/ml, OKT-3), and soluble anti-CD28 (1µg/ml, clone? BD
biosciences) for 16h in the presence of 10 µg/ml brefeldin A (Sigma-Aldrich).

Flow cytometry
PBMCs were washed with cold (4°C) dPBS, and fixed using 2% formaldehyde (Merck
KGaA, Darmstadt, Germany) in PBS during 20 minutes at RT in dark. Subsequently cells
were permeabilized using 0.1% saponin (Sigma-Aldrich) and 0.5% BSA (Sigma-Aldrich)
in PBS, and stained using following antibodies: CD4-PerCP (SK3), IL-4-PE (8D4-8) (BD
Pharmingen), IFNg-PE-Cy7 (4S.B3) (eBioscience), FOXP3-AlexaFluor647 (206D), IL-10-
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PeCy7 (JES3-9D7), IL17-AlexaFluor647 (BL168), IL-9-PE (MH9A4) (all Biolegend, San Diego,
USA). Identically stained, non-restimulated cells served as control. Measurements were
performed using BD LSR-II flow Cytometer (BD Pharmingen), and analysed using Flowjo
9.2 software (Tree Star, Inc, Ashland, Ore).

Statistics
Differences between the Th-cell responses from the two groups are detected using nonparametric Mann-Whitney Tests, and results are expressed as median and range. When
groups were normally distributed, students T test was used to detect differences, and
results are expressed as mean ± SEM. A p-value < 0.05 was considered to be statistically
significant (GraphPad Prism 4 for Mac; Inc, La Jolla, USA).

Results
After 9 weeks of SIT treatment the percentage of proliferating Th cells
increased transiently
The proliferative responses of the Th cells to the GP allergens were studied using
CFSE labeled PBMCs cultured in the presence of 60µg/ml GP-extract. Proliferating Th
cells, detected by reduced CFSE-intensity, were not observed in PBMCs cultured in
medium alone (Fig 2A). Within the Placebo group, no differences were detected in the
percentages of proliferating Th cells between baseline (12.3 ± 2.3 %), 9 weeks (12.2 ±
1.8%), and 1 year of treatment (11.2 ± 1.9 %) (Fig. 2B, left). Within the SIT-placebo group,
a significant increase in the percentage of proliferating Th cells was observed from 10.6
± 2% at baseline to 15 ± 1% after 9 weeks of treatment (p=0.02), which decreased again
to baseline levels after one year of treatment (11.9 ± 1.5%) (Fig. 2B, middle). Within the
SIT-VitD3 group, no differences were detected in the percentages of proliferating Th
cells between baseline (9.4 ± 1.4 %), 9 week (11 ± 1.7%), and 1 year of treatment (8.6 ±
1.7 %) (Fig. 2B, right).
Overall, a transient increase in the percentage of allergen-responsive Th cells was
observed after 9 weeks of SIT-Placebo treatment, which was not observed within the
Placebo-Placebo, and the SIT-VitD3 groups.
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Allergen-induced Th cell cytokine profiles
The cytokine production of GP-allergen responsive Th cells was studied within the
CFSE-low Th cells as previously described [14]. Th cells were stained for IL-4, IL-9, IL-10,
IL-17 and IFNg. First, we analyzed IL-4 and IFNg as hallmark cytokines for Th2 and Th1
cells, respectively.
Fig 3A shows a dot plot of the CD4+CFSElow T cells expressing IL-4 from a representative
Placebo-Placebo treated patient. The percentage of GP-responsive IL-4 expressing Th
cells within the Placebo-Placebo group did not change compared to baseline levels (2.4
± 0.5%) after 9 weeks (2.2 ± 0.3%) or 1 year (2 ± 0.2%) of treatment. Also within the SIT-

Chapter 7 | 1a,25(OH)2VitD3 adjuvant increases IL-10+ Th cells after subcutaneous grass-pollen allergoid immunotherapy.

Figure 2: In vitro tracking of dividing TH cells labeled with CFSE, cultured in the presence of
GP-extract (60µg/ml). (A) Representative flow cytometric dot plots of CD4+ T cell proliferation.
Left plot shows the background CFSE-dilution, right plot the CFSE-dilution in response to GPextract after 8 days of PBMC culturing. (B) Percentages of proliferating Th cells within the total
CD4+ T cells, from all individual from the Placebo-Placebo (left), SIT-Placebo (middle) and SITVitD3 (right) are shown at baseline (V1), after 9 weeks (V2), and 1year of treatment (V3). All dots
represent values from single patient, within patient measurements are connected. *, p < 0.05.
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Placebo and the SIT-VitD3 groups, no differences were detected for the fraction of IL4-producing cells within the allergen-responsive Th cell population between baseline
(resp. 2.4 ± 0.6%, and 2.3 ± 0.4%), 9 week (resp. 2.5 ± 0.3% and 2.1 ± 0.2%), and 1-year
(resp. 2.5 ± 0.3% and 2.3 ± 0.5%) of treatment (Fig 3B).
Fig 4C shows a dot plot of the CD4+CFSElow T cells expressing IFNg from a representative
Placebo-Placebo treated patient. The percentage of GP-responsive IFNg expressing Th
cells within the Placebo-Placebo group did not change compared to baseline levels
(11.2 ± 1.9%) after 9 weeks (8.8 ± 2.5%) or 1 year (7.7 ± 1.1%) of treatment. Within the SITPlacebo group, the percentage of IFNg expressing Th cells decreased significantly from
10 ± 1.5% at baseline to 7.5 ± 1.2% (p=0.02), and 7.7 ± 1.4% (p=0.04) after respectively
9 weeks and one year of treatment. Also within the SIT-VitD3 group, the percentage of
IFNg expressing cells decreased from 14.2 ± 1.5% at baseline to 10 ± 1.2% (p=0.003) and
10.9 ± 2 (p=0.02) after respectively 9 weeks and 1 year of treatment (Fig 3D).
Overall, no changes in the percentage of grass-pollen responsive IL-4 producing cells
were observed, while the percentage of IFNg producing cells, significantly decreased
after 9 weeks and 1 year of treatment in both the SIT-Placebo, and SIT-VITD3 group.

Figure 3: Th1/Th2 cytokine expression in PBMCs cultured in the presence of GP-extract during 8
days. Cultured PBMCs were restimulated during the last 16h of culturing using plate-bound antiCD3, and soluble anti-CD28. Representative dot plots from the CD4+ CFSE low PBMCs expressing
IL-4, and IFNg are shown in A and C, respectively. Graphs B and D represent respectively the IL-4
and IFNg expression from each single patient measured at different time points during treatment
from the Placebo-Placebo (left), SIT-Placebo (middle), and SIT-VitD3 (right). Each point represents
a single patient measurement, within patient measurements are connected. *: p < 0.05, **: p <
0.01.
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The percentages of IL-9 and IL-17 expressing T cells were studied as described earlier
[14, Chapter 2]. Fig. 4A shows a dot plot of the CD4+CFSElow T cells expressing IL-9 from
a representative Placebo-Placebo treated patient. The percentage of GP-responsive IL-9
expressing Th cells within the Placebo-Placebo group did not change compared to baseline
levels (0.12 ± 0.03%) after 9 weeks (0.11 ± 0.03%) and 1 year (0.13 ± 0.04) of treatment.
Also within the SIT-Placebo, and SIT-VitD3 groups, no differences were detected between
baseline (resp 0.1 ± 0.02% and 0.12 ± 0.04%) 9 weeks (resp. 0.08 ± 0.02% and 0.11 ± 0.03%),
and 1-year (resp 0.09 ± 0.02% and 0.12 ± 0.02%) of treatment (Fig 4B).
Fig. 4C shows a dot plot of the CD4+CFSElow T cells expressing IL-17 from a
representative Placebo-Placebo treated patient. The percentage of GP-responsive IL17 expressing Th cells within the Placebo-Placebo group did not change compared to
baseline levels (1.7 ± 0.5%) after 9 weeks (1.3 ± 0.4%) or 1 year (1.5 ± 0.5%) of treatment.
Also within the SIT-Placebo and the SIT-VitD3 groups, no differences were detected
between baseline (resp. 1.6 ± 0.2% and 2.2 ± 0.5%) 9 weeks (resp. 1.1 ± 0.2% and 1.9 ±
0.4%), and 1-year (resp. 1.2 ± 0.3% and 1.8 ± 0.4%) of treatment (Fig 4D).
Overall, no differences were detected in the fraction of IL-9 and IL-17 producing
allergen-responsive Th cells after treatment with both SIT-Placebo, and SIT-VitD3
treatment groups.

