University of Groningen

Subcutaneous and sublingual allergen specific immunotherapy in experimental models for
allergic asthma
Hesse, Laura
DOI:
10.33612/diss.158737284
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hesse, L. (2021). Subcutaneous and sublingual allergen specific immunotherapy in experimental models
for allergic asthma. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.158737284

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 09-01-2023

Subcutaneous and sublingual
allergen specific immunotherapy in
experimental models for
allergic asthma

Laura Hesse

Printing of this thesis was financially supported by: University Medical Center Groningen
(UMCG), the Graduate school of Medical Sciences Groningen (GSMS, GUIDE), Dhr. A.C.
(Kees) van der Graaf, CEO Citeq Biologics Groningen.
The research in this thesis was financially supported by: het Longfonds (Netherlands Lung
Foundation, NAF 10.060), Noordelijke CARA stichting (NCS), Biobased economy BioBrug
Projects 91, 97, 103, and 108 in collaboration with Synvolux Therapeutics BV, Citeq
Biologics BV, and DC4U Technologies BV.

Copyright © 2021
Niets uit deze uitgave mag worden verveelvoudigd, opgeslagen in een geautomatiseerd
gegevensbestand of openbaar gemaakt in enige vorm of op enige wijze zonder
voorafgaande schriftelijke toestemming van de auteur.
All rights reserved. Nothing from this publication may be duplicated, stored in an
automated database, or made public, in any form or any manner, whether electronic,
mechanical, through photocopying, recording, or any other manner, without prior written
permission from the author.
Cover and chapters: Jannie Smit, Noa en Zoë Heijkens.
Layout: Peter van der Sijde, Groningen, proefschriftgroningen.nl.
Druk: Ipskamp printing.

Subcutaneous and sublingual
allergen specific immunotherapy in
experimental models for
allergic asthma
Proefschrift

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen
op gezag van de
rector magnificus prof. dr. C. Wijmenga
en volgens besluit van het College voor Promoties.
De openbare verdediging zal plaatsvinden op
maandag 1 maart 2021 om 11.00 uur
door

Laura Hesse
geboren op 4 september 1983
te Groningen

Promotores
Prof. dr. ir. M.C. Nawijn
Prof. dr. A.J.M. van Oosterhout
Copromotor
Dr. J.N.G. Oude Elberink
Beoordelingscommissie
Prof. dr. R. Gosens
Prof. dr. J. Schwarze
Prof. dr. R. Gerth Van Wijk

Paranimfen
Ronald Hesse MBA
Dr. Simon Daniël Pouwels

For my girls

Tabel of Content
Chapter 1.

Introduction

9

Review in preparation

Chapter 2.

Low-dose SCIT using GP aggravates symptoms in a murine
model of allergic asthma

55

Manuscript in preparation

Chapter 3.

SCIT suppresses Th2 inflammation and induces neutralizing
antibodies but SLIT suppresses AHR in GP mouse models for
allergic asthma

77

Clin Exp Allergy. 2018 Aug;48(8):1035-1049.

Chapter 4.

1,25(OH)2VitD3 supplementation enhances suppression
of GP-induced allergic asthma by SCIT and SLIT in
a mouse model

105

Sci Rep. 2020 Jun 2;10(1):8960.

Chapter 5.

Vitamin D3 enhances the effects of SCIT in a GP-driven
mouse model of asthma

135

Sci Rep. 2020 Nov 30;10(1):20876.

Chapter 6.

SCIT using modified Phl p5a-derived peptides efficiently
alleviates allergic asthma in mice

155

Allergy. 2019 Dec;74(12):2495-2498.

Chapter 7.

SCIT with purified Der p1 and 2 suppresses type-2 immunity 177
in a murine asthma model
Allergy. 2018 Apr;73(4):862-874.

Chapter 8.

Methods for experimental AIT: s.c. and s.l. desensitization in
mouse models of allergic asthma

199

Methods Mol Biol. 2017;1559:137-168.
Methods Mol Biol. 2021;2223:295-335.

Chapter 9.

General discussion and future perspectives

237

Chapter 10.

Summary

263

Chapter 11.

Nederlandse Samenvatting

269

Chapter 12.

Addenda
List of abbreviations
Dankwoord
Curriculum Vitae
Publications

281
282
285
293
294

Chapter 1
Introduction

Review in preparation

9

Chapter 1

INTRODUCTION
Allergic asthma
Allergic respiratory diseases, such as allergic rhinoconjunctivitis (e.g. hay fever) and allergic asthma,
are chronic inflammatory diseases with symptoms such as watery itchy eyes, sneezing, congestion, and coughing. For allergic asthma, additional symptoms include tightness of chest, cough,
wheezing, and reversible airflow limitation. Allergic asthma is characterized by eosinophilic airway
inflammation, elevated levels of Th2 cytokines, presence of allergen-specific IgE, airway hyperresponsiveness (AHR), and may be accompanied by airway remodeling including subepithelial matrix
deposition, airway smooth muscle hyperplasia and hypertrophy and goblet cell metaplasia. Symptoms can be triggered by inhalation of aerosolized allergens such as those from tree- or grass pollen
(GP) and house dust mite (HDM)1. These environmental factors not only trigger the symptoms of
disease, but in concert with genetic susceptibility also contribute to inception of the disease. It is
estimated that the heritability of asthma is around 30–50% and epidemiological studies identified
atopy as the highest risk factor for asthma inception, particularly the expression of IgE to indoor
allergens2–4 Studies using genome-wide associations identified multiple genes associated with an
increased risk of disease5,6. For example, numerous genes located in the 5q region have been associated with asthma7. These genetic approaches identify genes that contribute to the mechanisms of
allergic asthma inception and indicate how the response to disease-triggering environmental factors differs between those who will develop allergic rhinoconjunctivitis and/or asthma and those
who remains healthy. Recent genetic insights indicate that a reduced barrier function of the airway
epithelium in addition to the immunological activity of this epithelium in inducing a type-2 immune
response are major determinants of the susceptibility to develop allergic rhinoconjunctivitis or allergic asthma6.
The global prevalence of allergic airway diseases has increased tremendously throughout the
last decennia (ranging up to 18% of the population in several (westernized) countries8) and is significantly affecting the quality of life for a large proportion of the population9. Around 10 to 20% of the
population suffers from allergic rhinitis, which equals to over 500 million patients worldwide10. According to several estimations, asthma affects a minimum of 300 million people around the world,
which is thought to increase to 400 million by 2025, with an estimated worldwide mortality rate of
250,000 deaths every year11,12. Several studies indicate an association between allergic rhinitis and
allergic asthma, since the incidence of asthma in people with allergic rhinitis varies from 10 to 40%13.
In addition, allergic rhinitis is a risk factor for asthma.
Allergic disorders are often referred to as atopic diseases to stress the shared susceptibility and
pathogenesis of these conditions. Atopy is defined as ‘a personal or familial propensity to produce
IgE antibodies and sensitization in response to environmental triggers’14. The etiology of atopic
disorders is complex, and not yet fully elucidated. Hereditary causes in interaction with environmental factors play a crucial role in pathophysiology of allergic airway diseases. Allergic disease
often starts in early childhood, and often shows a specific sequence of atopic disorders during the
first few years of life referred to as the ‘atopic march’15. Children with a susceptibility for allergic
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disorders are often diagnosed with atopic dermatitis (AD), even before the age of 1-year-old, often
in combination with allergy to cow milk. These children often progress to develop allergic rhinitis
and eventually asthma, which can be diagnosed from around 6-7 years of age. Some children will
retain episodes with asthma symptoms for decades to come, while others may see a gradual decline
in symptoms or even complete resolution of disease, referred to as asthma remission, with increasing age. Moreover, it has been reported that children that suffered from early-life virally (respiratory
syncytial virus; RSV) induced bronchiolitis, have higher rates of asthma, indicating that while genetic
factors determine susceptibility, environmental triggers can induce inception of the disease16. The
concept of the atopic march has been endorsed by longitudinal and cross-sectional studies14,17,18
and verified by experimental evidence from animal models19.
The global increased prevalence of allergic airway diseases is, at least in part, explained by
changes in our environment and lifestyle. Environmental changes that contribute to the increasing prevalence of allergic airway diseases may include greater international travel (air pollution)
and climate change20, although other factors are also thought to contribute. In 1989, Strachan suggested that allergic diseases might be prevented by early childhood viral infections, particularly in
the airways, transmitted through close sibling contact in large families, and later reinfections might
confer additional protection against hay fever21. Declining family size, improved amenities in households and personal hygiene may therefore contribute to the observed increased incidence of atopic
disease, such as allergic asthma. This line of thought culminated in the ‘hygiene hypothesis’, which
states that there is a direct correlation between the absence of infections during childhood and an
increased prevalence of allergies22,23. Allergic inflammation is mediated by that part of the immune
system that contributes to the immune response to infection with enteric helminths, or cutaneous
responses to bites from ticks or venomous snakes, for example24. In the pathophysiology of allergic
disease, the immune system responds to otherwise irrelevant allergens very much in the same way
as it does to the tissue damage and toxicity induced by snake venom, ectoparasites or certain viruses25. Several mechanisms have evolved to suppress the type-2 immune response after resolution
of the infection or in the absence of tissue damage , including the induction of immunosuppressive
IL-10 producing regulatory T cells (Tregs)18,19. For allergic conditions, these regulatory processes are
assumed not to evolve entirely, are damaged or may be overcome by inflammatory mediators26. In
the last years, new adaptations to the hygiene hypothesis have placed emphasis on the potential
depletion or reduction of our microbiome diversity (lung, gut and skin), which causes susceptibility
to chronic inflammatory disease23. Moreover, such effects are thought to be enhanced by our ‘Western’ way of living, characterized by a decline in physical exercise, increased numbers of caesarian
sections, increased use of antibiotics and structural changes in diet.
Pathogenesis of allergic airway disease
The lung is in constant contact with the external environment, resulting in a continuous exposure
to a vast array of allergens, bacteria, viruses and noxious particulate matter. The airway epithelium
acts as a chemical, physical, and immunological barrier to inhaled particles and infectious microorganisms27 (Figure 1). Tight junctions between epithelial cells provide the structural adhesive
forces which maintain the integrity of the airway epithelial barrier. The airway epithelium also has a
11
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role in immune surveillance, expressing a broad range of sensory receptors, including domain-like
receptors and Toll-like receptors which can detect pathogen-associated molecular patterns28, and
connect innate and adaptive immune responses by releasing cytokines and chemokines29,30. Inhaled
allergens, like the HDM allergen Dermatophagoides pteronyssinus (Der p), disrupt epithelial integrity
due to their proteolytic properties31. The airway epithelium responds to loss of cell-cell contacts by
releasing a range of cytokines and chemokines that stimulate innate and adaptive immune cells32,
including the alarmins IL-25 (IL-17E), IL-33, and thymic stromal lymphopoietin (TSLP)28 (Figure 1).
A major feature of epithelial-derived alarmins is their ability to activate both innate and adaptive immune responses29. For instance, TSLP is considered an inflammatory biomarker and associated with chronic eosinophilic inflammation and increased levels of exhaled nitric oxide in allergic
asthma patients27. IL-33 is well known as a pro-allergic alarmin that plays a central role in asthma
inception and exacerbations and found to be highly expressed in the asthmatic airways33. All three
epithelial alarmins drive the activation and development of innate lymphoid cells type 2 (ILC2s).
ILC2s were originally found in the gut-associated mucosal tissues, producing high levels of IL-5, IL-6,
and IL-13 in response to IL-25, IL-33, and TSLP derived from the epithelium34. IL-5 and IL-13-producing ILCs have been suggested to play a role in eosinophilic inflammation of the asthmatic lungs35,36.
In patients as well as in murine models of allergic asthma, a significant expansion of ILC2s has been
shown, when compared to healthy controls37. Studies performed in mouse models have shown that
ILC2 cells can contribute to increased airway eosinophilia and inflammation and epithelial repair
in response to viral infections37. Monticelli et al. demonstrated that accumulation of lung ILCs after infection with influenza virus in mice and administration of lung ILC-derived amphiregulin restored airway epithelial integrity and tissue homeostasis38. By producing IL-5 and IL-13 in response
to alarmins released upon epithelial damage, ILC2s contribute to eosinophil recruitment and airway
wall remodeling and mucus production, respectively.
One of the hallmarks of allergic asthma is the presence of increased numbers of eosinophils in
blood, and lung tissue. Eosinophil numbers correlate with disease severity, implicating the eosinophil as one of the main effector cells in the persistent inflammation in the airways39. Eosinophils are
innate immune cells present in most mucosal barrier tissues, and can be identified by their granule structure and contents. Upon degranulation, eosinophils can cause harm to the airway mucosa
through the release of granule-associated basic proteins, lipid mediators and reactive oxygen species40. In addition, eosinophils release multiple fibrogenic mediators and growth factors that stimulate remodeling of the airways, such as transforming growth factor-β (TGF-β)39,40. Their maturation,
differentiation, translocation, and survival depends entirely on chemokines (eotaxins), IL-3, granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-541.
In addition to the first line of defense provided by the airway epithelium and the effector cells of
the innate immune system, allergic asthma is characterized by an adaptive immune response to
inhaled allergens42. The adaptive immune response in allergic asthma is driven primarily by activation of CD4+ T helper type 2 (Th2) lymphocytes.
Allergic sensitization is the humoral immune response leading to production of allergen-specific IgE that sets the stage for an allergic response. Allergic sensitization requires activation of a specific class of antigen-presenting cells (APCs), the dendritic cells (DCs)43,44 (Figure 1). Dendritic cells
12
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Figure 1: Allergic sensitization in the airways. Allergens initial contact with the epithelial barrier trigger an innate immune response, releasing CCL2, CCL20, β-defensins, attracting and directly activating immature DCs.
Moreover, release of chemokines and cytokines such as TSLP, GM-CSF, IL-25, IL-33, and IL1α provide an additional danger signal and influence DC activation and Th2 maturation and migration. Allergens are taken up
by antigen-presenting cells (APCs, dendritic cells, DCs) processed and presented to naïve T cells in the draining
lymph nodes. Activation of naïve Th cells in the presence of IL-4 induced differentiation and clonal expansion
of allergen-specific T helper 2 (Th2) cells. Moreover, IL-4 induces immunoglobulin class switching from IgM to
IgE and clonal expansion of naive and IgE+ memory B-cell populations. The epithelial alarmins and cytokines
also activate other innate immune cells such as innate lymphoid cells, basophils, mast cells and eosinophils.
IgE binds to innate effector cells such as mast cells and basophilic granulocytes through the high-affinity IgE
receptor. Cell-types: cDC, conventional dendritic cells; Th0, naïve T helper zero cells; Th1, T helper 1 cells; Th2, T
helper 2 cells; Tfh, Follicular helper T cells; B, B lymphocytes; PC, IgE producing Plasma cells; MC, Mast cells; BP,
Basophils; EO, Eosinophils; ILCs, Innate lymphoid cells; CC, Club Cell; GC, Goblet cell; BC, Basal cell; CilC, Ciliated
cells; PNEC, Pulmonary neuroendocrine cells. Figure was created using BioRender.com.

regulate immune responses to a wide range of inhaled antigens, including viruses and allergens.
In the respiratory mucosa, DCs capture and process inhaled antigens, including allergens, mainly
through phagocytosis, receptor-mediated endocytosis and/ or micropinocytosis43,45. Upon activation by PRR signaling, DCs upregulate CCR7 which allows them to migrate through the afferent
lymphatics to T cell-enriched regions of the mediastinal- or lung draining-lymph nodes (LDLNs). In
the lymph nodes, the now mature DCs present processed antigen-derived peptide fragments in the
13
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context of MHC-II molecules and co-stimulation (CD80/86-CD28) to naïve CD4+ T cells (Th0)42 (Figure
1). During this naïve T cell activation in the draining lymph nodes, DCs drive T-helper cell polarization into a Th1, Th2, or Th17 phenotype, or induce differentiation of naïve Th cells into adaptive or
induced regulatory T cells (Tregs).
Upon DC-mediated delivery of the MHC-II/peptide and costimulatory signals (signal 1 and 2)
to the naïve Th cell in the lymph node, the activated T cells proliferate and undergo a process of
clonal expansion. The activated Th cells will also differentiate into a specific effector phenotype depending on the instructive signals from the DC (signal 3). T helper cells can differentiate into one of
several subsets depending on signal 3 and are identified on the basis of their cytokine profile (e.g.
Th1, Th2, Th9, Th17, Th22, and Treg)46. CD4+ T helper 1 cells (Th1), for example, are characterized
by the production of IL-2 and interferon- y (IFN-y), whereas Th2 cells produce IL-4, IL-5, and IL-1342,
whereas Tregs predominantly produce high levels of Il-10, IL-35 and TGF-β. Importantly, the airway
epithelium can control the activation and phenotype of the DC prior to the migration towards the
draining lymph node, and thereby indirectly influence the phenotype of the CD4+ T cell response.
For instance, airway epithelial cells promote the induction and Th2-cell polarizing potential of DCs
by generating cytokines such as TSLP and GM-CSF (47).
Finally, the differentiated effector Th cells migrate via the efferent lymph and the thoracic duct
into the circulation. Based on their tissue-homing receptor signature, effector T cells can migrate
into inflamed tissues to exert their effector functions, including the bronchial mucosa, by exiting the
bloodstream in the postcapillary venules. Th2 cells are the predominant effector Th cell type in patients with allergic asthma and have recently been shown to be present in the airway wall of asthma
patients48. Numerous studies in humans and mice demonstrated the central role of allergen-specific
Th2 cells in the pathogenesis of allergic asthma (Figure 2).
Activation of the adaptive immune system during allergic sensitization will also yield a humoral
immune response characterized by production of IgG4 and IgE. Serum levels of these antibodies
are controlled by memory B cells that promptly respond to antigen re-exposure by generating new
plasma cells and memory B cells, as well as long-lived plasma cells that secrete antigen-specific
antibodies42. The IgE response induced by type-2 immunity protects from toxins and enhances immunity to helminthic parasites42, but also plays a key role in allergies49,50. In secondary lymphoid tissues, co-stimulation of follicular B cells by activated follicular Th cells results in the differentiation
of isotype-switched, affinity matured B cells42. The isotype conversion of B cells to IgE production is the basis for allergic responses. In the presence of IL-4, immunoglobulin class switching from
IgM to IgE occurs in the germinal center B cell activated by CD40/CD40L interactions51 (Figure 1).
The germinal center reaction will induce both memory B cells and antibody-secreting short-lived
plasma cells.
Memory B cells are long-lived cells that do not secrete antibody and highly express the B cell
receptor on their surface42. Memory B cells are capable of responding to a next allergen challenge
by quickly giving rise to antigen-specific antibody-secreting plasma cells. Plasmablasts may remain
in the mucosal barrier tissues or migrate to the bone marrow, where they differentiate into plasma
cells. Plasma cells (PCs) are incapable of self-renewal and bone-marrow resident long-lived plasma
cells provide long term allergen-specific IgE production (Figure 1 and 2).
14
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IgE antibodies mediate allergic responses through their capacity to bind to high-affinity receptors
on mast cells and basophilic granulocytes, and cause degranulation of these innate effector cells after cross-linking of the FceRI/IgE complexes by allergens. Two receptors for IgE can be distinguished:
the high-affinity IgE receptor FcεRI, and FcεRII (CD23), the low-affinity receptor for IgE that is expressed on the surface of, amongst others, activated B cells52. FcεRI is expressed by basophils and
mast cells and is capable of tightly binding IgE to the cell surface. Allergen-binding leads to crosslinking of the cell surface-bound IgE (IgE-FCεRI) and degranulation of basophils and mast cells. Release of mediators contained in the granules, such as histamine, serotonin, prostaglandin D2, and
leukotrienes, induce the acute allergic reaction and cause vasodilatation, increased vascular permeability, bronchoconstriction and mucus production in the airways53 (Figure 1 and 2).
This early phase is fully dependent on IgE, starting within seconds after allergen exposure and
resolves usually within 1-2 hrs. This early phase is often followed by a late-phase reaction, which is
dependent on Th2 cells that have infiltrated the (now inflamed) tissue and activate other infiltrated
and tissue resident immune cells, leading to a second wave of release of lipid mediators as well
as cytokines and chemokines, leading to bronchoconstriction and tissue inflammation. Repeated
exposure to the allergen will induce chronic inflammation, that contributes to tissue remodeling including smooth muscle hyperplasia and hypertrophy, and mucus hypersecretion in approximately
50% of the asthmatic patients (Figure 2)42. The cytokines produced by the activated effector Th2
cells will further enhance local IgE production by B cells, eosinophilic inflammation, increased mucus production and airway hyper reactivity. IL-4 contributes to allergic inflammation through the
differentiation of Th2 cells, the expansion of mast cells and basophils, and B cell activation. IL-5
contributes to allergic inflammation through the production, maturation, activation, and survival
of eosinophils. These eosinophilic infiltrates can (in)directly cause bronchial hyperresponsiveness
via abundant proteins in their granules (like eosinophil cationic protein and peroxidases), and upon
activation secrete high concentrations of Galactin10 (Gal10)54. At high concentrations, the secreted
Gal10 undergoes a transition to form crystalline structures, called Charcot-Leyden crystals (CLCs),
which have been shown to directly actively promote key features of asthma, including airway obstruction. Basophils and mast cells degranulate upon a high-affinity FceRI-dependent activation
and release their mediators (like histamine and tryptase) and type 2 cytokines from intracytoplasmic granules, that enhance allergic inflammation. Also, arachidonic acid-derived mediators within
the lipid membrane include sulphidopeptide leukotrienes (LTs), prostaglandin D2, and plateletactivating factor, all contributing to the vasodilatation, mucus secretion, edema, and neurogenic
activation as part of an immediate type I hypersensitivity response. Tissue-resident mast cells are
critical in the immediate allergic response after allergen crosslinking of the IgE on their cell surface,
followed by degranulation and mediator release, which upon intracutaneous injection of the allergen results in a wheel and flare in the dermis from 10 to 30 minutes after injection of the allergen55.
Moreover, mast cell-derived cytokines contribute to allergic inflammation in the late response after
allergen challenge.
Prolonged or repeated allergen exposure (e.g. an entire pollen season) causes chronic inflammation of the respiratory tract, characterized by epithelial shedding, airway remodeling (airway
smooth muscle hyperplasia and hypertrophy, goblet cell hyperplasia and mucus hypersecretion,
15
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Figure 2: Allergic inflammation in the airways after allergen exposure. Crosslinking of mast-cell and basophil
cell-surface FcεRI-bound IgE by allergens leads to early-phase allergic response through release of vasoactive amines (such as histamine), lipid mediators (such as prostaglandin D2, LTC4, LTD4 and LTE4), chemokines
(CXCL8, CXCL10, CCL2, CCL4 and CCL5) and other cytokines (IL-4, IL-5, and IL-13). The early phase response to
influx of Th2 effector/ memory cells, as well as innate effector cells such as neutrophilic and eosinophilic granulocytes. In the inflamed airway wall, the Th2 effector cells are activated by the tissue-resident or inflammatory
DCs presenting the allergen, leading to cytokine release, activating the structural cells of the airway wall, the
local B cells, recruiting eosinophils and activating innate effector cells. Local IgE production is seen in allergic
rhinitis and asthma. Eosinophils are one of the main inflammatory cells (constituting up to 50% of the cellular
infiltrate) in the lungs of asthmatic individuals. Activation of mast cells and basophils, which release histamine,
chemokines, and other cytokines, also contributes to the late-phase allergic reaction. Repeated exposures
to allergens leads to among others: chronic inflammatory responses, airway remodeling, matrix deposition.
Cell-types: DC, dendritic cells; Th2, T helper 2 cells; PC, IgE producing plasma cells; MC, Mast cells; B, Basophils;
EO, Eosinophils; ILCs, Innate lymphoid cells; CC, Club Cell; GC, Goblet cell; BC, Basal cell; CilC, Ciliated cells; PNEC,
Pulmonary neuroendocrine cells. Figure was created using BioRender.com.
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increases in fibroblast and myofibroblast numbers and subepithelial matrix deposition), airway hyperreactivity, edema, skin erythema, and infiltration of inflammatory cells in bronchial tissue56,57.
Chronic inflammation and repeated early and late phase allergic responses may result in irreversible
damage to the airways and increased airway sensitivity for various non-allergenic stimuli.

1

Treating allergic asthma
Currently, asthma cannot be cured. Treatment is focused on reducing symptoms, and has roughly
two main aspects: suppression of inflammation and bronchodilation. The Global initiative for Asthma (GINA) provides guidelines for the diagnosis, prevention and treatment management for asthma58. Asthma management aims to achieve symptom control, minimize future risk of asthma-related mortality, persistent airflow limitation, exacerbations, and side-effects of treatment59. Asthma
medication falls into three main categories: Controller medication, such as low-dose ICS-formoterol
for mild asthma; Reliever (rescue) medication; and Add-on therapies for severe asthma patients with
persistent symptoms. Preventive long-term asthma control medication, taken daily, reduces airway
inflammation and is considered to be the cornerstone in asthma treatment60. However, some patients with persistent asthma continue to have exacerbations despite maximal treatment doses. In
clinical practice, to reduce the risk of exacerbations, asthma medications are optimized by identifying and treating modifiable risk factors59.
In addition to these pharmacological therapies focused on immune suppression and bronchodilation, specific treatments to combat the allergic component in asthma have also been developed. Allergen avoidance is the first preventive technique that may help and improve asthma control in patients with allergic asthma, and includes sending children to holiday homes and admission
to a hospital. Although this strategy will allow relief of symptoms temporarily, studies showed that
complete avoidance of allergenic triggers was impractical and unsuccessful in maintaining asthma
control61. Besides, the main pollination period for the different tree and grass species spans over 6
months, from spring to autumn in Europe. As allergen avoidance strategies are not always possible,
pharmacotherapy specific for the allergic component of asthma such as antihistamines, intranasal
corticosteroids and nasal decongestants are routinely used in allergic rhinitis62. These treatments,
however, are not effective for allergic asthma and more than 40% of patients claim to have poorly
controlled symptom management after medium/high-dosage inhaled corticosteroid/long-acting
beta2-agonist (ICS/LABA) treatment63. GINA guidelines indicate that allergen exposure in sensitized patients can be such a modifiable risk factor and sublingual immunotherapy (SLIT) can be
considered as add-on treatment in HDM-sensitive asthma patients with allergic rhinitis despite ICS,
provided FEV1 is >70% predicted59. Moreover, in patients with allergic asthma, subcutaneous immunotherapy (SCIT) is able to achieve a reduction in medication use and symptom scores64. Analysis
of safety data for HDM allergoid-SCIT in 6 randomized controlled trials (more than 500 patients),
showed no increased risk of adverse events and tolerability was comparable to tablets for SLIT64. The
EAACI’s clinical practice guidelines recommend using add-on HDM SCIT for both adults and children
and SLIT drops for children with partially controlled allergic asthma65,66.
In addition to allergen-specific immunotherapy, biologicals such as omalizumab (anti-IgE, Xolair) have also been applied to suppress allergen-induced symptoms and exacerbations of disease67.
17
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Omalizumab is a monoclonal anti-IgE antibody, preventing allergen induced IgE crosslinking and
subsequent activation of effector cells. According to the GINA guidelines, Omalizumab can be prescribed as an add-on treatment for patients with severe allergic asthma for more than 6 years59.
However, this treatment has the disadvantage of intervening at the stage of the early allergic response, and therefore achieves suppression of the allergic symptoms, not the root cause of disease,
and consequently do not cure the allergy. Next to omalizumab, anti-IL-5(R) (reslizumab, mepolizumab and banralizumab) showed promising results in reducing exacerbations and oral corticosteroid use and is considered an important biological in the treatments available for allergic asthma68.
Moreover, upon treatment with anti-IL4Ra (dupilumab) patients showed improved lung function
and asthma control, as well as lowered incidence of asthma exacerbations, when compared to control treated patients69. Given the great inconvenience for patients, the rising global prevalence and
the lack of success in allergy prevention, effective therapy that permanently alters the unwanted
immune response in allergy remains an important unmet medical need70.
Allergen-specific immunotherapy
In contrast to other medication for allergic disorders, AIT has the unique capacity to modify the
natural course of disease, and to induce a long-term or an even permanent state of tolerance to
the causative allergen resulting in disease remission71. Allergen-specific immunotherapy (AIT) is
‘the repeated administration of specific allergens to patients with IgE-mediated conditions to protect
against the allergic symptoms and inflammatory reactions associated with natural exposure to these
allergens’72. AIT can modify the allergen-specific Th2 immune responses and aims to achieve
tolerance by inducing Treg activity and secretion of immunosuppressive cytokines. Successful AIT
is characterized by a lack of symptoms upon subsequent re-exposure to the allergen73. Moreover,
this treatment is capable of preventing new sensitizations to unrelated allergens74, and prevent
progression to asthma in patients with allergic rhinitis71,75. AIT treatment involves repetitive
administrations of increasing dosages of allergens, for up to three to five years for successful therapy
in patients allergic rhinitis, asthma, (bee and wasp-) venom and drug allergy and, more recently,
food allergies and atopic dermatitis76.
The early history of AIT
Although the seasonal recurrence of hay fever was already recognized and described in 1819 by
Bostock77, AIT was introduced into clinical practice almost a century later, in June 1911, by Leonard Noon in St. Mary’s hospital London, with the aim of ‘vaccinating’ against hypothetical ‘aerogenic
toxins’ from the flowering timothy grass78,79 (TimeLine). In doing so, he carried out the first study of
active immunization in the form of subcutaneous immunotherapy (SCIT) with timothy grass pollen
extracts (Phleum pratense, Phl p), a treatment that was effective in reducing hay fever symptoms.
Noon was the first to describe the induction of active immune modulation towards allergens by injecting a small dose of causative allergen, resulting in a protection from symptoms of hay fever during seasonal exposure to the timothy grass pollen76. In September 1911, J. Freeman continued the
work of Noon and published the first results of their clinical experiments, wherein he concluded that
there had been a distinct amelioration of symptoms in several forms; the attack was not so bad as in
18