Figure 4: Additional T cell subsets were studied in PBMCs cultured in the presence of GP-extract
during 8 days. Cultured PBMCs were restimulated during the last 16h of culturing using platebound anti-CD3, and soluble anti-CD28. Representative dot plots from the CD4+ CFSE low PBMCs
expressing IL-9 and IL-17 are shown in A and C respectively. Graphs B and D represent respectively
the IL-9 and IL-17 expression from each single patient measured at different time points during
treatment from the Placebo-Placebo (left), SIT-Placebo (middle), and SIT-VitD3 (right). Each point
represents a single patient measurement, within patient measurements are connected.
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FOXP3 and IL-10 expression by allergen responsive T cells
Finally, the percentages of FOXP3 and IL-10 expressing Th cells were studied within the
GP-responsive Th cells as previously described by staining for FOXP3, and IL-10.
Fig 5A shows a dot plot of the CD4+CFSElow T cells expressing FOXP3 from a PlaceboPlacebo treated patient. The percentage of GP-responsive FOXP3 expressing Th cells
within the Placebo-Placebo group did not change compared to baseline levels (3 ± 0.9%)
after 9 weeks (2.3 ± 0.6%) or 1 year (2.8 ± 0.8%) of treatment. Within the SIT-Placebo
group, the percentage of FOXP3 expressing Th cells decreased significantly from 1.7 ±
0.4% at baseline to 1.1 ± 0.15% (p=0.04) after 9 weeks of treatment, and increased again
to before treatment levels after 1 year of treatment (1.9 ± 0.5%). Within the SIT-VitD3
group no differences were found between baseline (2.4 ± 0.4%), 9 week (2 ± 0.2%), and
1-year (2 ± 0.3%) of treatment (Fig 5B). In addition, no differences in FOXP3 expressing
Th cells were detected in the non-dividing population (data not shown).
Fig 5C shows a dot plot of the CD4+CFSElow T cells expressing IL-10 from a representative
Placebo-Placebo treated patient. The percentage of GP-responsive IL-10 expressing Th
cells within the Placebo-Placebo group did not change compared to baseline (0.15 ±
0.07%), after 9 weeks (0.1 ± 0.04%), and 1-year (0.25 ± 0.17%) of treatment. Also within the
SIT-Placebo group, no differences were detected between baseline levels (0.09 ± 0.02%),

Figure 5: Treg cytokine expression in PBMCs cultured in the presence of GP-extract during 8 days.
Cultured PBMCs were restimulated during the last 16h of culturing using plate-bound anti-CD3,
and soluble anti-CD28. Representative dot plots from the CD4+ CFSE low PBMCs expressing FOXP3
and IL-10 are shown in A and C respectively. Graphs B and D represent respectively the FOXP3 and
IL-10 expression from each single patient measured at different time points during treatment from
the Placebo-Placebo (left), SIT-Placebo (middle), and SIT-VitD3 (right). Each point represents a single
patient measurement, within patient measurements are connected. *: p < 0.05.
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Discussion
Adjuvants are a promising tool to improve the clinical efficacy of allergen immunotherapy.
In this study we used 1,25VitD3 to enhance the induction of a regulatory Th cell response,
known to occur after SIT. As observed for the clinical parameters (Chapter 6), no
differences were observed in the fraction of IL-4 expressing allergen-responsive Th cells
after SIT treatment, irrespective of the addition of 1,25VitD3 as adjuvant. However, we
found that by in the presence of 1,25VitD3, increased numbers of grass-pollen-specific
IL-10 producing Th cells were induced compared to SIT alone. Moreover, 1,25VitD3
seemed to abrogate the transient decrease in FOXP3 expressing cells observed after
SIT alone.
IL-10 was shown to be involved in the induction of IgG4, therefore the early
induction of IL-10 producing Th-cells was thought to precede the increase of sIgG4 [12].
Within our study increased serum levels of sIgG4 were observed in both SIT-treated
groups, although increased numbers of IL-10 producing Th-cells were only detected
within the SIT-VitD3 group. Moreover no significant differences in IL10+ Th-cell numbers
were found between the SIT-placebo and SIT-VitD3 group. Therefore, our data do not
support a strict relation between specific IgG4 levels and allergen-responsive IL10+
Th cells since we did not observe increased IgG4 levels in the SIT-VitD3 group while
increased numbers of IL10+ Th cells were observed. Notwithstanding, the fraction of
IL-10+ cells within the allergen-responsive Th cell subset was very small, indicating that
our method of detecting allergen-specific IL-10+ Th cells might not be sensitive enough.
Peripheral T cell tolerance is known to occur early after SIT, and is characterized by
decreased allergen induced T cells proliferation [6], probably caused by the induction
of IL-10 and FOXP3 expressing T cells [2, 5, 15, 16]. In our study grass-pollen induced T
cell proliferation increased transiently within the SIT-Placebo group compared to the
Placebo-Placebo and the SIT-VitD3 groups. In line herewith, the SIT-Placebo group
showed no increase in the number of IL-10 producing T cells, and a temporary reduction
in FOXP3 expressing allergen-responsive Th cells was observed. The absence of de novo
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after 9 weeks (0.1 ± 0.02%) or 1 year (0.13 ± 0.04) after treatment. Remarkably, within the
SIT-VitD3 group, the percentage of IL-10 expressing Th cells increased significantly from
0.1 ± 0.02% at baseline to 0.16 ±0.03% (p=0.03), and 0.18 ± 0.05% (p=0.1) respectively
after 9 weeks and 1 year of treatment (Fig 5D).
Overall, a temporary decrease in the percentage FOXP3 expressing cells was observed
after 9 weeks of treatment within the SIT-Placebo group. Within the SIT-VitD3 group,
a significant increase in the percentage of IL-10-producing cells was observed after 9
weeks, which remained after 1 year of treatment although not statistically significant.
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induced Tregs, in combination with a temporary reduction of FOXP3 expressing cells
can explain the increased T cell proliferation in the SIT-Placebo group. In line herewith,
the transient reduction in FOXP3 expressing T cells was absent in the SIT-VitD3 group,
while also no induction of grass-pollen induced proliferation was observed. In line with
our results several studies reported no reduction in allergen-induced T cell proliferation
after SIT [5, 17, 18], while in other studies a reduction of T cell proliferation was observed
[8, 19-21]. The absence of reduced T cell proliferation, and moreover the transient
induction thereof seen in the SIT-Placebo group could be important for the absence of
clinical success in the study.
Although several studies observed increased numbers of FOXP3 expressing Th
cells after SIT [16, 22], a transient decrease of FOXP3 expressing cells was also observed
after VIT [23], and was associated with enhanced activation and lymph node homing
phenotype of FOXP3 expressing Th cells. Therefore the temporary decreased numbers
of FOXP3 expressing T cells do not necessarily indicate a reduced number of Tregs. In
contrast increased numbers of FOXP3 were reported one year after treatment, probably
overlooking the early effects of SIT.
Within both SIT-treated groups, no decrease in the numbers of IL-4 producing
allergen-specific Th cells were detected. However, a significant decrease in the numbers
of IFNg producing cells was observed over the course of SIT treatment in both SITPlacebo and SIT-VitD3 groups. Within studies of clinically successful SIT, decreased Th2,
and increases in Th1 cytokines were detected [17, 18, 21]. In our study no clinical effects
were detected (Ref Hfst). Lack of clinical efficacy in our study is therefore paralleled
with lack of decrease in allergen-specific Th2 cells after immunotherapy, indicating
that successful suppression of Th2 cells could be of major importance for clinical
effectiveness. Nevertheless, changes reported in literature in T-cell cytokine profiles
after successful SIT were mostly detected locally [17, 18], indicating that detection of
allergen-specific Th cells in PBMCs might not be the most sensitive approach to detect
the alterations induced by SIT on the adaptive T cell-mediated immune response.
The numbers of IL-9 and IL-17 producing cells did not change during treatment, and no
differences were observed between the different treatment groups. In contrast to our
results, decreased numbers of IL-9 producing cells after SIT have been shown in nasal
biopsies during the pollen season [24], and we previously showed decreased numbers
of IL-9 expressing cells after VIT (Hfst). Furthermore, the number of IL-17 producing cells
did not change during treatment. Increased numbers of IL-17-producing T cells are
associated with neutrophil inflammation in sever asthma [25-28]. In line with our results,
no changes in IL-17 cells have been reported after sublingual pollen immunotherapy
[29].
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Overall, 1,25VitD3 as adjuvant for SIT seemed to potentiate the induction of allergenspecific IL-10 and FOXP3 expressing Th cells compared to SIT alone. As the induction of
IL-10 and FOXP3 expressing Th cells is thought to be crucial for the induction of clinically
successful SIT, 1,25VitD3 could be a promising adjuvant for the improvement of SIT.
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Chapter