Introduction

1

TimeLine: Overview of important steps in the development of AIT. SCIT: subcutaneous immunotherapy,
SLIT: sublingual immunotherapy, EPIT: epicutaneous immunotherapy, OIT: oral immunotherapy, ILIT: intralymphatic immunotherapy, LNIT: local nasal immunotherapy.

former years, and the attack subdued sooner79. Robert Cooke introduced this therapy in his report
published in ‘Laryngology and Rhinology’ of the New York Academy of Medicine, calling it ‘active immunization’ in 1914, as he injected hay fever allergic patients with allergen preparations based on
rough extracts of dried pollen either prophylactic (before attack) or phylactic (during attack)80. Later,
he suggested the term ‘hyposensitization’ as a better name for this treatment strategy. In 1918, it was
accepted that exposure to allergens resulted in the production of antibodies that in turn induced
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hay fever, asthma, and anaphylaxis81. In the decennia thereafter, the use of SCIT steadily increased
and was more and more extended to other allergens82. Treatments mainly consisted of weekly injections containing extracts of pollen and animal dander.
SCIT became internationally more recognized in the 1950s as a result of the close international
collaboration in allergy that was inspired by the 1st European Congress on Allergy, Paris83. The first
clinical SCIT studies were published in 1954 by Frankland and Augustin, who showed that hyposensitization was effective for treating hay fever using a whole GP extract as well as purified pollen proteins (after ultrafiltration)84. Both the extract and the proteins were effective in reducing symptoms
compared to treatment with matching diluent controls alone85. In 1961, a new in vitro technique
was developed to study histamine release after whole blood cell stimulations with allergens before and after AIT, introducing a new quantitative parameter of allergy diagnosis as well as the first
biomarker for immune suppression upon successful AIT86. Moreover, and of great importance in the
1960s, new sensitive techniques for the identification and separation of proteins allowed for new
approaches to serology and finally made the discovery of IgE possible87,88
Traditional IgE antibody tests like the in vitro specific IgE (sIgE) tests, or the skin prick tests (SPT),
were routinely used in the 1970s89, based on the results from responses of basophils and mast cells.
Although the first observations on positive (blocking) serological responses upon intradermal allergen injections were already made in 193790, Lichtenstein and Osler in 1966 developed an assay for
the antigen-neutralizing capacity of serum from allergic patients and reported on the relationship
between the antigen-neutralizing activity and the presence of ‘blocking’ antibodies after successful treatment with allergens91. In 1968, a few years later, Johnstone and Dutton proposed that AIT
treatment in children with asthma could alter the natural history of respiratory allergy and might
offer protection against the disease92, but these studies were not followed up75. In parallel, in 1970s,
Levine and Vaz published results on experimental immunization in mice and other animals, highlighting the first experimental models on allergen immunotherapy93–96. The value of these models
was further supported by the rapidly evolving field of immunology and allergology. Rocklin was
the first to demonstrate a link between altered T-cell responses and allergen immunotherapy, in
197397, whereas identification of the relevant T cell subsets98,99 and the crucial role of Treg cells and
IL-10 was proposed by Akdis and colleagues many years later100,101.
In the last three decennia, many advances in AIT formulations, administration routes, and improved knowledge of the mechanisms of action allowed for a broader acceptance and applicability
of AIT. In 1986, Mosmann and Coffman described the existence of polarized Th1 and Th2 cell subsets, which differed from each other in their pattern of cytokine production and their functions102.
The phenomenon of AIT-induced immune deviation of allergen-specific Th2 responses in favor
of Th1 responses was described by Jutel et al., who showed IFN-γ responses after restimulation
of allergen-specific T cells in vitro, and suggested a clear shift towards a more Th1-like response103.
Next, besides using pollen, in 1978, the efficacy of purified venoms in SCIT for Hymenoptera venom
allergy was shown for the first time in a randomized, double-blinded, placebo-controlled (DBPC)
trial104. This study was later followed by many different trials, thoroughly demonstrating both efficacy and safety of venom immunotherapy (VIT), which is now commonly used according to well
standardized procedures105.
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ADMINISTRATION ROUTES
Subcutaneous immunotherapy: SCIT
Throughout the century, a wide variety of allergen extracts (including pollen from grasses and trees,
house dust mites) have become available for SCIT treatment, using non-standardized units to
quantify the allergen content106. Traditionally, SCIT involves the administration of extracts obtained
from the allergens of a single species (for instance, grass pollen from Phleum pratense). These allergen extracts are applied at increasing dosages, starting at low dosages and steadily building up
the dosage during weekly applications, up to a high standard dose which is reached after several
weeks of treatment, and then maintained at plateau level107. This dose is injected monthly for 3-5
years to induce long-term remission of allergic symptoms. Currently, SCIT is successfully used for a
large number of allergens including wasp and bee venom, pollen and HDM, and its efficacy is considered to be clinically important when allergic symptoms are reduced by 30% or more compared to
placebo treatment108. During treatment, up to 22% of patients develop a low to moderate systemic
reaction and very rarely anaphylaxis. However, SCIT is considered completely safe when patients
are selected properly, outpatient clinic facilities are suitable for AIT, and well-trained staff members
perform the injections, and emergency treatment is available109.
In the 1960s, the absence of a standard quality unit for allergen extracts used in clinical practice
made treatment regimens difficult to interchange or even compare110. All desensitizing allergen extracts can induce allergic reactions, the most severe of which are bronchospasms and anaphylaxis,
and some patients died from anaphylactic responses induced by treatment protocols that were
not sufficiently standardized111,112. Moreover, a number of these cases were due to human errors
that could have been avoided (erroneous prescription, inaccurate administration, wrong dosage
applied). In the early 1970s, attempts were made to reduce the allergenicity of the extracts that
was causing these adverse reactions, by modifying purified extract using formalin resulting in a 90%
reduction in allergenicity. However, the reduced allergenicity was only shown in vitro and in guinea
pigs and not in human clinical trials90. In addition, short allergen peptides lacking conformational
structure were developed for peptide-AIT, aimed at targeting the allergen-specific T cells without
running the risk of IgE crosslinking. In 1996 Norman et al. published the first treatment of cat allergy
using T-cell reactive peptides113. Next, in 2004, Niederberger et al. were the first to clearly show the
beneficial effects of using genetically engineered derivates of Bet v1 (recombinant fragments) in a
multi-center DBPC clinical study in Birch-pollen allergic patients114. The risk of severe side effects of
the subcutaneous route also prompted the search for alternative administration routes for allergen
immunotherapy, including mucosal application routes.
Sublingual immunotherapy: SLIT
The first randomized DBPC trial with sublingual allergen immunotherapy (SLIT) appeared in
1986 by Scadding et al. using HDM preparations in a small group of patients115. In 1998, the world
health organization acknowledged that SLIT (‘sublingual-swallow’ AIT) was a successful alternative
to SCIT116. SLIT or oral allergy drops involves administering allergen formulations under the tongue
daily, and is considered safe, effective, and does not require a build-up phase. SLIT is indicated in
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ragweed, GP, and HDM allergic rhinitis patients and the sublingual route is considered to also have
a preventive effect on new sensitizations as well as the progression of rhinitis to allergic asthma117.
The successful implementation of SLIT in the clinic was made possible by a number of double-blind
clinical studies, including hundreds (~250 to >800) of patients, wherein the optimal maintenance
dose for each of the tested formulations was evaluated, with favorable results and good tolerance
of a large number of allergen extracts118–120. Compared to SCIT with its safety concerns, SLIT can be
used by a larger group of allergic patients121. The application on the sublingual surface has been
shown to be convenient for efficient allergen uptake by the dendritic cells and induction of tolerance. Apart from some reported stomach aches, SLIT is considered a safe treatment for allergic rhinitis that reduces symptoms and medication use in allergic rhinitis118. In 1998, the first SLIT clinical
trial (20 patients) with HDM tablets confirmed clinical efficacy and a decrease of allergic inflammation122. Besides, the introduction of fast-dissolving tablets for SLIT, rather than using droplets containing allergen extracts, further improved efficacy and convenience. The formal acceptance of SLIT
ultimately resulted in 2009 in a first position paper prepared by the World Allergy Organization123
reviewing 60 RDBPC trials, followed by an upgraded version in 2013 including an additional 77 trials124. From 2000 onwards multiple milestones for SLIT were published, including SLIT treatment
combining multiple allergens in a single droplet application, proof for a long-lasting effect after a
three-year treatment duration, and clinical effect in several allergic diseases, including asthma118. Although widely marketed as a viable treatment for allergic asthma, significant variation is still seen in
treatment schedules, allergen dosages, and cumulative duration of SLIT. The 2020 GINA guidelines
state that SLIT can be considered as add-on therapy in HDM-sensitive asthma patients with allergic
rhinitis despite ICS, provided FEV1 is >70% predicted55.
The only standardized SLIT regimens currently approved by the Food and Drug Administration
(FDA), European Medical Agency and Paul Ehrlich Institute include: Oralair™ (Stallergenes), GrazaxGrastek™ (Alk-Abellò), Acarizax (Alk-Abellò) and Ragwitek™. Because SLIT is self-administered and
self-managed, the clinical outcome of these treatments depends mainly on patient adherence or
compliance throughout the long treatment duration125. Adherence in clinical trials is high, but reallife adherence is very variable, from <50% to up to 90%126. In the 3rd year of treatment, according to
the sales data from the manufacturer, only around 15% of patients persevere in their daily intake of
tablets or droplets127.
Oral Immunotherapy: OIT
Based on published observations from Charles Harrison Blackley in 1873, who performed the first
skin prick test on his arm128, the idea of taking allergenic extracts orally was suggested in 1900 by
Curtis129, and the first clinical pilots started a few years thereafter. Since then, oral immunotherapy
(OIT) was intended to generate a systemic effect, but how to calculate an effective dose for OIT
is a major difficulty, since allergens are digested in the gastrointestinal tract. Several OIT trials in
the 1980s failed130, whereas others have demonstrated some efficacy130,131. Positive-outcome studies typically used very high allergen doses and enteric-coated (polymer barrier) tablets, allowing
safe passage of the allergens through the stomach. One such example is a study by Taudorf et al. in
which adults with birch pollenosis were treated daily for 18 months with a birch pollen extract in
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enteric-coated capsules, using a cumulative dose ~ 200 times higher than that used in SCIT132. The
outcome of this treatment was a significant improvement in different parameters of conjunctivitis,
although no improvement was achieved in the parameters of rhinitis. Next, in an OIT study using a
mix of crude extracts of four different grass pollen in enteric-coated tablets for daily administration
in adults with hay fever, treatment efficacy could not be demonstrated133,134. Here, the cumulative
dose was more than 4000 times that of conventional SCIT. Studies on the influence of duodenal juice
on birch and timothy GP allergens in vitro showed that both are hydrolyzed quickly, with around
10% of allergenic activity left after 30 min135. Although in ensuing years patient improvement was
reported in a few OIT trials, the drawbacks including high dosages, variable absorption, gastrointestinal symptoms, increased respiratory symptoms, and urticaria remained136. For such reasons, OIT is
not considered to be a cost-effective alternative to SCIT or SLIT, and its clinical use was practically
discontinued in the early 1990s, although there is currently a renewed interest for desensitization
through the oral route specifically for food allergy137.
Local bronchial immunotherapy & local nasal immunotherapy: LBIT & LNIT
In 1951, local bronchial immunotherapy (LBIT) was proposed by Herxheimer138,139 and involves
inhaling aerosolized allergens from a closed spirometer. Two DBPC LBIT trials in adults were performed using HDM extracts, the first showing no significant clinical improvement140 and the second showing some improvement in lowered symptoms scores and improved bronchial tolerance.
However, the latter study also indicated safety concerns for LBIT, as some patients required bronchodilator therapy due to experiencing bronchospasms141. These findings show that the clinical effectiveness of LBIT is not proven and it has a poor safety profile. Although LBIT has been abandoned
altogether, it is in use as an interesting experimental model for more fundamental research on mucosal immunity and serological responses to allergens142.
The initial reports on local nasal immunotherapy (LNIT) were published in the 1970s and this
administration route of AIT involves the spraying of allergens directly into the nasal cavity, avoiding the lower airways143–145. LNIT was used for the delivery of pollen allergens as well as HDM. Several formulations were tested: natural extracts, allergoids, micronized powders, and extract-coated
strips146–150. Allergic rhinitis patients treated with LNIT showed long-lasting protection from symptoms upon allergen re-exposure. In 1993, Andri et al. evaluated the efficacy of LNIT with Dermatophagoides farinae (Der f ) and D. pteronyssinus (Der p) extracts applied as a powder in adult patients
with perennial rhinitis for a treatment duration of one year. The use of powders was thought to
overcome the disadvantages of aqueous preparations (e.g. poor stability due to container absorption and self-digestion)149. These studies showed that patients treated with LNIT had significantly
lower total symptoms scores, medication use, and a decrease in nasal reactivity to the allergen. LNIT
generally consists of a buildup phase followed by a maintenance phase, but a simpler treatment
regime with a single and constant dose was shown equally efficacious150. Although there have been
some successful controlled LNIT trials, this treatment has never really become part of standard care,
as this local therapy has other drawbacks: a therapeutic response is probably restricted to the upper
airways, and repeated topical allergen application increases the likelihood of symptom exacerbation (increased non-specific bronchial reactivity or ‘nasal priming’). Moreover, LNIT's particular ad23
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ministration technique requires frequent nasal sprays, high patient compliance, and a very precise
control mechanism for the exact dose of allergens administered.
Epicutaneous immunotherapy & intralymphatic immunotherapy: EPIT & ILIT
In 1921, Vallery-Radot published the first case study on epicutaneous allergen immunotherapy
(EPIT), which showed that allergen administration on scratched skin decreased allergic symptoms
in horse-allergic patients151. Thereafter EPIT, also called intradermal AIT was applied for the treatment of pollen allergy152. Phillips et al. began intradermal injections using pollen in 1923, and demonstrated symptom relief after three injections, and reported that intradermal AIT is both safe and
efficacious153. During 1950 and 1960 French allergologists explored the use of EPIT, and although
not entirely efficient at the time, the concept of epicutaneous administration of allergens to desensitize patients with allergic asthma was proposed154. EPIT may mitigate adverse side effects observed in SCIT by minimizing the penetration of allergens into the vasculature, as well as shorten the
duration of therapy by increasing immunogenicity of the allergen. Many years later, in 2009, Senti
et al. performed the first DBPC EPIT study with the aim of (i) improving EPIT towards a safer administration route than that of SCIT and (ii) achieving more adherence than SLIT155. This study reported
significantly lowered symptom scores in nasal provocation tests in EPIT treated patients, whereas
eczema was observed on the location of the patch as an adverse treatment effect. Currently, EPIT
can provide a higher safety and adherence profile, and remains an interesting alternative to SCIT
and SLIT for aerosol- as well as food allergies130,149.
In the 2005, Johansen et al. looked for the most effective immunization route to achieve neutralizing antibody production against purified proteins157. To avoid severe reactions, nanogram quantities of peptides, were applied by direct injection into lymph nodes under ultrasound guidance. Next
to using only very low amounts of allergens, intralymphatic immunotherapy (ILIT) was efficient in
mice after only a small number of injections and induced an increased release of IL-2, IL-4, IL-10, and
IFN-γ compared to subcutaneous administration, suggesting that ILIT may not polarize the allergen
specific response, but induce an improved Th1, Th2, and T-regulatory response overall158. Next to
animal models, clinical studies imply that ILIT is not only efficient and safe for the patients but also
correlated with a lower risk of systemic adverse effects159. Hylander et al. reported that with as little
as 3 ILIT injections during the pollen season, symptom relief can be obtained which is equivalent to
that obtained after 3 year-SCIT treatment160. However, despite the need for fewer doctor visits, fewer
injections, and significantly lower doses of allergens reported in ILIT clinical trials and the reported
immunological changes which can be interpreted as proof of concept, there is so far no routine use
of ILIT in the treatment of allergies, nor is there an authorized ILIT treatment available commercially
in any country161.
Mechanisms of AIT
The essential goal of AIT is to restore immunological tolerance to allergens, by inducing several immunological mechanisms that inhibit both early- and late-phase allergic responses. AIT therefore
aims to achieve a decrease in eosinophil, basophil and mast cell numbers and activity, a neutralizing antibody response and induction of peripheral and local allergen-specific regulatory T-cells
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Figure 3. Overview of the effects of Allergen-specific immunotherapy (AIT) in chronic inflammation. Subcutaneous AIT (SCIT) and sublingual AIT (SLIT) is associated with improved tolerance to allergen challenge, with a
decrease in immediate- and late-phase allergic responses. AIT is disease-modifying and modifies cellular and
humoral responses to allergen. The ratio of T helper 1 (Th1) cytokines to Th2 cytokines is increased following
AIT, and functional Treg cells are induced. The production of IL-10 by monocytes, macrophages, B cells, and T
cells is increased. The expression of TGF-β is increased and, together with IL-10, TGFβ contributes to Treg function and immunoglobulin class switching to IgA, IgG1, and IgG4. These immunoglobulins compete with IgE for
allergen binding, decreasing the allergen capture and presentation that is facilitated by IgE in complex with
the high-affinity receptor for IgE (FcεRI) or the low-affinity receptor for IgE (FcεRII). AIT reduces the numbers
and the ability of mast cells to release mediators, and the recruitment of eosinophils and neutrophils to sites
of allergen exposure. Successful AIT results in improved quality of life, reduced symptoms and drug usage, and
prevents progression and new sensitizations. Cell-types: BP, Basophil; MC, Mast cell; EO, Eosinophil; PC, Plasma
cell; ILCs, Innate Lymphoid cells; Th2, T helper 2 cells; Th1, T helper 1 cells; Th0, T helper 0 cells; Treg, T regulatory
cells; Tfh, T follicular helper cell, Tfr, follicular regulatory cell; Breg, Br1, B regulatory cells. Figure was created
using BioRender.com.

(Tregs) and regulatory B-cells (Bregs). As such, successful AIT is associated with a change from allergic inflammation driven by Th2 cells to an allergen-tolerant state that is dominated by Tregs, and
to lesser extend Th1 cells, and is characterized by reductions in levels of cytokines and chemokines
such as IL-4, IL-5, IL-9, and IL-13, and eosinophil chemotactic protein, eotaxin, while levels of IL-10
are increased. Next to the T cell responses, the antibody production from B cells is altered by successful AIT, with a long-term decrease in allergen-specific IgE (after an initial increase on the start
of AIT), and increased levels of neutralizing antibodies such as IgG1, IgG4, and IgA. Such blocking
antibodies have inhibitory effects on allergen-binding and complex formation by IgE bound to the
cell surface of effector cells. Upon starting AIT, early effects are usually detectable in a decrease in
basophil and mast cell activity upon allergen administration. Then, suppression of Th2 occurs with
induction of Treg and Breg cells along with an initial decrease in allergen-specific lymphocyte proliferation. In the later phases of AIT, increased blocking antibodies and decreased inflammation in
and around the airways is shown. Long term clinical effects of AIT include improvement in quality
of life, decrease in medication use, reductions in nasal symptoms (also during natural exposure),
accompanied by persistent immunological changes as described above.
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Basophils and Mast cells: early responders
Detailed knowledge of the mechanisms involved in the allergen desensitization achieved shortly after starting AIT is of great interest in improving therapeutic approaches in AIT and to overcome unwanted side effects, that are mainly mediated by the allergen-induced IgE-dependent activation of
effector cells such as mast cells and basophils49,162. In spite of the clinical relevance, limited information is available on the mechanisms by which low-dose allergen extracts can change the immune
responses of basophils and mast cells during the build-up phase of AIT, during the first few hours
after the start of treatment by allergen administration. Basophils and mast cells degranulate upon
a high-affinity FceRI-dependent activation and release their mediators (like histamine and tryptase)
from intracytoplasmic granules, and secrete type 2 cytokines that promote allergic inflammation
and IgE production. Mast cell degranulation has been described to occur in either a anaphylactic
(full-blown, acute) mode or in a so-called piecemeal-degranulation fashion163. The latter is a form
of chronic, low-level degranulation and involves release through intermediate vesicles without the
need of secretory granule-transport to the cell cortex and granule-fusion with the plasma membrane164.
Successful AIT accomplishes early desensitization of both mast cells and basophils, as demonstrated by weaker responses to allergen challenge despite the high allergen-specific IgE levels that
are still present during the early phases of the therapy165. The mechanism of this early desensitization of mast cells and basophils might depend on co-aggregation of FceRI with low affinity IgG
receptors (FcgRIIa and FcgRIIb), alerting the activation potential of allergen-mediated IgE crosslinking166. Moreover, Novak et al. proposed two pathways that would be responsible for early suppression of basophil activation in patients receiving venom AIT165. First, a decrease in overall basophil
counts due to increased cell-deletion, and second upregulation of the histamine receptor-2 (H2R)
on basophils, mediated by allergens. This study provided comprehensive data for attenuated activation and mediator release of basophils after selective H2R stimulation, which suggests that H2R exerts immunosuppressive effects early during AIT. Overall, it is the general perception that successful
AIT, administered either subcutaneous and or sublingual, is directly correlated to a decrease in mast
cell and basophil numbers and activity42, whereas the underlying immunological mechanism needs
to be further elucidated (Figure 2).
Responses of the T cell family: from Th2 to Th1, while Tregs dominate
Although Rocklin et al. described lymphocyte responses upon AIT as early as in 197397, an effect of
AIT on T cells has long been considered highly speculative167. Nevertheless, peripheral T cell tolerance induction is currently considered to be essential for successful AIT168. The generation of adaptive immunity comprises antigen-specific activation, clonal expansion, differentiation and acquisition of effector functions of Th cells. Naïve Th cells can only by activated by dendritic cells delivering
2 discrete signals through cognate receptor interactions: the MHCII-TCR interaction (signal 1) and
the CD80/CD86-CD28 interaction (signal 2)169,170. Without the costimulatory signal delivered through
CD28, a state of long-lasting unresponsiveness can be induced in the Th clone, limiting both cellular
and humoral immune responses171. This cell state of specific unresponsiveness or anergy in peripheral T cells might also be induced by AIT as a marked decrease in allergen-induced T cell prolifera26
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tion and cytokine production after AIT treatment has been observed172. The specific cellular state
of anergy is defined by lack of proliferation or cytokine release in response to TCR activation in the
absence or presence of costimulation173. Moreover, next to anergic T cells, AIT might restore protective responses by preferentially deleting pathogenic Th2 cell clones174 (Figure 3). In a more recent
paper performing analyses of allergen-specific T cell clones in allergic individuals, it was reported
that AIT resulted in deletion of a subset of the allergen-specific clones from the T cell repertoire
after AIT175. Interestingly, the clones that were found to be deleted after AIT were the same clones
as those present only in atopic, but not in non-atopic, individuals, supporting their contribution to
the allergic response to the allergen. The mechanism of selective depletion of individual allergenspecific clones from the T cell repertoire is of great interest, but has so far not been elucidated.
Numerous mechanistic studies in humans, as well as animal models, provide convincing evidence that allergen-specific Th2 cells play an essential role in allergic inflammation176. Immune deviation and active immune suppression of these Th2 cells have also been postulated to contribute
to AIT in addition to induction of anergy or deletion of pathogenic Th2 cell clones. Early studies
on AIT using allergen-specific T cell clones show that the Th2 phenotype of the allergen-specific
Th response switches towards a Th1 phenotype177. This immune deviation through induction of
Th1-type responses was proposed as a mechanism of AIT in several studies, with the Th1 cells counterbalancing or suppressing the Th2 cell activity underlying the IgE-mediated allergy103,177–180. These
early studies showed that AIT can result in control of the Th2 immune response, as measured by
lowered numbers and activity of Th2 cells and their associated cytokines (IL-4, IL-5, and IL-13, Figure
2 and 3).
After the discovery of CD4+CD25+ T cells that contribute to sustaining self-tolerance in 1995181, a
role for regulatory T cells (Tregs) in AIT became a main focus in the field. Allergen-specific Tregs can
suppress Th2-driven immune responses and the balance between Th2 and Treg cells is essential for
the induction or suppression of allergic inflammation. Several distinct subpopulations of Tregs exist,
including thymic or natural Tregs (nTregs) which originate from thymic T cell development and recognize self-antigens, and inducible Tregs (iTregs, such as IL-10+ Tr1 cells), which are induced in the
periphery and are generally specific for non-self-antigens52,182. Natural Tregs demonstrate their suppressive ability through direct intercellular contact, express FOXP3, CD25 (IL-2 receptor) and have
low expression of CD127 (IL-7 receptor), and these cells function via surface glucocorticoid-induced
TNFR-related proteins (GITR), cytotoxic T lymphocyte-associated protein 4 (CTLA4), and surface
bound TGF-β183,184. In healthy non-allergic people, these nTregs may regulate allergen specific T cell
responses as well185. After successful immunotherapy, both through sublingual and subcutaneous
routes, nTregs were found to be increased in numbers and activity186,187. Inducible Tregs exert their
regulatory properties via production of IL-10 (Tr1 cells) and TGF-β. Tr1 cells were shown to suppress
proliferative Th cell responses and Th2 type cytokine release induced by allergens, whereas TGF-β
production limits Th2 cell differentiation via downregulation of the transcription factor GATA-binding protein 3 (GATA3) and induces FOXP3 and CTLA-4 expression on nTregs188. Moreover, increased
levels of TGF-β after AIT can stimulate B cells to produce IgA189. Finally, in 2011 a specific subset of
follicular regulatory T cells (Tfr cells) was identified and reported to have a significant capacity to
produce IL-10 after AIT190. These Tfr cells would thereby be able to directly regulate the AIT-induced
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antibody responses.
B regulatory cells
Regulatory B cells (Bregs) are immunosuppressive IL-10 secreting B cells and are capable of inhibiting inflammation. Besides production of IL-10, they are capable of secreting high concentrations
of IL-35 and TGF-β, contributing to their suppressive capacity191. The first findings identifying the
immunosuppressive capacity of B cells date back to the 1970s and were largely the result of experiments on the sensitization of the immune system using OVA in guinea pigs94. In 2013, Van de Veen et
al. demonstrated the existence of Bregs that produce IL-10 (BR1) in bee venom allergic patients and
showed two important contributions for allergen tolerance in vivo: BR1 cells produce specific IgG4
and production of IL-10 contributes to T cell suppression190.
Responses of the humoral immunity
During successful AIT, the humoral immune response significantly contributes to reducing allergic
reactions by the induction of neutralizing antibodies and the suppression of specific IgE. In order
to achieve desensitization to the allergen, adequate control of the B cell response during AIT is
crucial42. Independent of the administrative route, AIT usually results in a rapid but transient initial
rise of specific IgE levels in serum. Long-term AIT, however, will result in a decline in serum allergen-specific IgE levels, which promotes long-term clinical tolerance192. In addition, overwhelming evidence from numerous studies show increases of 10- to 100-fold in serum IgG (total) and
allergen specific IgG4 (spIgG4) upon successful AIT, and are often referred to as the neutralizing
or blocking antibodies capable of dampening IgE mediated responses193,194. It was shown that in
nasal fluids, spIgG4 is capable of trapping allergens before they can crosslink surface-bound IgE on
mast cells and basophils, thereby inhibiting release of inflammatory mediators195. Moreover, spIgG4
may interact with the inhibitory FcγRIIb IgG receptor on the cell surface, and suppress IgE-mediated
signaling196. spIgG4 can also repolarize macrophages of the allergic M2a phenotype to a tolerogenic
M2b phenotype, characterized by secretion of IL-10 and CCL1197. Although levels of spIgG produced
by AIT do not have a strong correlation with reduced symptom scores, a strong association has been
reported when comparing symptom improvement with the ability of blocking IgG to compete with
IgE for allergen binding and prevent effector cell activation198.
Similarly, allergen spIgA has important functions to capture antigen at the respiratory mucosa,
as well as to control antigen collection by antigen presenting cells within the oral mucosa (such
as Langerhans cells, myeloid and plasmacytoid DCs) and modulate certain immune cell subsets199.
Serum IgA is present in its monomeric form and originates from long-lived plasma cells in the bone
marrow, whereas secretory (or salivary) IgA (S-IgA) is present in a dimer form, containing a joining
(J) chain and produced by activated B cells locally at the mucosal tissues. In 2002, Böttcher et al.
reported that higher levels of S-IgA in Fel d1 sensitized infants have a protective effect on allergic
symptoms200. TGF-β is considered the main cytokine to induce B cell class switching in favor of IgA,
representing a key factor in regulatory tolerogenic responses. Pilette et al. evaluated serum levels
of Phl p5-spIgA1, Phl p5-spIgA2, and polymeric (J-chain positive) IgA antibodies before and after
GP-SCIT in allergic patients and found that AIT-induced IgA responses are selective to the IgA2 sub28
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class, and associated with levels of IL-10 and increased local expression of TGF-β189. These findings
suggest a significant contribution for spIgA2 antibodies in the tolerance induction upon AIT.
Innate Lymphoid Cells’ response to AIT
Although type-2 innate lymphoid cells make an important contribution to allergic inflammation in
barrier tissues201, limited data are available on the effects of AIT on ILC2s. Lao-Araya et al. report a reduction of lineage negative CRTH2+CD127+ILC2s in blood from patients with allergic rhinitis undergoing SCIT during the pollen season, and concluded that it was plausible that ILC2 suppression contributes to tolerance observed upon pollen exposure after SCIT202. Moreover, HDM allergic patients
treated with HDM-SCIT were found to have reduced numbers of ILC2s in peripheral blood after a
minimum of one-year of treatment203. In a mouse model of SCIT using birch pollen, numbers of IL-5+
ILC2s were significantly reduced in Broncho-alveolar lavage fluid (BALF) and lung tissue after SCIT,
when compared to control treated mice204. All in all, these findings suggest that ILC2s might also be
suppressed after successful AIT, although this needs to be confirmed in the upper or lower airway
mucosa rather than peripheral blood in patients with rhinitis and allergic asthma, respectively.
Dendritic cells: underestimated as regulators of tolerance
D1endritic cells (DCs) play an essential role in determining the outcome of any immune response:
they govern the decision of induction of immunity versus tolerance205. Whereas their role in the
immune system is well-defined, their tolerogenic role in the response to inhaled allergens was first
highlighted in 2001, in a report describing the capacity of pulmonary DCs to produce IL-10206. This
capacity is essential for tolerance induction and pulmonary DCs can induce tolerance to aerosolized
antigen exposures206. DCs use cues from both the innate and adaptive immune system to induce
tolerance or immunity. Lack of damage or pathogen associated molecular patterns, the presence
of anti-inflammatory cytokines or cognate interactions with Tregs will all contribute to tolerance
induction by DCs. Zimmer et al. identified Complement component 1 (C1Q) and Stabilin-1 (STAB1)
as two important biomarkers indicative for early AIT treatment success and clinical tolerance207.
Tolerogenic DCs interact with CD4+ naïve T cells to induce anergy or adaptive Tregs differentiation.
Although the capacity of DCs to induce tolerance to inhaled antigens in naïve T cells is of great
interest, the situation in AIT is quite different, given the presence of Th2 cell memory for the
allergens. Hence, for tolerance induction during AIT treatment, it is in fact necessary to suppress the
previously polarized and activated memory Th2 cells. This likely involves active suppression by an
IL-10 producing CD4+T cell population208 in addition to the aforementioned depletion of allergenspecific T cell clones175, the cellular mechanism of which is yet to be elucidated.
Absence of Eosinophils decreases inflammation in the late phase reaction
In successful AIT a significant reduction of the skin’s immediate response to allergen injection as well
as signs of the reduction in the late phase reaction in the mucosal layers of the upper airways become apparent after 6-8 months173. The late-phase-response is dependent on influx and activation
of Th2 effector/memory cells followed by activation and maintenance of eosinophilic inflammation
in allergen-exposed tissues209. Effects of AIT on the late phase responses are important to establish
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(long term) clinical efficacy, and in case of allergic asthma have been shown correlate to decreases
in airway hyper responsiveness, as well as eosinophil numbers and activity210. GP-AIT in rhinitis patients was shown to decrease numbers of eosinophils and basophils in the nasal epithelium during
the pollen season211.
Clinical outcome parameters of successful AIT
To determine clinical efficacy of AIT, an objective assessment of overall clinical outcomes is important for both clinical trials as well as routine clinical practice. Certain clinical outcome parameters
are widely used to evaluate the therapeutic success of AIT treatment, including medication use and
symptom scores, as well as quality of life (Figure 2). Since a patients’ personal disease burden and
quality of life cannot be completely assessed by classic measurements, a self-rated health-related
quality of life (HRQL) is very often used to evaluate efficacy of AIT. The recommended primary outcome indicator in clinical trials is total combined score (TCS): the sum of the total symptom score
(TSS) and total score for medication use (TMS), according to the guidelines issues by the European
Medicines Agency (EMA) in 2008212. Although comparison of score-outcomes are widely used in
well-powered clinical trials for AIT to describe treatment efficacy, a recent review highlighted great
variability between the implementation of different scoring systems, and more importantly differences in interpretation of the results and difficulty to assess standard treatment regimens in daily
practice213.
Unmet needs in optimizing AIT formulations and adjuvant use
Throughout the past decade of AIT implementation and research, several important limitations to
this treatment strategy have become apparent that need to be addressed. Besides improvements
in treatment efficacy (early onset of tolerance as well as sustained effects), and product safety (no
risk of anaphylaxis or late phase side effects), there is a high need for improved patient convenience
(few doses, preferably no injections) to increase adherence. Moreover, AIT should have no sensitizing potential (hence be suitable as prophylaxis). Next, from a pharmaceutical perspective, AIT
should be applicable for all allergen sources (preferably combined allergen mixes) and easy to
produce (GMP)214. Approaches that aim to overcome many of these limitations have resulted in the
evaluation of new administration routes, improved standardization of allergen extracts, use of purified major allergens, recombinant allergens or even allergen-derived peptides. Moreover, regardless
of the administration route, AIT can be supplemented with an adjuvant to improve its treatment
efficacy and thereby shorten treatment duration.
Adjuvants
With regard to improvements in safety and efficacy of AIT, many research efforts have been focused
on developing novel adjuvants (Latin, ‘Adjuvare’ = to help) for the treatment. The use of adjuvants is
a promising approach that could well help boost efficacy, safety, and shorten the duration of treatment. In general, adjuvants can be characterized as substances with the potential to stimulate or
potentiate the therapeutic effect of allergen immunotherapy through various mechanisms without
being an immunogenic substance in itself.
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Currently four approved, safe and marketed adjuvants are available that are used in AIT treatments215. These are the most commonly used aluminium hydroxide (Al(OH)3, or Alum), as well as
microcrystalline tyrosine (MCT), calcium phosphate (CaP) and monophosphoryl lipid A (MPLA).
Results from experimental murine models as well as patient studies, have provided insight into the
mechanism of action of adjuvant supplementation in AIT treatment. The general mechanism of action of adjuvants in AIT is to concurrently improve the immunogenicity of the allergen, whilst precipitating and retaining the allergen at the site of injection to minimize the risk of systemic allergen
release leading to anaphylaxis. In the case of Alum, the allergens can be absorbed to the surface of
the Alum which functions as a depot, inducing a slow-release system into the body from near the
injection site216.
Alum as an adjuvant in AIT improves immunogenicity and tolerability of allergens but also increases titers of IgG and IgE and was shown to induce a Th2 cell response. In mouse models, the
mechanism of Alum has been elucidated in great detail217,218. All-in-all, 3 possible mechanisms can
explain the enhanced humoral responses induced by Alum supplemented AIT: (i) alum serves as a
slow release depot, (ii) alum alters soluble allergens into particulate form for phagocytosis by APCs,
(iii) alum induced local inflammation leads to recruitment, activation and enhanced antigen capture by APCs219. Indeed, upon injection of an alum-absorbed allergen preparation, an immediate
inflammation at the injection site is caused by release of chemokines and cytokines that recruit
eosinophils, neutrophils, and monocytes216,217. Irrespective of its widespread use in the clinic, alum
does possess several adverse effects, including a strong immunostimulatory capacity - including its
potential to induce Th2 cells - which might in theory contribute to a suboptimal effect in AIT. Moreover, results from several studies show that alum use can result in the formation of itching nodules
and can lead to hypersensitivity reactions to alum itself220. Moreover, an individual's predisposition
to an exceptionally high aluminum concentration, such as achieved in long-term SCIT, has been
postulated to have the ability to induce toxicity220. In a recent study by Benito-Villalvilla et al., use of
alum in AIT treatment using allergoids was shown to decrease PD-L1 expression and IL-10 production by human DCs and increase the levels of pro-inflammatory cytokines221. Moreover, alum use
resulted in reduced numbers of functional FOXP3+ Tregs and promoted Th1/Th2/Th17 responses221.
Taken together, the use of alum in the clinic for long-term AIT injection is not optimal, and safer
alternatives are needed.
A number of adjuvants are currently under development for use in AIT. These experimental adjuvants mainly target innate immune receptors, such as Toll-like receptors (TLRs) on macrophages
and DCs. Different TLRs can direct DCs to induce different Th cell populations: Th1-type responses
are enhanced by TLR-4 and TLR-9, and Th2 responses by TLR-2222. One such example is the use of
synthetic immunostimulatory oligodeoxynucleotides (CpG-ODNs) that stimulate TLR9223
Another example are Virus-like particles (VLPs), nanoparticles of about 20-200 nm in size that
are biodegradable, and can be engineered or produced to carry allergens on their surface. The use
of VLPs to improve treatment efficacy has been demonstrated in many studies, as reviewed by Anzaghe et al.224. In addition, liposomes composed of lipid bilayers can be used to encapsulate allergens
and function as adjuvants as well as carrier. Although one RDBPC trial in patients with allergic asthma treated with liposome-encapsulated HDM extract showed promising results in inducing block31