8

Summary, Discussion and
Future Perspectives

Summary
Allergen-specific Immunotherapy (SIT) is currently the only treatment for allergic
disorders that can achieve long-term reduction of symptoms [1-3]. Although clinical
efficacy of SIT is well-established [1, 2, 4], further improvement of SIT is urgently needed
given the rather variable clinical outcome of SIT between different allergic disorders as
well as between patients, and the long treatment period required to achieve clinical
effect.
To improve the efficacy of SIT treatment, the underlying mechanisms have to be
understood in great detail. The modulation of allergen-specific Th cell responses is
thought to be of major importance in the induction of clinical tolerance towards allergens
[5]. The modulation of allergen-specific Th cell responses during SIT treatment has
been studied in little detail, due to the technical difficulties associated with measuring
allergen-specific Th cell responses. In this thesis, we therefore aimed to optimize the
characterization of allergen-specific Th cell phenotypes from PBMC, and applied this in
a study of Th cell modulation during clinical studies of grass and mugwort pollen as well
as wasp venom SIT. Due to the low precursor frequencies of allergen-specific T cells,
these responses are difficult to study without prior Th cell selection or expansion from
PBMC [6]. Until now, long-term cultures of PBMC in the presence of allergen extracts
are the standard techniques used to expand and study the allergen-specific T cells. In
an attempt to optimise the detection of the in vivo changes induced by SIT treatment in
allergen-specific Th cells, we studied in chapter 2 the allergen-specific Th cells without
prior long-term in vitro cultures using the induced expression of activation markers CD69
and CD154 on CD4+ T cells after overnight allergen exposure of PBMCs, and compared
these results to long term cultures, in which CFSE labelled PBMCs or enriched T cell
lines (TCLs) were cultured in the presence of GP extract. We were in fact able to detect
and phenotype grass-pollen specific Th cells for their cytokine production profile using
the selection of recently activated, and therefore assumed allergen-specific Th cells
by the merit of the induced expression of activation markers. However, we observed
considerable variability in cytokine expression patterns within these relatively low
numbers of allergen-activated Th cells that could be detected using this approach. We
were able to demonstrate that the use of CFSE labelled PBMCs to allow detection of Th
cells that had undergone multiple cell divisions after 8-day allergen cultures resulted
in a higher statistical power to detect differences between allergic and non-allergic
individuals. Moreover, both techniques yielded largely similar results in percentages
of IL-4 and IFNg-producing allergen-specific Th cells, underscoring the fact that both
techniques interrogated largely overlapping Th subsets, confirming the validity of
these approaches. In chapter 3 we focussed on the detection of allergen-specific T
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cells using MHC-II peptide tetramer complexes in a model of mugwort pollen allergy.
This model was used because, as previously shown, mugwort pollen only contains one
major allergen (Art v 1), with one dominant epitope (Art v 125-36)[7, 8]. Moreover the
recognition of this antigen by T cells is strongly associated with HLA-DR1, allowing us
to detect more then 90% of the mugwort pollen-specific T cells with one single MHCArt v 119-36 -Tetramer complex. Using this model we addressed the specificity and the
sensitivity of using Tetramer complexes to detect peptide-specific T cells. Although we
were able to detect highly specific T cells using the MHC-II peptide tetramer complex,
the sensitivity remained rather low. We observed that both allergen-specific T cell lines,
devoid from Tetramer positive cells, and Tetramer negative T cell clones still responded
to the immunodominant epitope of the allergen. Since the aforementioned 8-day CFSE
cultures showed the best statistical capacity to detect differences between allergic
and non-allergic individuals, we decide to continue using these 8-day cultures in our
analyses in the remaining parts of this thesis.
In order to further minimize the variability between PBMCs derived at different
time points during clinical trials, we strongly preferred a simultaneous analysis, of
the isolated PBMCs, necessitating cryopreservation and subsequent recovery prior to
culture. Some studies in literature have reported an inefficient recovery of regulatory T
cells from cryopreserved PBMC [9]. For studies of SIT, it is essential to be able to detect
regulatory T cell induction and/or activity. In chapter 4 we therefore evaluated the
effect of cryopreservation on the detection of regulatory T cells (Tregs). We show that
similar percentages of FOXP3 and CD25 expressing Th cells could be detected compared
to freshly isolated PBMCs if cryopreservation of PBMCs was performed according to a
strict protocol.
In chapter 5 we describe the development of a new methodology to detect and
study allergen-specific Th cells in PBMC cultures with Wasp-venom extract. This new
methodology was necessary in order to remove the cytotoxic components within the
wasp venom extract, known to induce cytotoxicity in PBMC during culture. We observed
that a dialysed and heat-inactivated WV extract allowed the PBMCs to maintain their
viability and could be applied for the study of allergen-specific Th cells. Using this dialyzed
and heat inactivated wasp venom (dhiWV) extract, we were the first to phenotypically
characterize the response of the full Th cell repertoire towards a complete WV extract.
Using this approach we were able to show the presence of increased numbers of IL-4
producing cells in wasp venom allergic (WVA) compared to nonallergic individuals,
underscoring the presence of a Th2-polarized immune response. Next, we used this
dhiWV-extract to compare the specific Th cell responses from WVA patients with (WVAISM) or without (WVA-nonISM) indolent systemic mastocytosis (ISM) during treatment
with venom immunotherapy (VIT). We found that venom immunotherapy results in a
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reduction of IL-4 and IL-9 producing Th cells in WVA-nonISM patients, indicating a direct
suppression of Th2 responses by VIT treatment. Surprisingly, no suppression of WVspecific Th2 or Th9 responses was observed in WVA-ISM patients upon VIT treatment,
which could correlate with a lower efficacy seen within the WVA-ISM patients.
In Chapter 6 we describe the outcomes of the VITAL-study. The VITAL-study is a
double blind placebo controlled clinical trial, in which grass-pollen allergic patients
were treated with subcutaneous grasspollen allergoid immunotherapy (allergoid SCIT,
Purethal gras, HAL-allergy) or placebo treatment. In addition to these two groups, a third
group was administered subcutaneous Vitamin D3 (VitD3) injections as an adjuvant
to grasspollen allergoid SCIT in an attempt to improve its clinical efficacy. The results
from the double-blinded placebo-controlled study arm revealed that allergoid SCIT
treatment did not result in improvement of symptom and medication scores compared
to the placebo group. The lack of clinical effectiveness after grass-pollen allergoid SCIT
precludes a definite conclusion on the adjuvant activity of 1,25VitD3. Interestingly,
although no clinical effect was observed within both groups treated with SIT, increases
of GP-specific IgG4, and a temporary increase in IgE were observed.
In chapter 7 we evaluated in more detail the GP-specific Th-cell responses from the
patients treated within the VITAL study. Here, we show that 1,25VitD3 seems to potentiate
the induction of allergen-specific IL-10 and FOXP3 expressing Th cells compared to SIT
alone. This means that, despite the fact that in the clinical study we could not detect
a positive effect of 1,25VitD3 on the primary or secondary outcomes of allergoid
SIT treatment, 1,25VitD3 has a potential for the induction of T cells with regulatory
properties, that might in fact allow its application as an adjuvant in combination with a
more efficacious SIT treatment protocol.
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General Discussion
Allergen-specific Th cells are the key players in initiation, progression, and maintenance
of allergic reactions, as well as in tolerance induction after SIT. Therefore the study of
these allergen-specific Th cells is of major importance to characterize the underlying
mechanisms within allergic disorders, and to identify new strategies to treat these
allergic diseases, or to improve the current treatments. The aim of the research
described in this thesis was to optimize and validate the use of allergen-specific Th
cell phenotyping in order to further characterize the mechanisms of certain allergic
disorders and to evaluate the response to therapeutic intervention. Here, we discuss
our results in the context of the current knowledge available from literature.

The protective mechanisms leading to allergen non-responsiveness during SIT, are
subdivided in two processes. The first process includes a general desensitization or nonresponsiveness towards the allergen the individuals is sensitized to, induced very early
during SIT (build up phase). The mechanisms involved in this initial process of allergenspecific unresponsiveness are currently poorly understood. In two different rush venom
immunotherapy protocols very early effects have been observed during the first day
of build up phase. Bussmann et al., showed that enhanced tryptophan degradation by
IDO altered the availability of metabolites in the microenvironment, characterized by
increased production of immunoglobulin like transcript (ILT) 4 by monocytes and IL-10
by T cells [10]. In the same allergen immunotherapy model, the early upregulation of
H2R was shown in basophils to suppress their FceRI-mediated activation, and thereby
strongly reducing their mediator release [11]. A similar finding was observed in an in vitro
model of early desensitization of mouse bone marrow derived mast cells. Here impaired
FceRI internalization in mast cells resulted in early allergen unresponsiveness of mast
cells [12]. Moreover increased levels of IL-10 producing T cells have been detected after
three days of SIT, and at the start of maintenance dose during SIT [10, 13].
Later during the SIT treatment, allergen-specific tolerance is induced, which
persists for many years, even after the treatment is stopped. This is characterized by
the increased production of IL-10 by Tr1 cells. IL-10 production is also increased in
B-cells after immunotherapy, these IL-10 producing B-cells or Bregs, might be another
important source of regulating this aberrant immune response [14]. These increased
levels of IL-10 seem to precede the induction of allergen-specific IgG4 molecules with
inhibitory antibody activity [15]. Moreover, increased levels of IL-10 have been associated
with clinically successful SIT [15-17]. The induction of IgG4 molecules itself does not
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seem to correlate with clinical efficacy, but rather the capacity of IgG4 molecules to
block IgE facilitated antigen presentation seems important in clinical tolerance towards
allergens [18-20]. Moreover, long-term studies showed the persistence of these blocking
antibodies as the most important mechanism in the long term protection against allergic
responses by SIT treatment [21]. Other parameters of the allergen-induced immune
response also change with slow kinetics during SIT treatment. For instance, allergenspecific IgE increases during the updosing phase of SIT, to slowly but progressively
decrease to levels lower than baseline levels within the same patients after several years
of treatment [22]. Moreover the production of Th2 cytokines decreases after one week
of SIT treatment. Because T and B cells are the key effector cell types bearing a memory
function, these changes are thought to be responsible for the induction of long-term
tolerance towards the allergens. In the next paragraph the changes in Th cells will be
discussed in more detail.