1

Chapter 1

ing IgG responses and lowered eosinophil numbers, no safety data were reported in this study215. Finally, biodegradable polymeric nanoparticles, like chitosan and polylactideco-glycolic acid (PLGA),
are excellent delivery vehicles and considered nontoxic, completely biocompatible, and improve
macromolecule penetration across the mucosal layer. Liu et al. illustrated beneficial effects of using
chitosan as a chitosan-Der f nano-vaccine in a mouse model of intranasal AIT225. Also in a murine
model, Saint-Lu et al. showed chitosan formulations to have mucoadhesive properties, induced enhanced uptake of OVA when applied sublingually and enhanced tolerance induction via lowered
AHR, eosinophils, as well as specific Th2 responses226. More recently, PLGA-nano particles were used
to enhance efficacy of SLIT in a murine model of allergic rhinitis227. Herein, PLGA-formulated rChe a3
(recombinant chenopodium album Protein/ polcalcin) SLIT reduced Th2 inflammation, eosinophilia
and increased numbers of Tregs when compared to control treated mice227.
Other adjuvants as modulators of adaptive immune responses
CTLA-4Ig
Natural Tregs have the capacity to suppress allergen-specific T cell responses in part via surface
markers such as CTLA4 (228). After successful AIT nTregs were found to be increased in numbers and
activity186,187. Inducible Tregs on the other hand, exert their regulatory properties via production of
IL-10 and TGF-β. TGF-β production then limits Th2 cell differentiation via downregulation of GATA3
and enhancing FOXP3 and CTLA-4 expression on nTregs188 (Figure 3). CTLA-4 is a CD28 homolog
constitutively expressed on nTregs, while only transiently expressed on effector CD4 and CD8 T cells
after activation, and acts as a co-inhibitory signal to restrain T cell immune responses229. Fusion proteins between extracellular domain of CTLA-4 and the Fc portion of the immunoglobulin molecule,
or CTLA-4Ig, have potent immunosuppressive properties in animal studies of transplantation and
autoimmunity, and have therapeutic potential in chronic inflammatory conditions. For instance,
Abatacept® is an FDA-approved drug (based on the CTLA-4Ig fusion protein) for the treatment of
rheumatoid arthritis230. CTLA-4Ig is thought to interact with CD80/CD86 on antigen-presenting cells
to avoid CD28 dependent co-stimulation of naïve and memory Th cells224. In addition, CTLA-4Ig
may partly exert direct effects on DCs through CD80/CD86 signaling leading to activation of the
alternative NF-κB pathway and increased expression of indoleamine 2,3 dioxygenase (IDO), a tryptophan catabolizing immunoregulatory enzyme229. IDO activity in turn has been shown to enhance
nTreg cell number and activity, leading to suppression of Th cell effector functions231. Previously, in
an OVA- SCIT mouse model of allergic asthma, it was shown that IDO plays a role in the induction
of tolerance after successful SCIT232. Moreover, the same mouse model of allergic asthma was used
to show that co-administration of CTLA-4Ig in OVA SCIT suppressed AHR, airway eosinophilia, and
spIgE levels229. Since this effect in the mouse model of allergic asthma was independent of IDO
activity, it was concluded that CTLA-4Ig mainly acts via blocking of the CD28 costimulatory signal
on T cells.
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Figure 4. Effects of VitD3 on immune and inflammatory cells.
DC: Dendritic cell; CD4+ T: CD4+ T lymphocyte; B: B lymphocyte; ILCs: Innate lymphoid cells; M: Mast cell; CD40, CD80,
CD86: Cluster of Differentiation membrane proteins; MHC-II:
Major Histocompatibility complex II; IL-10, IL-12: Interleukins;
TGF-β: Transforming growth factor β; IFN-γ: Interferon gamma; Treg: Regulatory T lymphocytes; CCR5, CCR10: C-C chemokine receptors; IgA, IgM: Immunoglobulins; sST2: soluble
IL-33 receptor, IL1RL1); VDR: Vitamin D receptor. Figure was
created using BioRender.com.