The phenotype of allergen-specific Th cell in allergy and AIT
For both inhalant and insect venom allergies, a dominant Th2 response is seen in
allergen cultured Th cells (chapters 2 and 4). In contrast to this well-established role for
Th2 cells in allergic individuals, protective roles for IFNg (Th1) and IL-10 (Tr1) producing T
cells have also been described to inhalant (birch and grass-pollen, as well as house dust
mites) and wasp venom allergens in T cells from non-allergic individuals [23-28]. In our
studies, no differences were detected in the number of IFNg and IL-10 producing and
FOXP3 expressing Th cells between allergic and non-allergic individuals. In agreement
with our data, also other studies did not detect any differences in IFNg production in
allergen stimulated T cells between atopic and non-atopic individuals [29-32], and
between WV-allergic and non-allergic individuals [33]. Although the consensus is going
towards a predominant role for increased numbers of IL-10 producing T cells after
tolerance induction to venom allergens, 2 studies reported no difference in the number
of IL-10 producing Th cells between venom-allergic and non-allergic individuals [27,
33]. In bee-keepers with no allergic responses to bee venom, increased numbers of IL10 producing Th cells were observed after seasonal high exposure to bee venom. All
bee-keepers included in this study had specific IgE towards the Bee venom, and could
therefore be considered to be a better approximation of the allergic patients in which
tolerance is induced than healthy non-allergic individuals [34]. In a later paper studying
peptide specific T cells using MHC-II tetramer complexes, increased numbers of epitope
specific Th cells with a Th2-like profile seemed to be over-represented in allergicindividuals. This over representation of pathogenic Th2 cells in allergic individuals,
seems the crucial factor in the development of allergic disorders. Here no differences
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Detection of the allergen-specific Th cell phenotypes
Different methods exist to detect allergen-specific Th cells. In chapter 2, we compared
three methods to detect allergen-specific Th cells. In the first method, activation
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in the numbers peptide specific T cells with a Th1 or Tr1 profile were reported between
allergic and non-allergic individuals [35].
Overall, different Th cell populations have been described to play a role in the
development, maintenance, and progression of allergic diseases. In our studies the
allergen-responsive Th2 cells appear to play the predominant role within the allergic
pathology. Within both grass-pollen and WV allergic individuals significantly higher
numbers of allergen-specific Th2 cells could be detected. The fact that allergenresponsive T cells could also be readily detected within non-allergic individuals supports
the hypothesis that healthy and allergic individuals have differently polarized allergenspecific T cell populations. However the precise nature of these allergen-specific T cells
in non-allergic individuals needs further studies.
High allergen exposure as in SIT was shown to induce T cell unresponsiveness [36].
The first change in Th cell responses reported after SIT is the induction of allergeninduced IL-10 production [5, 17, 37]. Furthermore, some studies also report the
increase of FOXP3 expressing Th cells [16, 17]. These induced Tregs were thought to
be responsible for the immune suppression of allergen-specific T cell responses. Later
during treatment, a reduction in allergen-induced production of Th2 cytokines, as IL-4
are reported [38, 39], turning the dominant allergen-specific Th2 response into a more
balanced immune response.
Our results also support the change in Th1/Th2 balance, as decreased numbers of Th2
producing cells were reported after SIT, although no changes in IFNg-producing cells
could be detected. Both Th1 and Treg cells are able to control excessive Th2 responses
within allergic diseases, and could therefore induce T cell tolerance when induced after
SIT. Wambre et al., studying epitope specific T cells, reported a deletion of the epitopespecific T cells with a Th2 like phenotype, rather then an induction of allergen specific
Th cells with a Th1 or Tr1 like phenotype. Which is in accordance to the data acquired
in our studies. The reduction of the predominant Th2 like cells, most probably then
allow for a different allergen specific response to emerge (Th1/Tr1), referring to a Bcl-2
mediated apoptosis of the dominant Th2 cells as the crucial factor in the T cell tolerance
restoration.
Therefore, a major distinction should be made between the study of the cytokine
levels produced, compared to the number of cells producing the cytokines. Detection
of Th1/Tr1 cytokines present in the supernatant might in this respect offer different
insights in the number of cytokines produced.

141

marker CD154 was used to detect ex-vivo allergen-activated Th cell, these results were
compared to a method exploiting loss of CFSE intensity as a marker of allergen-induced
proliferation after 8-day PBMC cultures in the presence of grass-pollen extract, or after
enrichment of grass-pollen-specific T cells in T cell lines. Overall, within all methods
described, increased numbers of IL-4 producing Th cells were detected in allergic
compared to non-allergic individuals, although the highest power to detect differences
between the allergic and non-allergic individuals was seen using the loss of CFSE
intensity after 8-day PBMC cultures. These methods all use single-cell based analyses,
allowing the quantification and phenotyping of cytokine-producing Th cells. Analysis
of cytokine production has frequently been performed by measuring cytokine levels
in supernatants of allergen stimulated PBMC cultures [40], or by quantifying cytokineproducing cell numbers using ELISPOT techniques, precluding further phenotypical
characterization of the cytokine-producing cells. The advantage of these methods is
the easy determination of cytokines by ELISA-based techniques, although detailed
phenotypic information on the cytokine producing cells cannot be obtained. Another
recently developed technique to select and phenotype allergen-specific Th cells are
MHC-II tetramer complexes coupled to specific peptides. The advantage of this technique
over the techniques described in this thesis is that tetramers bind specifically to Th cells
with a specific T cell receptor (TCR) for a predefined peptide. Using this technique, falsepositive staining of bystander activated T cells is avoided, and non-dividing, anergic,
or regulatory T cells will not be excluded. On the other hand, as a consequence of the
high antigen-specificity of the tetramer technique, HLA-types of the patient or control
subject need to be known, and the corresponding immunodominant epitopes of the
allergen under study need to be identified, which hampers the widespread applicability
of these techniques. Moreover, the detected T cells are restricted to the predefined
peptides, which increases the chance of false-negative results due to involvement of T
cell clones responsive to other epitopes than those under study. In Chapter 3, we used
this MHC-II peptide tetramer complexes to study Art v 1-specific Th cells in the model of
mugwort pollen-allergy. We used this method because of the presence of only a single
major allergen with only one immunodominant epitope. Because of the uniform T cell
response to Art v 1, with virtually all T cells recognizing the same epitope, we found
that the DR1/Art Tetramer failed to detect a major fraction of peptide-specific T cells,
showing the low sensitivity of the tetramer complexes. Which proved our previously
mentioned concerns of the detection of false-negative results.
To study Th cells specific to a mixture of peptides, as will be the case with grasspollen, which consists of different major allergens, and multiple immunodominant
epitopes, we preferred to work with stimulation assays using the full allergen extracts,
thereby avoiding the selection of specific T cells, though bearing the risk of selecting
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unspecifically activated Th cells as bystander activated T cells. Therefore, we studied
whether it would be possible to detect phenotypic differences between Th cells from
grass-pollen allergic and non-allergic individuals within the three aforementioned
methods based on activation or proliferation of the allergen-specific Th cells. Our results
clearly show the highest power to detect phenotypical differences after culturing CFSE
labelled PBMCs in the presence of the allergen during 8 days. Therefore, we employed
this technique in 2 clinical studies into the efficacy of SIT treatments, first in wasp venom
immunotherapy, and second in grass pollen immunotherapy supplemented with VitD3.

Only a few studies are performed comparing peripheral blood cells between wasp
venom allergic and non-allergic individuals, and within the performed studies,
contradictory results were obtained [27, 41]. To detect wasp-venom specific Th cells,
the previously described 8-day cultures were unsuccessful due to cytotoxic effects of
the venom-extract. In contrast to the venom extract, no decrease in cell viability was
observed when stimulating PBMCs with the recombinant allergen Ves v 5. Although
using recombinant Ves v 5, the responding Th cells can be studied, we aimed to
characterize the full repertoire of Th cells responsive to the WV-extract. After dialysis
followed by heat inactivation, markedly decreased cytotoxicity was observed without
loss of protein content. This dhiWV extract allowed detection of all Th cells responsive
towards the venom extract, which is important to study the full repertoire of Th cells
playing a role in the development and maintenance of wasp-venom allergies, and to
not overlook any populations, specific for other proteins as predefined recombinant
allergens. Therefore, this technique can contribute to new insights in the mechanisms
of WVA, and treatments as immunotherapy.
Using dhiWV-extract as stimulus, the role of WV-specific Th cells in wasp-venom
allergic (WVA) patients with and without indolent systemic mastocytosis (ISM) treated
with VIT was studied. Remarkably, while within WVA-nonISM patients reduced numbers
of Th2 cells were detected after 6 weeks of VIT, no reduction was found within the
cells of WVA-ISM patients. The absence of a decrease in numbers of Th2 lymphocytes
in mastocytosis patients might be the reason why clinical efficacy within this patient
group is less compared to WVA-nonISM patients [42, 43]. Although no decreased Th2
responses are induced within the first months of VIT treatment in the ISM patients, a
decrease in the risk of systemic allergic reactions is generally seen during VIT treatment.
Therefore we speculate that desensitization of the mast and basophils is induced, rather
than peripheral T cell tolerance [42, 43].
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In contrast, looking at the humoral response, both patient groups showed increased
levels of sIgG4 molecules after SIT. Although it has been discussed that the affinity, and
blocking capacity of the sIgG4 molecules, rather than their serum levels are important
for clinical tolerance induction. It is generally accepted that the induction of IgG4 after
immunotherapy is induced by increased levels of IL-10 by Tregs [44, 45]. Therefore it
might be possible that although a reduction of Th2 cells is lacking, and no induction
of IL-10 producing CD4+T cells was observed in the WVA-ISM patients, regulatory T
cells could still be induced, resulting in increased levels of sIgG4. Overall, due to the
difference in early Th cell responses to WV-SIT seen within this thesis, further research
should be performed to elucidate the underlying mechanism of the absence of longterm tolerance induction within WVA-ISM patients.

Application 2: VitD3 as an adjuvant for grass pollen SIT: Modifying Th cell phenotypes in
the absence of a clinical effect?
In this thesis we describe a clinical trial in which the concept of VitD3 addition during
SIT-treatment was studied. The SIT treatment was performed using a modified grasspollen allergoid. Unfortunately, the absence of an explicit clinical improvement in the
patients treated with the allergoid alone or in those treated with the allergoid in the
presence of additional VitD3 precludes a definite conclusion on the adjuvant effect of
VitD3.
In different clinical trials, allergoid extracts have shown clinical efficacy [46]. In
contrast to our study, two different trials performing immunotherapy with allergoid
extracts, reported significant clinical and immunological changes after the second year
of treatment [18, 47]. Although clinical effectivity has been reported, it has also been
shown that allergoid extracts showed a reduced allergenicity and immunogenicity [48].
This reduced immunogenicity may explain the absence of clinical effectiveness after
the first year of allergoid treatment, and that a second year of treatment might have
been necessary to reveal the clinical efficacy of the extract.
The conduction of this clinical trial was based on data obtained from a mouse model
for allergic asthma, where 1,25VitD3 was effective as an adjuvant for experimental
ovalbumin immunotherapy [49]. In this model, 1,25VitD3 supplementation
resulted in a suppression of specific IgE, allergic airway inflammation and bronchial
hyperresponsiveness. Later on, two other groups confirmed these findings in different
mouse models [50, 51].
Majak et al, for the first time used 1,25VitD3 in combination with corticosteroids
as an adjuvant for immunotherapy in asthmatic children [52]. In this study, 1,25VitD3
was administered orally in doses of 0,025mg weekly in combination with 20mg
of Corticosteroids (Prednisone) to SIT. This adjuvant of VitD3 in combination with
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Corticosteroids resulted in a similar clinical effectiveness compared to SIT alone.
Remarkably, the addition of corticosteroids alone resulted in an abrogation of the
positive effects seen in people treated with SIT. Meaning that corticosteroids did not
result in a beneficial, but rather deteriorated the outcome of normal SIT. On the other
hand; 1,25VitD3 seemed to abrogate the negative effects caused by the addition of
steroids, indicating that in this respect VitD3 had an adjuvants effect on SIT. Baris et
al. conducted a second clinical trial in which 650 IU or 16,25µg VitD were administered
daily as an oral adjuvant to children treated with SCIT [53]. In this study, the clinical
and immunological parameters in the group treated with VitD were comparable to the
group treated with SIT alone.
Despite the absence of clinical effectiveness in our study population, the GP-specific
Th-cell responses showed that 1,25VitD3 as adjuvant for SIT significantly potentiated
the induction of allergen-specific IL-10 and FOXP3 expressing Th cells compared to
SIT alone (Chapter 7). Therefore, although we did not demonstrate a positive effect of
1,25VitD3 for SIT, 1,25VitD3 should not immediately be depreciated as an adjuvant for
improvement of SIT. The use of bigger treatment groups, unmodified allergen extracts,
or different routes and doses of administration are possible outcomes for improvement.

The selection and characterization of Th cells specific to the allergens present in an
allergen extract was the first goal studied within this thesis (Chapter 2). After studying
4 different methods, the detection of proliferating T cells in PBMC cultures, yealded
the highest power to detect statistical differences between allergic and non-allergic
individuals. The major drawback of is method is the significant amount of bystander
T cells detected (Chapter 3). All-in-all, this method is the most suitable for detecting
allergen-specific Th cell responses in clinical studies, without restrictions to HLA-types,
and different allergen peptides.
Furthermore, if performed correctly, PBMCs can be analyzed simultaneously with
great quality after cryopreservation (Chapter 4). Which is an important requirement for
longitudinal studies, which allows a simultaneous analysis of Th cell responses from
PBMCs obtained at multiple time points and from a large number of participants,
thereby minimizing technical variance between individual measurements.
In chapter 5 we were able to generate valuable data using a cytotoxic allergen extract
by removal of the cytotoxic compounds using dialysis, and heat inactivation. This shows
that proliferation can be used to study responsive T cells for a wide variety of allergens,
between different allergic and non-allergic individuals, or in treatment schedules as
SIT. Using this dialyzed and heat inactivated Venom extract, we demonstrated that
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VIT induced suppression of allergen-specific Th2 cell activity after VIT in WVA-nonISM
patients, which was absent in WVA-ISM patients. This absence of T cell tolerance in WVAISM patients could explain the reduced effectiveness of VIT within this patient group,
but we will need to analyze later time points during VIT treatment to evaluate whether
the absence of Th2 cell suppression is transient or also found during maintenance phase
in this specific patient group.
In the next two chapters the concept of using VitD3 as an adjuvant to SIT was
studied. Although we studied different clinical outcome measures, no beneficial effect
of VitD3 could be detected on clinical endpoints. Here, a definite conclusion on the
adjuvant VitD3 is hard to make, as the allergoid SIT treatment itself didn’t show any
clinical effect either (VITAL, chapter 6). By studying the T cell responses over the course
of treatment, VitD3 supplementation did induce increased numbers of allergen-specific
IL-10 producing Th cells (Chapter 7). These results again emphasize not to immediately
depreciate VitD3 as an adjuvant to immunotherapy, and that the effect of VitD3 on SIT,
and the immunological pathways by which it might act, still needs further elucidation.
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The clinical effect of SIT is linked to increased levels of IL-10 in supernatants of allergencultured PBMCs [40, 54]. These increased numbers of IL-10 producing cells seem to be
the key mechanism behind tolerance induction towards allergens [35, 40, 54]. Within
our studies, we tried to detect IL-10 producing T cells by intracellular flow cytometry.
Intracellular Flow cytometry did not seem to be the optimal way to study this population.
Therefore this suppressive cell population should be studied carefully using some
different techniques as IL-10 secretion assays, elispot or the measurement of RNA levels
using flow cytometry. Moreover, single-cell expression analysis of allergen-specific Th
cells as identified by tetramer stainings would possibly offer some new information on
all pathways involved in the suppression and/or depletion of the allergen-specific Th
cell subsets, and might shed some new light on biomarkers for further evaluation of
SIT’s clinical efficacy.
The possibility to detect and study the IL-10 producing subpopulation remains very
important in our understanding of the mechanisms by which SIT exerts a suppressive
effect towards allergens. Moreover, the identification of these mechanisms by which
SIT exerts the suppressive effect needs to be identified to improve the efficacy of
treatment, for instance by using adjuvants. Adjuvants can be used to steer immune
responses into a desired direction, and therefore the required cellular or molecular
activity that would enhance efficacy of SIT treatment through such an adjuvant has to
be completely understood. VitD3 was shown to be effective as adjuvant for SIT in a
mouse model of allergic asthma [49]. Although IL-10 and TGFb seemed to play a crucial
role in the improvement of SIT, the complete mechanism of how VitD3 improved the
outcomes of SIT are insufficiently understood. It was proposed that VitD3 could have
a suppressive effect on the maturation of dendritic cells, and therefore induces Treg
cells [55, 56]. Although this is a plausible explanation, and increased numbers of IL-10
producing Th cells were found within our patient group treated with VitD3, VitD3 itself
did not show a positive effect on our SIT treatment.
Different routes of administration might offer some opportunities for further
improvement of SIT by the use of specific adjuvants. For allergen-specific immunotherapy,
different routes have been considered. Classically, the golden standard for SIT treatment
is subcutaneous application of the allergens (SCIT), which has been used throughout
this thesis. In addition, sublingual administration of allergens (SLIT) is gaining interest,
and intralymphatic routes have proven efficacy in different clinical trials [4, 57-59]. Here,
the route of delivery determines the possibility to employ specific immunomodulating
adjuvants where the one or the other might be more optimal if delivered mucosally
or intralymphatically, offering different alternatives for further improvement of SIT
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treatment. Therefore, further research into the mechanisms of action of experimental
adjuvants for SIT in relation to the route of delivery is of great interest, and is at this
moment is being performed at the UMCG.
In mastocytosis patients, different T cell responses to SIT are observed between
normal and mastocytosis patient groups. Although increased levels of IgG4 molecules
were observed within both patient groups, indicating that the VIT treatment did act on
the allergen-specific B cell responses as expected, no long-term protection is observed
in mastocytosis patients after stopping SIT. Therefore, this is an exceptional model to
further study the role of IgG4 molecules, their blocking and inhibitory capacities, versus
Th2 cells, that in addition act in allergic inflammation. Furthermore, we only looked
shortly after starting SIT. To really understand why within mastocytosis patients no
long-term tolerance is induced, later time points should be included within the clinical
trials.
Last but not least, most of the clinical trials and in vitro research projects trying to
understand the mechanisms of tolerance induction after SIT focus on the first years
after starting SIT treatment, only a few projects followed the patients several years
after stopping SIT treatment [21]. To understand the long-term induction of tolerance,
more projects should focus on long-term effects rather than studying the first years
immunological effects.
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Abbreviations