1,25(OH)2Vitamin D3
Modulation of the adaptive immune response is an interesting approach to enhance the induction of Treg
cells and achieve effective immune suppression in AIT.
1,25-dihydroxyvitamin D3 (VitD3) has been shown
to have the capacity for immune modulation. VitD3 in
its physiologically active form binds to the vitamin D
receptor (VDR), a nuclear hormone receptor, to exert
its biological effects. VitD3 enhances the processing
of calcium in the intestines and helps control calcium
and phosphate levels in serum contributing to bone
metabolism. In addition, VitD3 has immunoregulatory
properties that converge on the induction of tolerogenic DCs. VitD3 can be acquired via the diet, through specific food components such as fatty fish.
In addition, large amounts of active VitD3 are synthesized in the skin from 7-dehydrocholesterol after UVB exposure. After hydroxylation in either the skin or the liver, 25-hydroxy-vitamin D3 is further
hydroxylated in the kidneys by the enzyme 1-α-hydroxylase resulting in the physiologically active
metabolite VitD3. VitD3 binds to the nuclear receptor VDR, which hetero-dimerizes with nuclear receptors of the retinoic X receptor family, and binds to VitD3 response elements in the promoters of
VitD3-responsive genes (233). The skin, lung, colon, lymph nodes and the main cells of the immune
system express both the rate-limiting enzymes 1-α-hydroxylase needed for the final hydroxylation
to render biologically active VitD3 and the vitamin D receptor. Therefore, DCs, macrophages, and B
and T cells are capable of producing VitD3 locally, which can act on immune cells in an autocrine or
paracrine manner by VDR binding.
VDR expressing APCs are considered to be the primary target cells for the immunomodulatory effects of VitD3. In these cells, VitD3 has been shown to inhibit expression of NF-kB, preventing
the maturation of DCs resulting in relatively low expression of MHC-II and costimulatory molecules
(CD40, CD80, CD86) and to enhance IL-10 production (234). This DC phenotype is regarded to be
tolerogenic, facilitating the generation of adaptive Treg cells (Figure 4). Interestingly, although plasmacytoid DCs have an intrinsic capacity to induce Treg cells upon cognate interaction (235), VitD3 is
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able to selectively induce tolerogenic capacities also in conventional myeloid DCs (236). The physiological serum levels of VitD3 (40-130pM), however, are unlikely to be sufficient activate VDR signaling in DCs, indicating that local VitD3 production is key in inducing tolerogenic DCs through this
pathway.
In addition, VitD3 has also been shown to directly affect T-cells in vitro and in vivo. Boonstra et
al. demonstrated that VitD3 can enhance Th2 differentiation and cytokine production when present
during T-cell activation in vitro237 (Figure 4). A similar effect on Th2 cells in vivo may be unwanted, as
this could reduce the potential adjuvant effect of VitD3 during AIT by enhancing Th2 cell differentiation238. However, it has been shown that VitD3 in combination with Dexamethasone (a synthetic
anti-inflammatory glucocorticosteroid) induces IL-10 producing Treg cells in vitro239. In human volunteers, oral VitD3 administration has been shown to selectively increase IL-10 expression by CD4+
T-cells240. Furthermore, Jeffrey et al. demonstrated that stimulation of human CD4+CD25- T-cells in
the presence of VitD3 in vitro induces CTLA4 and Foxp3 expression and inhibits cytokine production241. These T-cells were able to suppress proliferation of activated effector T-cells, demonstrating
that the VitD3-induced Treg cells has suppressive capacity. Interestingly, topical application (dorsal
skin surface) of VitD3 in OVA-induced asthmatic BALBc mice enhanced the suppressive effect of
CD4+CD25+ T-cells in draining LNs towards Th2 cells242. Moreover, passive transfer of CD4+CD25+ Tcells from VitD3-treated mice into OVA-sensitized mice suppressed antigen-induced airway inflammation and mildly decreased AHR. Therefore, VitD3 seems to have context-dependent effects on Th
cells, and might be used to suppress memory Th2 cell responses in vivo.
Macrophages are most-well known for their capacity to release cytokines such as IL-1 and
TNF-α to induce local inflammation and recruit effector cells for the elimination of pathogens to
the site inflammation. Classically divided into M1 and M2 phenotypes, M1 macrophages release
pro-inflammatory mediators (NO, TNF-α, IL-23, IL-12, and IL-1b), eliminate pathogens and promote
Th1 and Th17 effector functions. Alternatively activated macrophages, or M2 macrophages are associated with Th2 responses, wound healing and produce IL-10 which has anti-inflammatory properties243. VitD3 is able to stimulate the differentiation of monocytes into macrophages with an antiinflammatory M2 phenotype (Figure 4)244.
In B cells, which upon activation express 1-α-hydroxylase and VDR, VitD3 has anti-proliferative effects on multiple stages of B cell differentiation. In addition, VitD3 stimulates IL-10 production by
mature B cells and downregulates CD86 expression, suggesting a reduced stimulation capacity for
Th cells233. Moreover, recent studies have shown that VitD3 directly inhibits IgG secretion and the
generation of memory and plasma cells, and promotes the apoptosis of B cells245.
Allergen Immunotherapy supplemented with VitD3
In general, Vitamin D insufficiency is widespread, and has been postulated to contribute to allergy
and asthma246. In some cases, supplementation of VitD3 in clinical studies has had positive effects
on certain outcome parameters. For instance, VitD3 supplementation during pregnancy reduced
the risk of recurrent wheeze and acute respiratory tract infections in early life246,247. Moreover, VitD3
supplementation in asthma patients has been shown to reduce the rate of asthma exacerbations
requiring treatment with systemic corticosteroids248. A systematic review by Martineau et al. clearly
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described that the average number of asthma attacks per patient per year went down from 0.44 to
0.28 with VitD and VitD supplementation reduced the hospitalization risk with 50% (from 6 per 100
to 3 per 100) during an attack (both high quality evidence)249. The mechanism of action is thought
to include both immune modulation towards a more tolerogenic response, as well as reinforcing
the barrier and antiviral properties of the bronchial epithelium246. In recent clinical studies using
allergen-based SCIT and SLIT treatment protocols, conflicting data were reported with regard to
effectiveness of VitD supplementation during AIT250–252. Baris et al. showed only minor effects of
VitD3 supplementation on HDM-SCIT in 50 children with allergic asthma, reporting an increase in
FoxP3+ T cells and a reduced asthma symptom score as the only improvements compared to control
HDM-SCIT treatment250. In contrast, modulation of serum VitD levels in adult patients with allergic
rhinitis resulted in favorable outcomes of SCIT, as measured by the quality of life questionnaires and
Sino-nasal outcome tests, only when VitD status was sufficient251. Moreover, VitD3 supplementation
of GP-SLIT was reported to suppress nasal and asthmatic symptoms in comparison to the control
GP-SLIT treated group252. The discrepancy between these studies might be due to differences in allergen used (HDM vs. GP), duration of treatment (12 vs. 5 months) or the route of application of the
allergen vaccine.
In addition to the clinical studies, experimental mouse models of allergic airway disease have
been used to study the effect of VitD3 levels on parameters of the disease253. In these models, perinatal VitD deficiency in mice has immunomodulatory effects such as Th2 skewing and reduced
numbers of IL-10+ Tregs, which were exaggerated upon allergen challenges254. Murine SCIT models exploring efficacy of VitD supplementation are rather scarce. In one study, Heine et al. showed
that VitD deficiency promoted allergic sensitization, and co-administration of 25(OH)D in OVA-SCIT
reduced airway inflammation, Th2 cytokines, and AHR after allergen challenges255. Moreover, VitD
supplemented Der p2-allergoid SCIT in BALB/c mice reduced Th2 cytokines and airway eosinophilia
and increased numbers of lung residing Tregs256. Next, in two similar studies, increasing the standard VitD3 supplementation in chow from 2,000 IU/kg to 10,000 IU/kg resulted in decreased AHR
and airway inflammation, indicating that systemic levels of VitD3 do affect airway inflammation and
AHR257,258. Finally, VitD3 was proven effective as an adjuvant in OVA-SCIT mouse model of allergic
inflammation on airway eosinophilia, Th2 related cytokines, and lowered specific IgE levels259.
Crude extract allergens, recombinants, and peptides for use in AIT
For optimal treatment response in AIT, it is of critical importance to select the most appropriate form
for administration of the allergen, or a derivative thereof. Traditionally, allergologists around the
world are familiar with treatment regimens based on application of crude allergen extracts, which
are easy to produce, prepare and market against low prices. Crude extracts contain multiple major
allergens from a specific source and are easy to combine when patients are poly-sensitized. Despite
the clinical success of crude extracts in SCIT and SLIT, the safety of this treatment has always been a
concern and standardizing natural allergen extracts remains a major challenge. Use of crude allergen extracts for AIT and for diagnostic purposes has several disadvantages: production of the crude
extracts has high batch-to-batch variation, including that of the percentage of major allergen; extracts may contain contaminations from other sources; and crude extracts always contain a mixture
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Figure 5. Overview of the range of allergenicity of AIT treatment options. From Left to right: Crude allergen
extracts, like pollens, house dust, animal dander, spores of mold, cosmetics, feathers etc. can be identified
as highly capable of inducing an allergic reaction upon sensitization. Crude extracts contain major allergens that can be naturally purified or its isolated mRNA can be used to produce recombinant allergens with
reduced allergenicity. Usually, both purified and recombinant allergens maintain T cell recognition sites
as well as IgE binding sites, whereas an hypoallergen is characterized by a reduction of IgE reactivity and
maintenance of T cell epitopes. Shorter peptide sequences containing T cell recognition can be identified and
isolated using T cell epitope mapping from allergen specific T cell clones. To obtain B-cell epitope peptides,
peptide-sequences are selected without IgE binding capacity nor T cell stimulation capacity, however possess
strong IgG inducing responses. These B-cell epitope peptides hold the promise to very safe vaccines and hold
great potential in allergy prevention. Figure was created using BioRender.com.