Abbreviations
Aa		
BrdU 		
CFSE		
CMV		
dhiWV		
dWV 		
FCS		
FOXP3		
HEIC		
hiWV		
Ig		
IL		
ISM		
MC		
NA		
PBMC		
PLA2		
pMHCII 		
R 		
SIT		
SM		
TCL		
TCC		
Tet 		
Th		
Treg		
VIT		
WV		
WVA 		
WVA ISM
WVA non-ISM
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Amino acid;
bromodeoxyuridine
Carboxyfluorescein succinimidyl ester
Cytomegalovirus
dialyzed and heat inactivated Wasp Venom
dialyzed Wasp Venom
Fetal Calf Serum
Forkhead box p 3
Histamine Equivalent IntraCutaneous
heat inactivated Wasp Venom
Immunoglobulin
Interleukin
Indolent Systemic Mastocytosis
Mast Cell
non-allergic
Peripheral blood mononuclear cells
Phospholipase A2
Peptide/MHC class II,;
Recombinant;
Allergen-specific Immunotherapy
Systemic Mastocytosis
T cell line
T cell clone
Tetramer
T helper cell
Regulatory T cell
Venom Immunotherapy
Wasp Venom
Wasp venom allergy
Wasp venom allergic with indolent systemic mastocytosis
Wasp venom allergic without indolent systemic mastocytosis
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Allergische ziekten van de luchtwegen, zoals hooikoorts (allergische rhinoconjunctivitis)
en allergisch astma zijn chronische ontstekingsziekten met klachten zoals tranende
ogen, niezen en benauwdheid, die worden veroorzaakt door het inademen van een
allergeen, zoals bijvoorbeeld huisstofmijt.
Niet iedereen wordt allergisch, maar bij mensen die dat wel worden ontstaan bij de
eerste blootstelling aan het allergeen CD4+ T helper 2 cellen, we noemen dit de TH2 cel
respons. Ook worden specifieke immuunglobuline E (IgE)-antilichamen gevormd die
zich binden aan mestcellen en basofiele granulocyten met behulp van een receptor (de
FCεRI receptor). Als iemand vervolgens opnieuw in aanraking komt met het allergeen
leidt dit tot cross-linking van het celoppervlak gebonden IgE (IgE-FCεRI) en degranulatie
van mestcellen en basofielen. Er komen dan stoffen vrij (mediatoren), zoals histamine,
prostaglandine D2 en leukotriënen, die een binnen minuten tot uren een acute
allergische reactie veroorzaken, bijvoorbeeld een astma aanval. Bij een langdurige
blootstelling (bv. een geheel pollenseizoen) ontstaat een chronische ontsteking van de
luchtwegen. Hierin staat de allergeen-specifieke TH2 cel centraal door het aanmaken
van interleukine-4 (IL-4), IL-5, IL-9 en IL-13. Deze cytokines zijn betrokken bij IgEaanmaak door B-cellen, de eosinofiele ontsteking, de verhoogde mucus productie en
de luchtweg hyperreactiviteit.
Meestal is de behandeling gericht op het onderdrukken van de symptomen, zoals
bijvoorbeeld met antihistaminica of corticosteroïden. Deze medicatie moet dagelijks
worden gebruikt, jaren achter elkaar. Gezien het hoge ongemak voor patiënten, de
wereldwijd stijgende prevalentie en het gebrek aan reële preventieve mogelijkheden
is een efficiënte therapie die de ongewenste immuunreactie permanent wijzigt van
essentieel belang. Allergeen specifieke Immunotherapie (SIT) is op dit moment de
enige therapie die een blijvende, of ten minste een lang blijvende reductie van de
klachten veroorzaakt. Deze behandeling is ruim een eeuw geleden voor het eerst
toegepast voor de behandeling van hooikoorts. Hoewel de werkzaamheid van SIT
in verscheidene klinische studies is aangetoond, werkt SIT voor bepaalde allergische
aandoeningen goed, maar voor andere minder of zelfs helemaal niet. Bijkomend
moet men om de gewenste langdurende reductie in klachten te verkrijgen, 3-5 jaar
met maandelijkse injecties behandeld worden. Hierdoor is een verbetering van deze
behandelingsmethode uiterst noodzakelijk.
Om een therapie als SIT te verbeteren, moeten we de onderliggende mechanismen
in detail begrijpen. Zowel bij het ontstaan van allergieën, als bij de behandeling
daarvan spelen T cellen een cruciale rol, omwille van het geheugen effect dat deze
T-cellen kunnen uitoefenen. Dit geheugeneffect is voor de gewenste blijvende reductie
van de symptomen van cruciaal belang. Het effect van SIT op T cellen is in enkele
studies bekeken, maar dit soort studies zijn erg moeilijk door het lage aantal allergeen-
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specifieke T cellen in de totale T cel populatie (ongeveer 1 op de 1 000 000 T- cellen).
Voor een adequate bestudering van het effect van SIT moeten specifiek gekeken worden
naar deze allergeen-specifieke T-cellen. Hiervoor is een zeer nauwkeurige selectie
vereist. In dit proefschrift hebben we eerst de focus gelegd op het optimaliseren van
deze selectieprocedure, om nadien deze kennis verder toe te passen om de effecten van
SIT op allergeen-specifieke T cellen te bestuderen in klinische studies met graspollen,
bijvoetpollen, en wespengif als allergenen.
Om allergeen-specifieke T-cellen te bestuderen, werd de hele populatie T cellen 8
dagen gekweekt in combinatie met een specifiek allergeen om zo een uitgroei van de
allergeen specifieke T-cellen te induceren. Het nadeel van deze methode is dat door
de lange duur van deze kweken de te bestuderen cellen kunnen veranderen. Daarom
besloten we in hoofdstuk 2 dit soort T cel kweken gedetailleerd te bestuderen om te
kijken of we deze methode konden verbeteren. We hebben getest of we al allergeen
specifieke T cellen al konden terugvinden tijdens hun eerste reactie op allergeen
zonder ze te laten uitgroeien in het laboratorium om zo te voorkomen dat deze cellen
veranderen tijdens een 8 dagen kweek. Deze resultaten werden vergeleken met de
langdurige kweken. Er wordt hierbij gebruik gemaakt van een bepaalde kleurstof
(CFSE) die ons in staat stelde die T cellen te identificeren die op de blootstelling aan
het allergeen gingen reageren. Met deze opzet hebben we kunnen aantonen dat met
beide methoden de allergeen specifieke T cellen gedetecteerd kunnen worden , en
ook de geselecteerde T cellen in beide methoden, eenzelfde profiel hadden. Blijkbaar
veranderen de allergeen specifieke T cellen toch niet heel sterk tijdens de 8 daagse
kweken. Omdat deze 8 daagse kweken gevoeliger waren om een verschil te detecteren
tussen allergische en niet-allergische individuen hebben we geconcludeerd dat dit de
beste methode is voor deze analyses.
In hoofdstuk 3 hebben we deze methode verder geoptimaliseerd, door deze
allergeen-specifieke T cellen specifiek aan te tonen met zogenaamde MHC-II peptide
tetrameer complexen. Met deze complexen bootsen we in het laboratorium de
natuurlijke weg van allergeen herkenning door T cellen na. MHC-II peptide tetrameer
complexen bevatten namelijk het stukje van het allergeen waarop de T cellen reageren.
Deze complexen zullen dus alleen aan de T cellen binden die specifiek zijn voor het
allergeen dat we willen bestuderen. Voor deze studie hebben we het bijvoet-pollen
allergeen model gebruikt, omdat T cellen die specifiek het bijvoet allergeen herkennen
slechts op 1 klein stukje peptide van het allergeen reageren. Dat maakt dit model
uitermate geschikt om de specificiteit en de sensitiviteit van deze tetrameer-complexen
voor het aantonen van allergeen-specifieke T cellen te testen. Hoewel het mogelijk was
om heel nauwkeurig allergeen-specifieke T cellen te selecteren, bleef de sensitiviteit
relatief laag. Hierdoor zal een deel van de T cellen die wel allergeen-specifiek zijn niet
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gedetecteerd worden. Omwille van de problemen met sensitiviteit van de tetrameren,
en omdat de 8 daagse kweken met CFSE de grootste kracht had om verschillen tussen
allergische en niet allergische personen te detecteren, werd besloten om de T cellen
van onze verdere studies met deze 8 daagse CFSE kweken te vergelijken.
Tenslotte hebben we nog het opslaan en analyseren van T cellen tijdens een klinische
studie geoptimaliseerd. Om het verloop van de behandeling te kunnen volgen tijdens
klinische studies, wordt op verschillende tijdstippen tijdens de behandeling bij de
patiënt bloed afgenomen. De cellen uit het bloed worden opgeslagen, zodat op een
later moment de T cellen die zijn afgenomen op verschillende tijdstippen van de studie
in één keer te kunnen analyseren. Omdat we met name geïnteresseerd waren in T cellen
met regulerende eigenschappen, bestudeerden we in Hoofdstuk 4 het effect van het
invriezen op deze T cellen met regulerende eigenschappen. Wij hebben een methode
geoptimaliseerd die ervoor zorgde dat het invriezen geen effect had op de aantallen
van deze zogenaamde regulerende T cellen.
In Hoofdstuk 5 beschrijven we het gebruik van de 8-daagse kweken met CFSE voor
de detectie van T cellen specifiek voor een wespengif extract. Deze kweken worden
gehinderd doordat wespengif toxisch is voor T cellen, waardoor deze tijdens de 8 daagse
kweek sterven. Om deze toxische eigenschappen uit het wespengif te verwijderen
werkten we met dialyse en hitte inactivatie van het wespengif, waarna de T cellen in
leven bleven in aanwezigheid van wespengif extract, terwijl de allergenen nog wel
aanwezig waren. Hierbij toonden we aan dat in de wespengif specifieke T cel populatie
meer IL-4 producerende T cellen aanwezig waren in wespengif allergische patiënten
in vergelijking met niet-allergische individuen. Deze observatie toont aan dat ook in
Wespengif allergie een rol is voor allergeen-specifieke Th2 cellen. Wat aantoont dat
deze cellen ook in wespengif-allergie een belangrijke rol spelen. Vervolgens hebben we
het behandelde wespengif extract gebruikt om verschillen te bestuderen bij wespengif
allergische patiënten met en zonder mastocytose. Mastocytose is aandoening waarbij
er een goedaardige woekering van mestcellen is die de patiënt erg gevoelig maakt voor
sterke allergische reacties, vooral op insecten. Insectenallergie is een goed te behandelen
aandoening die meestal te genezen is met immunotherapie met insecten gif (venom
immunotherapie, VIT), maar bij mensen met een onderliggende mastocytose werkt
VIT niet of veel minder goed. Om het effect van VIT te kunnen vergelijken hebben we
de wespengif-specifieke T cellen bestudeerd bij insecten allergische patiënten zonder
en met onderliggende mastocytose voorafgaande aan en tijdens de behandeling
van de wespengifallergie met VIT . Aangezien de wespengif-specifieke T cellen een
belangrijke rol spelen in het geheugen effect van ons immuunsysteem, vroegen we ons
af of er verschillen in de T cel respons te detecteren waren tijdens de VIT behandeling
van wespengif allergische patiënten met en zonder mastocytose. Met behulp van
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onze 8-daagse kweken, zagen we een duidelijk verschil tussen de T cellen van de 2
patiëntengroepen. In de wespengif allergische patiëntengroep zonder mastocytose,
zagen we een reductie van het aantal T cellen die IL-4 en IL-9 produceerden (de allergieveroorzakende Th2-cellen), terwijl geen reductie van deze allergie-veroorzakende Th2
cellen te vinden was in de wespengif allergische patiëntengroep met Mastocytose, wat
de verminderde efficiëntie van VIT bij mastocytose patiënten kan verklaren.
Naast de rol van T cellen in bijvoet en wespengif allergie hebben we ook naar
graspollen allergie gekeken, als onderdeel van de VITAL studie. In hoofdstuk 6 hebben
we de klinische resultaten van de VITAL-studie beschreven. De VITAL-studie is een
geblindeerde, placebo gecontroleerde klinische studie, waarin graspollen allergische
patiënten werden behandeld met een subcutane vorm van graspollen immunotherapie
(allergoid SCIT, Purethal Gras, HAL-allergy), of met een controle (placebo) behandeling,
een behandeling zonder het graspollen allergeen. In een derde behandelingsgroep
werd een extra stofje (Vitamine D3) aan de bestaande behandeling toegevoegd. Eerder
was aangetoond dat vitamine D3, bekend om zijn vermogen regulerende T cellen te
induceren, een versterkend effect heeft op de werkzaamheid van SIT in een muismodel
voor allergisch astma. Om deze reden werd vitamine D als potentiële kandidaat om het
effect van SIT te verbeteren bestudeerd in deze klinische studie. De resultaten van onze
klinische studie gaven helaas weer dat na een jaar behandeling er geen verbetering
van de allergische klachten werd waargenomen, vergeleken met de controlegroep.
Aangezien hier dus de standaard behandeling met allergeen al geen effect liet zien,
kunnen we uit deze studie geen verdere conclusie trekken over het gebruik van
Vitamine D3 om de bestaande behandeling te verbeteren. Ondanks het uitblijven van
het klinische effect, zagen we in beide behandelde groepen wel een stijging van GPspecifieke antilichamen (IgG4, en IgE) zoals vaker geobserveerd na SIT, wat wil zeggen
dat wel degelijk een immuunrespons tegen deze allergenen gestart is.
In Hoofdstuk 7 ten slotte tonen we de resultaten van de graspollen-specifieke T
cellen van de patiënten behandeld in de VITAL studie. Hoewel geen klinisch effect van
de behandeling te detecteren was, zagen we in de groep die het graspollen allergeen
met Vitamine D3 had gekregen wel een toename van allergeen-specifieke IL-10
producerende en FOXP3 positieve regulerende T cellen. Dit wil zeggen dat, hoewel
er geen verbetering van de SIT behandeling kon worden vastgesteld, deze studie
wel een effect aantoont van het Vitamine D3 op de inductie van regulerende T cellen
aan. Hierdoor kunnen we concluderen dat deze studie aanwijzingen biedt voor een
mogelijk positief effect van Vitamine D3 op de allergeen-specifieke immunotherapie
behandeling. In een nieuwe studie zou dit verder onderzocht moeten worden.
Samenvattend, kunnen we stellen dat dit onderzoek heeft geleid tot een duidelijk
overzicht van alle voor- en nadelen over de verschillende technieken om allergeen,
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en breder ook antigeen- specifieke T cellen te bestuderen. Dit hebben we vervolgens
toegepast in klinische studies, wat heeft geleidt tot een mogelijke verklaring voor de
verminderde effectiviteit van VIT in patiënten met mastocytose, wat gepaard gaat met
het uitblijven van een afname in de allergie-veroorzakende T-cellen. In de klinische
studie naar de adjuvans werking van VitD3 voor SIT leidt de toegenomen inductie van
allergeen-specifieke Th cellen met regulatoire eigenschappen er nog niet direct toe dat
de effectiviteit van SIT toeneemt. Hieruit kunnen we concluderen dat een reductie van
de allergie-veroorzakende Th2-cellen een cruciale rol speelt in de uiteindelijke blijvende
reductie van de allergische klachten bij patiënten.
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Als laatste hoofdstuk, en ook echt het laatste wat ik aan dit boekje heb toegevoegd, is
mijn oprecht dankwoord aan iedereen die in grote of kleinere mate bijgedragen heeft
aan de totstandbrenging van dit proefschrift.
Eerst en vooral, Antoon, Hanneke, en Martijn: mijn supervisorteam. Wat had ik
zonder jullie moeten beginnen?
Antoon als promotor en grondlegger van het vitamine D onderzoek. Dit project lag
jou dus ook heel erg aan het hart, en we hebben er ook keihard aan gewerkt om alles
tot een goed einde te brengen.
Voor de klinische uitvoering stond Hanneke altijd ter beschikking. Hanneke ik vond
het superfijn om met jou samen te werken. Het enthousiasme dat je naar boven kan
brengen om iets te bewegen, ook in het ziekenhuis, is op zijn minst verfrissend te
noemen.
Martijn, jij werd pas later bij dit project betrokken. Ik dank je voor alle input die je op
dit werk liet toe stromen!
Ik dank jullie alle drie heel hard om, tot op het laatste moment, alle manuscripten
na te lezen, ook al waren we allemaal al lang met andere dingen bezig. Na 10 jaar zijn
jullie waarschijnlijk net zo blij als ik dat we dit hoofdstuk nu eindelijk kunnen afsluiten.
Of course, I can’t forget about the Viennese team. They had a significant supportive
role on the establishment of this thesis. Barbara and Beatrice, thanks a lot for the
support during my project in Vienna, and of course for the time after my PhD project.
I learned so much during my time in Vienna. I would like to thank my colleagues in the
lab; Birgit, who taught me all there is to know about the T cell lines and T cell clones.
Stephan, Claudia, Maria, Brinda, Dagmar, the Christian’s, Nora, thanks for the great time,
the breakfasts, the weihnachtskeksen, krampus, … Beatrice, most important people are
mentioned last, thanks for the great cooperation, and the great time in Vienna. I noticed
on research gate that people are really interested in our tetramer paper.
Ook wil ik even, kort, alle patiënten bedanken die trouw hebben meegewerkt aan
de klinische studies. Zonder hen hadden we geen data sets kunnen genereren en zou
er dus ook nooit een proefschrift geweest zijn. Het was ongelofelijk gemotiveerde
groep mensen die deelgenomen heeft aan zowel de VITAL, de WaspIT en de MastoVIT
studie. Zij hielden vol tot het bittere einde, ook al bleken die injecties niet altijd even
aangenaam te zijn.
Voor de uitvoering van de klinische studies stonden er verschillende mensen naast
me, die heel zorgvuldig toezagen op de behandeling van alle patiënten. Dit gebeurde
op de functieafdeling allergologie. Aafke, Anneke, Henriette, Harriette, Sonja, Tineke en
Maria, bedankt voor deze ongelofelijke hulp, jullie enthousiasme, en niet te vergeten,
de ongelofelijke nauwkeurigheid waarmee alles gedocumenteerd werd. Speciale