of allergenic and non-allergenic substances. Timothy GP extract, for instance, consists of a variety of
allergenic and non-allergenic proteins and glycoproteins along with other components like nucleic
acids, carbohydrates, and numerous small metabolites. The majority of the adverse events in SCIT
are the result of IgE-dependent basophil and mast cell activation upon injection or administration
of crude allergen extracts214, that retain their allergenicity.
Numerous attempts have been made to reduce the allergenicity of the immunotherapy treatment while retaining the potential to suppress Th2 activity and restore tolerance to the allergen
(Figure 5). Examples include modulation of the tertiary allergen structure through chemical modifications, recombinant DNA engineering strategies for proteins, bacterial DNA oligomer-conjugation
to purified allergens, or allergen multimer-production260. Already in the 1970s, Marsh et al. investigated the use of purified allergenic component of group I rye GP in guinea pigs for the possibility of
destroying selectively the allergenic properties, while retaining its original immunizing capacities261.
Results, however, showed that allergoids had no residual hapten-like activity (i.e. did not bind to
cell-bound IgE) and were unable to inhibit histamine release after allergen-exposure262.
In 1999 Valenta et al. reviewed a new concept of using recombinant allergens for diagnostic and
treatment in AIT263. This concept builds on the shortcoming of the use of crude extracts for diagnostic purposes in determining the sensitization pattern against the individual components of that
allergen of an allergic subject. The specific IgE reactivity profile of a patient can be quantitatively
defined by the use of recombinant allergens in an in vitro diagnostic tool, such as an recombinant
allergen array264. Cross-reactive IgE can also be quantified in this approach, when a large array of
individual components is used on the diagnostic array, which can help to detect clinically impor36
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tant sensitization patterns to a large variety of allergens for each individual patient. In addition,
such component-resolved diagnosis would also allow for the selection of the major allergens to
be used for specific immunotherapy in a highly personalized fashion, paving the way for precision
AIT. In 2005, Jutel et al. reported results of a RDBPC SCIT study using 5 recombinant GP allergens in
allergic patients with or without asthma. Herein, symptom medication scores and specific immunoglobulin responses (lowered IgE and increased IgG4) showed treatment effectiveness and a good
safety profile after194. Thereafter, numerous experimental as well as clinical studies were performed
using purified and or recombinant allergens for AIT most of which with success, as outlined by Zhernov et al. in 2019265.
In 2000, results obtained from allergic patients from Swedish and French populations with genetically engineered hypoallergenic birch pollen allergens used in skin prick tests showed lower
reactivity with the modified allergens266,267. Genetically modified derivates with hypoallergenic features also had reduced risk of anaphylactic side-effects and therefore represent new candidates for
AIT with reduced allergenicity (Figure 5). However, although allergenicity was shown to be reduced,
some studies still reported side effects due to late-phase allergic responses, and not all DBPC clinical AIT studies using genetically modified allergens showed effectiveness267. Moreover, Puhorit et
al. reported some late phase side effects and weak trend towards improvement of symptom scores
and increased blocking antibody responses, after genetically modified-Bet v1 derivate SCIT in birch
pollen allergic patients268.
In general, an allergen particle holds several distinct epitopes, i.e. configurations on the surface,
single determinants, immunogenic components, etc. as defined in 1960 by Jerne (Figure 5)269. A sensitized immune system holds specific IgE antibodies produced against certain epitopes that are part
of the allergen270. For inhaled aeroallergens, the antibodies produced by clonal B cells recognize
part of the protein in its native, 3D folded structure, a so-called conformational epitope. However,
the same antigen is also recognized by CD4 T cells. The CD4 T cells recognize a short, linear peptide
presented in the context of MCH-II on antigen-presenting cells. Hence, the allergen has both B cell
and T cell epitopes, which are distinct, and in case of B cell epitopes non-linear parts of the allergen. T cell epitopes are generally short (~15-30 amino acids), lack conformational structure, and are
unable to link cell-bound IgE or activate mast cells/ basophils, whereas B cell epitopes do cross-link
spIgE and cause degranulation and mediator release271. Both linear (for food AIT) and conformational (for inhaled allergens) B cell epitopes were classified and studied to understand the immune
regulation of B cell allergenic determinants and the nature of AIT using recombinants (Figure 5). In
a sensitized patient, use of the T cell epitopes in AIT might have the capacity to safely modulate the
T cell responses. This has encouraged the production of advanced therapies to guide the cellular
immune response to peripheral tolerance. Currently, short peptides are developed to include immune dominant T cell epitopes with minimal IgE-binding and insufficient stimulating capacity for
inflammatory cells. After only a short course of treatment, their presentation in a non-immunogenic
form induces long-lasting, specific T cell unresponsiveness272. In 2018, Niederberger et al. reported
positive results obtained in a multicenter RDBPC SCIT study, wherein BM32 was used. BM32 is a
vaccine containing fused non-allergic B cell epitope containing peptides, derived from GP allergenIgE binding sites, using the hepatitis B PreS protein273. SCIT using BM32 was well tolerated, induced
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specific IgG levels, and improved clinical symptoms after two years, when compared with placebo
treated patients. However, adequate phase III trials using peptides in either SCIT or SLIT regimens
are currently lacking. When compared to treatment efficacy of AIT using crude extracts as routinely
in the clinic, the use of purified or recombinant allergens or allergen-derived peptides in AIT has not
yet proven to be more effective. Hence, development of a superior allergen immunotherapy is currently topic of ongoing research274.
Mouse models of AIT
Clinical experiments are observational by nature, and the cellular and immunological mechanisms
of allergen immunotherapy have been examined using experimental models of allergic disease,
with most studies being performed in mouse models. Animal models of allergic asthma should
match the human pathophysiology of allergic airway diseases as closely as possible, so that mechanistic insights obtained in the experimental models can be easily translated to the human situation.
Moreover, a close parallel between experimental models and human disease will allow for a rapid translation of improvements of AIT treatment as they are being developed in the experimental
models. Already back in 1970, the first mouse models with an acquired allergy were used to study
immunological responses upon allergen injection93–96. In 1978, Kimishige and his wife Terako Ishizaka, who discovered IgE and its important role in allergy, published results of immunomodulation
after allergen injections using experimental models in the mouse and they indicated that the generation of antigen-specific suppressor T cells is involved in the repression of IgE antibody formation
by immunotherapy96. Almost 2 decades later, the first allergic asthma-like mouse models were developed in 1994 and have since resulted in major advances in our under-standing of allergic disease
pathophysiology275,276. Not long thereafter in 1998, the first allergen immunotherapy mouse models
with an allergic asthma phenotype based on OVA as a standardized allergen were published277.
Besides optimizations of AIT via subcutaneous route, the first experimental studies on the (buccal) sublingual application and allergen uptake via the oral mucosal layer were published around
the same time in 1994278,279. The first actual sublingual immunotherapy protocol in a mouse model
for allergic rhinitis was published in 2006 by Brimnes et al. who established a mouse model of allergic rhinitis using a crude extract and demonstrated that SLIT was able to reduce allergic symptoms
in a time- and dose dependent manner280.
SCOPE AND AIM OF THIS THESIS
Allergen-specific immunotherapy is a treatment for allergic diseases that aims to revert the underlying cause, but suffers from unwanted side effects, suboptimal efficacy and poor patient compliance,
particularly for allergic asthma. Therefore, AIT urgently requires further improvements in order to
increase its efficiency and shorten the treatment duration while remaining safe and cost-effective.
This thesis’ overarching aim is to compare the use of natural extracts, recombinant allergens and
allergen-derived peptides of grass pollen allergens for immunotherapy treatment, compare delivery via either sublingual or subcutaneous administration, and to evaluate the use of VitaminD3 as
an adjuvans. Classically, animal models have proven to be valuable as a preclinical model to improve
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AIT regimens by unraveling the immune mechanisms of allergen desensitization, using the classic
model protein Ovalbumin (OVA). OVA lacks the properties of natural allergens, and induces tolerance when inhaled by naïve mice. Therefore, in Chapter 2, we aimed to develop a reproducible
preclinical grass pollen (GP) Phleum pratense (Phl p) mouse model of asthma using BALB/cByJ mice
and to perform a dose-finding experiment for subcutaneous immunotherapy (SCIT) for the more
anaphylaxis-sensitive strains, such as C57Bl6 mice. Replacing OVA with a natural allergen extract
more closely resembles the allergic asthma phenotype and its treatment with AIT in the grass pollen
allergic patients.
Clinical studies directly comparing SCIT and SLIT report a different kinetics and magnitude of
immunological changes induced during treatment. Comparative studies into the mechanisms underlying immune suppression in SCIT and SLIT are lacking. Therefore, in Chapter 3, we aimed to
establish an experimental model for GP-SCIT and GP-SLIT that allows direct comparison of the two
treatments, to characterize the immunological changes and suppression of clinically relevant outcome parameters induced by either treatment as a platform to test further optimization of either
form of AIT281.
Upon allergen administration, DCs may respond in either immunogenic or in a tolerogenic
fashion. Tolerogenic DCs have a semi-mature or immature phenotype (MHC-IIhigh), and may play
a critical role in Treg cell generation and peripheral tolerance. It has been studied whether AIT can
be improved when allergen administration is accompanied by inhibition of DC maturation or prevention of DC-dependent co-stimulation. Use of adjuvantia in AIT aims to increase allergen delivery to and uptake by DCs and to enhance their tolerogenic capacity. One approach is the use of
1,25(OH)2Vitamin D3 (VitD3), the active metabolite of vitamin D, which suppresses DC differentiation
and maturation. Indeed, using the OVA-SCIT mouse model, administration of 1,25(OH)2VitD3 has
been shown to potentiate AIT. In Chapter 4, we employ the experimental model of side-by-side
SCIT and SLIT to directly compare the efficacy of VitD3 as an adjuvant between both treatments
and show that low dose VitD3 can enhance suppression of airway inflammation, but not AHR (282).
Therefore, in Chapter 5, we aim to find the optimal VitD3 dose in our GP-SCIT model for optimal
suppression of all parameters of allergic airway disease. In addition, we aim to test whether use of
the synthetic lipid SAINT in the mix of GP-SCIT extracts and VitD3 enhances suppression of parameters of allergic inflammation in an experimental mouse model of GP-SCIT.
In clinical practice, AIT requires large amounts of allergens, mostly crude extracts, to be administered repeatedly over prolonged periods of time. The use of allergens for AIT can sometimes
lead to severe side effects as a result of IgE crosslinking on mast cells or basophils, which might be
prevented by reducing allergenicity while maintaining tolerogenicity of administered allergens. An
improved treatment strategy may include the use of purified proteins or allergen-derived peptides
for increased treatment efficacy and a better safety profile compared to crude extracts. However,
peptides need to be taken up by DCs in order to be presented to T-cells and exert their putative
tolerogenic activity. Specific targeting of allergen-derived peptides to DCs might enhance efficacy
of peptide AIT. DCs express sialic acid-binding Ig-like lectins (siglecs), which bind sialic acid residues
on proteins, peptides or lipids. In mice, sialylation of antigens has been shown to instruct DCs via
Siglec-E, to manifest an antigen-specific tolerogenic state, enhancing generation and propagation
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of Treg cells, while reducing the generation and function of inflammatory Th-cells.
Hence, sialylation of allergen-derived peptides might enhance the induction of allergen-specific
Treg-cells, and consequently increase the efficacy of peptide AIT. In Chapter 6, we tested whether
sialylation of peptides encoding the immunodominant T-cell epitopes from Phleum pratense Phl p5a
has the potential to enhance the efficacy of peptide AIT, thereby increasing its potential for clinical
application in rhinitis and asthma283.
As an alternative to the use of peptides covering the T cell epitopes, use of purified major allergens could constitute an improved AIT treatment in the absence of non-protein constituents contained within crude allergen extracts, which can act on innate immune cells in a pro-inflammatory
fashion. This can enhance AIT-efficacy by more efficiently inducing a tolerogenic response due to
the absence of TLR agonists during allergen administration, harnessing an immunoregulatory phenotype of the allergen-presenting cell upon SCIT. HDM extracts are variable in content of allergens
(Dermatophagoides pteronyssinus Der p has at least 23 major allergens) as well as endotoxins and
other immunostimulatory substances, and stability is limited. Given the fact that sensitization to
Der p1 and 2 identifies more than 95% of HDM-allergic individuals, AIT with purified Der p1 and 2
might be a more attractive therapeutic approach compared to the use of HDM extracts. Chapter
7 describes SCIT experiments testing whether purified natural Der p1 and Der p2 (DerP1/2) is an
effective treatment for the suppression of allergic inflammation in a mouse model of HDM-driven
allergic asthma284. Next, we aimed to test whether the use of purified DerP1/2 would allow use of a
lower dosage of protein for successful treatment.
Mouse models have been very valuable in preclinical research for characterizing the mechanisms of desensitization in AIT and evaluating novel approaches to improve its efficacy. In Chapter
8, we summarize the expertise gained during this research project in a standardized mouse model
for rapid and reproducible SCIT and SLIT experiments285. We present the protocols as well as the
most important readout parameters for the measurements of invasive lung function, serum immunoglobulin levels, isolation of BALF, and preparation of cytospin slides. Moreover, we describe how
to perform ex vivo restimulation of lung single cell suspensions with allergens, flow cytometry for
identification of relevant immune cell populations, and ELISAs and Luminex assays for assessment
of the cytokine concentrations in BALF and lung tissue.
Chapter 9 summarizes the main findings of this thesis, aiming to place them in perspectives
for future research. Thereafter, the Summary was outlined in Chapter 10. Nederlandse
samenvatting is beschreven in Chapter 11. Finally, the addenda include a list of abbreviations, the
acknowledgements, a resume and list of publications.
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ABSTRACT
Allergen-specific subcutaneous immunotherapy (SCIT) is a treatment addressing the root cause of
allergies. SCIT, however, suffers from unwanted side effects and low efficacy, especially for allergic
asthma. Preclinical mouse models of OVA-driven allergic asthma have been used to improve efficacy
of SCIT. This mouse model of allergic asthma is characterized by high levels of IgE, eosinophilic
airway inflammation and airway hyperresponsiveness (AHR), while OVA-SCIT injections suppress
these phenotypes again. Mouse models of allergic asthma, however, are greatly improved by the
use of extracts of aeroallergens that also cause disease in man, such as house dust mite or grass
pollen. SCIT models using such allergen extracts have not yet been thoroughly tested.
Here, we aim to develop a reproducible preclinical grass pollen (GP; Phleum pratense (Phl p))driven mouse model of allergic asthma, as well as a GP-dependent SCIT protocol.
BALB/cByJ mice or C57BL/6J mice were sensitized with Alum-adsorbed GP-extract or PBS, followed by SCIT injections with various GP dosages. Subsequently, we challenged mice with GP or
PBS and performed ear-swelling tests (EST) and measured airway responsiveness (AHR), GP-specific
immunoglobulins, eosinophilic inflammation in broncho-alveolar lavage fluid (BALF) and T-cell cytokine release after re-stimulation of lung cells.
In BALB/cByJ mice, sensitization with Alum-adsorbed GP induced a GP-specific IgE response.
Sensitized mice developed an ear-swelling response upon intradermal GP-injections. Repeated GPchallenges in sensitized mice induced AHR, airway eosinophilia and Th2 cell activity. Low dose SCIT
treatment further enhanced specific IgE responses, AHR, ear swelling, and lung eosinophils, indicating an aggravated allergic response. In C57BL/6J mice, loss of body temperature and symptoms of
anaphylaxis were observed at the lowest GP dose. Treatment with an up-dosing GP-SCIT regimen,
however, resulted in suppression of allergic inflammation, increased neutralizing antibodies accompanied by decreased levels of spIgE, and decreased ear swelling and Th2 cell cytokine responses.
In conclusion, our preclinical GP-dependent mouse model for allergic asthma was successfully
established. SCIT treatment with GP extracts induced anaphylactic responses in C57BL/6J but not
in BALB/cByJ mice. In BALB/cByJ mice, low-dose GP-SCIT resulted in an aggravated allergic inflammation, whereas higher dosages in C57BL/6J mice successfully suppressed phenotypes of allergic
airway disease. The use of the BALB/cByJ mouse strain with slightly higher GP dosages most likely
represents an optimized model for experimental GP-SCIT.
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INTRODUCTION
Allergen specific immunotherapy (AIT) is the only disease modifying treatment option available for
allergic diseases1,2. In large, double-blind placebo controlled clinical studies, use of allergen extracts
applied subcutaneously (SCIT) has shown clinical success in restoring long term allergen-specific
tolerance in rhinitis patients with grass pollen (GP) or house dust mite (HDM) allergy3. Despite
such beneficial effects for allergic rhinitis in the clinic, AIT is not frequently used for treatment of
allergic asthma, and is recommended only as add-on therapy4,5. This is in part due to its low and
variable efficacy in particular for suppression of AHR and the long duration of treatment (monthly
injections for 3-5 years). Moreover, up to 22% of patients develop a low to moderate systemic
reaction during treatment and very rarely anaphylaxis. All desensitizing allergen extracts can
induce allergic reactions, the most severe of which are bronchospasms and anaphylaxis, and some
patients actually died from anaphylactic responses induced by treatment protocols that were not
sufficiently standardized6,7. Therefore, there is an urgent need for improving AIT in such a way that it
also achieves an optimal tolerogenic efficacy in allergic asthma. Novel strategies are progressing to
the clinic to (i) minimize the risk of adverse effects of SCIT treatment, to (ii) improve SCIT efficacy by
using an adjuvant and to (iii) improve the standardization by using purified extracts, recombinant
allergens, or peptides in AIT.
In the past, preclinical animal models for allergic asthma were established using the standard
model antigen ovalbumin (OVA) to study the mechanism of allergen-dependent sensitization as
well as immunotherapy-dependent desensitization8. Herein mice were OVA-sensitized, followed by
high dose-SCIT injections and - after another two weeks - by OVA challenges. Outcome parameters
included specific serological responses, airway eosinophilia, airway hyperresponsiveness (AHR),
and Th2 mediated cytokine responses9,10. This mouse model of SCIT has been used to chart the
underlying mechanisms of SCIT-dependent allergen desensitization, including the crucial role of
the FoxP3+ Treg cells and IL-10 in tolerance induction, and the relevance of neutralizing antibody
responses8,11–13. Furthermore, dendritic cells (DCs) were found to be involved in the sensitization
process as immunogenic DCs, and during desensitization as tolerogenic DCs14–16.
Although the classic OVA model has been valuable in generating a more detailed understanding
of the immunological mechanisms of SCIT. Notwithstanding, the use of the model antigen OVA has
become increasingly obsolete in mouse models of allergic asthma9, given the lack of characteristic
properties of natural allergens inhaled such as proteolytic activity and the capacity to activate in
innate immune system through pattern recognition receptors17. These concerns are also relevant for
experimental models of SCIT. Therefore, in this study, we aimed to optimize the classic, preclinical
mouse model of SCIT to obtain an improved, translational mouse model of allergen-dependent
SCIT for the treatment of allergic asthma. Therefore, we focussed on the use of grass pollen (GP,
Phleum pratense, Phl p), and first established the GP-driven allergic asthma model in BALB/cByJ mice.
Moreover, we performed a first dose-finding experiment in this GP-SCIT protocol for allergic asthma
and asked whether the treatment was safe by using the C57BL/6J strain of mice that has a higher
sensitivity for anaphylaxis than BALB/cByJ mice.
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METHODS
Animals
The Institutional Animal Care and Use Committee at the University of Groningen approved
experiments. Purchased BALB/cByJ and C57BL/6J mice (8-9 weeks old) from Charles River (L’Arbresle,
France) and bred in individually ventilated cages and fed a hypo-allergen GP-free diet (4kcal/gr, 25%
protein, 11% fat, 47% sugars, 5% fibers; AB Diets, Woerden, The Netherlands). Female 7-9-week-old
progeny on the same diet were used for the experiments (8 mice/ group).
Allergic asthma and treatment protocols
Mice received two intraperitoneal injections of 5,000 standardized quality (SQ) units (5kSQ = 8μg
allergen extract of GP (Phleum pratense, Phl p; ALK-Abelló, Hørsholm, Denmark) adsorbed to 1.6mg
Alum (Imject Alum, Pierce, USA) in 100µL Phosphate-buffered Saline (PBS) or with 100µL PBS injections
(Null, control, Figure 1 and 2). In BALBc/ByJ mice, SCIT was performed by three 100µL injections on
days 29, 31, and 33 containing either PBS (controls) or 3, 10, or 30kSQ GP (Figure 3 and 4). Given
the sensitivity of C57BL/6J for anaphylactic responses, we use an incremental updosing scheme for
SCIT treatments. For SCIT treatment in C57BL/6J mice, subcutaneous allergen injections are given
on days 29, 31, 33, 35, 37, 39, and 41 (Figure 5 and 6). In all experiments, inhalation challenges were
administered as droplets of 25kSQ GP in 25μL PBS (positive controls, PC, and treatment groups) or
25μL unsupplemented PBS (negative controls, NC) after light isoflurane anaesthesia. After two days,
airway responsiveness was determined, and serum samples, broncho-alveolar lavage fluid (BALF),
and lung lobes were stored for further analyses (-80°C).
Monitoring C57BL/6J mice for immediate responses
C57BL/6J mice are more susceptible to anaphylaxis than BALB/cByJ mice18,19, so these mice should
be monitored for potential adverse responses during the first injections. For this reason, we measure
body temperature and score shock symptoms after the first two injections. The severity of shock
is scored as follows: (1) mild shock (itching, ruffling of fur, dyspnea, self-isolation, and decrease
in spontaneous activity); (2) moderate shock (prostration, sluggish gait, no response to whisker
stimuli, puffiness around eyes and or mouth, and slight activity after prodding); (3) severe shock
(complete paresis and no activity following prodding with or without convulsions); (4) death within
30min (Figure 5D). Moreover, body core temperature must be registered every 20min using a rectal
thermometer (Homeothermic monitoring system; Harvard Apparatus) after the first SCIT injection
(Figure 5C).
Allergen sensitization: the EST
Similarly as the skin prick test used in the clinic, we used ear swelling tests (ESTs), which were
performed one week prior to AIT (day 22), to confirm a GP-specific response and ten days thereafter
to evaluate suppression of swelling (Figure 1A, 3A, 5A). Herein, 1kSQ GP in 10μL PBS was injected
intradermally in the right ear of anesthetized mice, while as a control, 10μL PBS was injected in
the left ear20,21. After two hours, thickness was measured using a force-micrometer at 0.5N (±0.15N,
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Mitutoyo, Japan). The net thickness (Δ, µm) was calculated by subtracting the thickness of the left
from the right ear.
Airway Responsiveness
Airway responsiveness was assessed 48hrs after the last challenge by measuring airway resistance
(R in cmH2O.s/mL) and lung compliance (C in mL/H2O) in response to intravenous administration of
increasing doses of methacholine (Sigma-Aldrich, MO) using a computer-controlled small-animal
ventilator (FlexiVent; SCIREQ, Quebec)22. In short, mice were injected intraperitoneal with a mixture
of 100mg/kg ketamine (Pfizer, NY) and 1mg/kg dormitor (Pfizer). After tracheotomization using a
20-gauge intravenous cannula (Becton Dickinson, The Netherlands) and canalization through the
jugular vein, all mice were attached to a small animal ventilator; the FlexiVent (SCIREQ, Canada), and
then ventilated (280 breaths/min) with a tidal volume of 10mL/kg, pressure limited at 300mmH2O.
Airway resistance and compliance was calculated from the pressure response to a 2-second
pseudorandom pressure wave (COD>0.8). Moreover, responsiveness was expressed as the effective
dose (ED) of methacholine required to induce a resistance of 3cmH2O.s/mL (ED3).
Total IgE, GP-spIgE, GP-spIgG1, and GP-spIgG2a ELISA
Blood was collected in MiniCollect Serum Tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands)
via orbital puncture (pre-sera) and after the FlexiVent via the vena cava inferior. Centrifugation
allowed serum-collection from the tubes and aliquoted samples were stored at -20⁰C. Total IgE ELISA
was performed according to the manufacturers’ instructions (ThermoFisher Scientific). Grass pollen
specific IgE (GP-spIgE), GP-spIgG1, and GP-spIgG2a levels were measured by ELISA as described
previously in all collected sera samples23–25. Briefly, for GP-spIgE, NUNC MaxiSorp flat-bottom 96-well
plates (Sigma, MO) were coated with 1μg/mL anti-mouse IgE (BD Pharmingen) in PBS (overnight,
4°C), washed five times (wash buffer; PBS 0.05% Tween-20), blocked using 3% skimmed milk powder
(ELK, Campina, Amersfoort, The Netherlands) in ELISA buffer, and sera samples (diluted 1:8 in PBS
1%BSA) were incubated for 2hrs (room temperature). Then, the plates were incubated with 100μL
1:100 biotin labelled GP in PBS 1%BSA (homemade, see below) for 1.5hrs, washed five times and
incubated for 1h with Streptavidin-Horseradish Peroxidase (1:200, R&D Systems). Again plates were
washed, following which SigmaFastTM OPD substrate (Sigma-Aldrich) was added and incubated for
8min. The reaction was stopped by adding 75μL of 1.8M H2SO4. Optical density (OD) values were
measured at 490nm and analysed using a classic logit-log transformation model.
For GP-spIgG1 and GP-spIgG2a, plates were coated using 10μg/mL rough extract GP, blocked
using 3%BSA in ELISA buffer, incubated with sera samples (1:300,000 for GP-spIgG1 and 1:100 for
GP-spIgG2a), and labelled using biotinylated anti-mouse IgG1 or –IgG2a (1μg/mL, BD Pharmingen).
Concentrations were calculated according to the standard curve (using reference serum) and the
results are expressed as arbitrary unit (AU)/mL.
Biotinylation of GP extract was performed using EZ-link Sulfo-NHS-LC-Biotin according to the
manufacturers operating instructions (Thermo Scientific) and using a Slide-A-Lyzer cassette (3.5K
MWCO, Thermo scientific) for purification by dialysis overnight.
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Evaluating inflammation in BALF
Directly after the AHR measurements, lungs were lavaged with 1mL PBS containing 5% Bovine
Serum Albumin (BSA, Sigma Aldrich, Zwijndrecht, The Netherlands) and a cocktail of protease
inhibitors (Complete mini tablet; Roche, Germany). Subsequently, four lavages were performed with
1mL non-supplemented PBS. After centrifugation (500g, 5min), the cell-free supernatant of the first
mL was stored as BALF (in duplo, -80°C). The cells from the first mL were added to the cells from
the 4mL PBS lavages and counted using the Z2 coulter particle count and size analyser (Beckman
Coulter, Woerden, The Netherlands). Cytospin preparations of the BALF and Lung cells were stained
with Diff-Quick (Merz&Dade, Dudingen, Switzerland) and 300cells per cytospin were evaluated
and differentiated into mononuclear cells (M), neutrophils (N), and eosinophils (E) by standard
morphology26.
Analysis of T cell responses: restimulation of lung single cell suspensions
Lung single cell suspensions (5x105 /well) were stimulated (in triplo) for 5 days in supplemented
RPMI1640 with 0μg or 30μg GP/well. Supernatant was stored (-80°C), for ELISA measurements of IL4, IL-5, IL-13, and IFN-γ according to the manufacturer’s instructions (R&D Systems, BioTechne). The
lower detection limits of the ELISAs were 8pg/mL for IL-4, 3pg/mL for IL-5, 15pg/mL for IL-13, 20pg/
mL for IL-10, 30pg/mL for IFN-γ.
Statistical analyses
All data were expressed as means ± SEMs. The Mann-Whitney U Test was used to analyse the results,
and P<.05 was considered significant. Within the ELISA data, an AU-value which was more than
three times the interquartile (IQ) range higher than the upper Q or more than three times the IQ
range lower than the lower Q was considered to be an extreme outlier and was removed for further
analysis. Within the AHR measurements, a generalized estimated equation (GEE) analysis was used,
using SPSS Statistics 20.0.0.227.
RESULTS
Validating the Grass Pollen driven mouse model of allergic airway inflammation
First, we sought to test whether a natural allergen extract of grass pollen (GP, Phleum Pratense (Phl
p)) could be used for sensitization and challenges in the experimental mouse model of allergic
airway disease (Figure 1A,B). To this end, we compared the allergic airway inflammation after
GP challenges between GP sensitized and non-sensitized mice. As a negative control group, we
included GP-sensitized mice that were challenged with PBS instead of GP. Serum was taken at
three time points for determination of total- and GP-specific immunoglobulin levels. In sera taken
before the sensitization, we observed similar baseline immunoglobulin levels in all groups (Figure
1C-F). As expected, GP sensitization (Pre1, grey bars) induced an GP-specific IgG1, IgG2a and IgE
response. After GP challenges, the GP sensitized mice showed a marked increase in all specific
immunoglobulin levels (Post sera, Black). In contrast, the non-sensitized mice displayed lower
immunoglobulin responses, especially for spIgE (Figure 1C-F).
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Figure 1. Overview and immunoglobulin response after validating the sensitization model using GP. A:
Outline of the protocol. B: Outline of the test groups. C: Serum total IgE (ng/mL) taken before sensitization (white bars, Pre0), before challenge (grey bars, Pre1), and after challenges (black bars, Post). D:
Serum GP-spIgE (Arbitrary Units (AU)/mL, Pre0-1 and Post). E: Serum GP-spIgG1. F: Serum GP-spIgG2a.
G: Neutralizing activity plotted as ratio of GP-spIgG1/ GP-spIgE levels and as GP-spIgG2a/ GP-spIgE in
Pre1-sera (left) and in Post-sera (right). H: Fold induction of GP-spIgE after challenge (Post-/Pre1-sera). In
Figure 1C-F, values are expressed as mean ± SEM (n=8). In Figure 1G-H, values are expressed in box-andWhiskers plots (min-max). *P<.05, **P<.01, and ***P<.005 compared to Pre0 within the same group or
when indicated compared to PC at the same time point. Null: GP-challenged only; NC: Negative Control,
PBS challenged; PC: Positive Control, GP challenged.