168

Chapter 11 | Dankwoord

dank hier aan Maria, die de functie op zich genomen had om de blindering van onze
Vital studie te waarborgen. Jan bedankt voor de mogelijkheid om deze studies op de
afdeling te kunnen uitvoeren.
De samples van deze studies werden natuurlijk in het laboratorium verder
onderzocht. Hier was Janneke, voor mij, de held van de T cellen. Jij leerde me hoe ik
met PBMC’s moest omgaan en ze te kweken. Wat er toch allemaal niet met die FACS
mogelijk was!!!! Hoewel, die suppressie essays, die hebben we toch nooit aan de praat
gekregen. Toch? Maar bedankt voor al je hulp en het isoleren van al die PBMCs , tijdens
de Vital-studie. Dat had ik nooit alleen klaargespeeld.
Tijdens de studies werden ook serumsamples afgenomen, die met de buizenpost
bij ons in het lab toekwamen. Marian heeft ervoor gezorgd dat deze uiteindelijk in
de correcte vials kwamen, en ingevroren werden. Bedankt om dit zo nauwkeurig bij
te houden. Zo kon ikzelf controleren wie wanneer was komen opdagen. Natuurlijk wil
ik hier ook alle anderen van het lab voor hun hulp bedanken; Brigitte en Hessel voor
de hulp bij het tellen van de cytospins Ook een bijzondere dank aan Floris, die zich
maanden lang heeft bekommerd over de uitwerking van deze cytospins. Simone als
onze ELISA specialiste. Marco en Harold, project technisch hadden we niet de meest
directe overlap, maar ik bedank jullie voor de algemene sfeer in het lab en natuurlijk
Harold toch wel voor de support bij je korte Flow unit tijd. Ook wil ik hier graag Geert
Mesander van de Flow Core unit vermelden, voor de constructieve gesprekken, en de
introductie tot het hele Flow gebeuren, en de hulp bij het sorten.
Voor de bepaling van de immunoglobuline concentraties wil ik graag het
diagnostische team bedanken onder leiding van Sicco. Bedankt Sicco om dit mogelijk
te maken en voor je begeleidende rol bij deze studies. Je raad en kritische opmerkingen
heb ik altijd erg gewaardeerd.
Ook hebben mijn mede PhD studenten voor een belangrijke rol in de totstandkoming
van dit boekje gezorgd. Hadi, Soheila en Ben, bij jullie kwam ik als allereerste in de aiokamer terecht. Zowel onze klim, als ski-activiteiten zal ik nooit vergeten! Henk jij kwam
er na een paar maanden bij en sindsdien hebben we de rest van die periode samen
doorgemaakt. Ik vind het daarom ook super jou als paranimf bij mijn verdediging te
zien. Jan, Dennie, Sijranke, Roland, … bedankt voor deze onvergetelijke tijd, zonder
jullie zou ik hier vandaag nooit staan.
Mijn leescomissie: Dominique, Esther en Ewoud wil ik bedanken voor het kritisch
lezen en beoordelen van dit manuscript. Dominique, jou wil ik hier nog even speciaal
vermelden, want zonder jou was ik in de eerste plaats nooit in Groningen terecht
gekomen. Ewoud, hartelijk dank voor het bijwonen, en ondersteunen van onze
maandelijkse Abbas bijeenkomsten. Dit was heel erg nuttig voor het ontwikkelen van
een bredere immunologische kijk.
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Buiten het Lab hebben ook verschillende andere mensen een belangrijke rol voor
mij gespeeld in Groningen. Albert en Michael, mijn huisgenoten op de Hereweg, ik
kan hier echt niet beginnen op te noemen wat wij in Groningen allemaal uitgespookt
hebben. Maar als “excuus allochtoon”, kon ik mij goed inburgeren in Groningen. Bij de
Hereweg horen natuurlijk ook Piet en Achgy. Van de eerste moment dat ik in Groningen
aankwam konden we het super met elkaar vinden. Zonder jullie was Groningen nooit
het Groningen geworden waaraan ik nu terugdenk! Dank je om hier vandaag ook
aanwezig te zijn. Jelena, jij die ook bezig was met het schrijven van je boekje, dank je
voor de fijne tijd aan de Oosterhamrikkade. En natuurlijk stond mijn familie ook altijd
klaar om me de nodige steun en push te geven. Zeker in de afwerkingsfase van dit
boekje heb ik toch vaak mogen horen van: Dries hoe ver sta je nu eigenlijk? Je gaat toch
niet opgeven he? Daar heb je nu toch veel te veel werk in gestoken. Wel mama en papa,
hier is het dan eindelijk J. Ook mijn twee broers: Toon en Roel, ik vind het echt leuk dat
jullie tijd maken om hier vandaag ook aanwezig te zijn!
Als laatste wil ik toch nog een belangrijk dankwoord richten aan mijn Paranimfen.
Henk, wij hebben zo goed als heel onze PhD-periode samen doorgebracht, ik kon echt
aan niemand beter denken dan aan jou om hier naast mij te zitten.
En Esther, jou heb ik hier nog niet vermeld, al zien we elkaar wat minder sinds ik in
Wenen woon. Die klik die wij vanaf het eerste moment hadden, zal nooit verdwijnen.
Dank je voor die tijden die wij in Groningen gehad hebben. Ik vind het zo leuk dat ook
jij, dit moment even samen met mij wil beleven.
Voor allen die ik zou vergeten zijn, dankjewel om mee te werken aan deze studie. Dank
jullie allemaal voor een onvergetelijk hoofdstuk in mijn leven. Daar ik nu dagdagelijks
Duits en Engels spreek is het schrijven in het Nederlands wat moeilijker geworden, ik
hoop dat ik geen te grote flaters geschreven heb.
Zo en nu is het tijd om dit echt eens af te sluiten en er een mooie avond van te maken!
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