Next, the fold inductions of GP-spIgE levels after challenges (GP-spIgE post/Pre1) were calculated,
which confirmed the marked increase after GP challenges, as compared to the negative controls
(Figure 1G). These data indicate that sensitization and challenges using GP results in increased
serological responses, comparable to our OVA model and in which provide a solid baseline for use
as reference in future AIT experiments.
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GP-sensitization and challenges induces ear swelling, airway hyperresponsiveness, and
eosinophilic inflammation
Next, we assessed whether GP-sensitized mice displayed an early-phase response to intradermal
GP challenge in the ear. Upon intradermal GP-injection, sensitized mice showed a significant
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To measure the effect of GP sensitization and challenges on airway hyperresponsiveness (AHR) to
methacholine, we measured airway resistance (R) and compliance (C) in all experimental groups
(Figure 2C,D). GP challenged mice (PC) showed a marked increase in airway resistance as compared
to PBS challenged mice (NC; Figure 2C). Interestingly, three GP challenges in non-sensitized mice
(Null) did not alter airway resistance or compliance. In addition, we found that the effective dose
(ED) of methacholine necessary to increase AHR to an R of 3 cmH2O.s/mL (ED3) was significantly
decreased in the GP challenged and sensitised mice (Figure 2B).
To assess the effect of GP on induction of airway inflammation, we compared the eosinophil
numbers in BAL and lung tissue, and evaluated Th2 cytokine production in restimulated lung cell
homogenates. We found significantly increased numbers of eosinophils in bronchoalveolar lavage
(BALF) and lung tissue after GP-challenges in the GP-sensitized mice, when compared to the
sensitized mice that were not challenged (NC) and GP challenged mice that had not been sensitized
(Figure 2E-G). In addition, we observed higher levels of IL-4, IL-5, and IL-13 in re-stimulated lung cell
suspensions from GP-sensitized GP challenged mice (PC), while IFNγ levels remained unaffected in
all groups (Figure 2H).
In all, the increase in ear swelling upon sensitization, the significantly induced airway resistance
in response to methacholine challenges, decreased compliance, induced numbers of eosinophilic
granulocytes in both BALF and lung cell suspensions, and marked Th2 cytokine-profile showed
that GP sensitization and challenges successfully induce the asthmatic manifestations in this
experimental mouse model for GP-induced allergic airway inflammation.
Serum immunoglobulin levels in low dose GP-SCIT
To study the efficacy of GP-SCIT for suppression of asthmatic manifestations in this GP-driven mouse
model of allergic airway inflammation, we used three doses of GP extract (3, 10, or 30kSQ) for
SCIT treatment (Figure 3A,B). To examine whether SCIT affected GP specific immunoglobulins, we
measured total IgE, GP-spIgE, GP-spIgG1, and GP-spIgG2a in serum taken at different time points:
after sensitization (white, Pre1), after SCIT treatment (grey, Pre2) and after the challenges (black,
Post). Compared to the PBS-SCIT control group, GP-SCIT injections resulted in significantly increased
levels of total and GP-spIgE, that were also significantly increased as compared to PBS-SCIT treated
controls (Figure 3C,D). In addition, GP-SCIT resulted in increased levels of GP-spIgG2a (Pre2, grey),
Figure 2. Clinical manifestations after GP-sensitization and challenges. A: IgE dependent allergic response
plotted as net ear thickness (µm) two hours after GP injection (1kSQ) in the right ear and PBS in the left ear as
a control, performed after sensitization. B: Effective Dose (ED) of Methacholine, when the airway resistance
reaches 3 cmH2O.s/mL (ED3). C: Airway hyperreactivity (AHR) was measured by FlexiVent and plotted as
airway Resistance (R in cmH2O.s/mL) and as D: Airway Compliance (C in mL/cmH2O). E: Total cell counts in
Broncho alveolar fluid (BALF) and lung single cell suspensions (Lung). F: Differential cytospin cell counts in
BALF and in G: in Lung. M: Mononuclear cells, E: Eosinophils, N: Neutrophils. Absolute numbers are plotted
in box-and-Whiskers plots (min-max). H: Net levels of IL-4, IL-5, IL-13, and IFNγ measured in restimulated
lung single cell suspensions. Concentrations were calculated as the concentration after restimulation minus
control. Absolute values are expressed as mean ± SEM (n=8). *P<.05, **P<.01, and ***P<.005 compared to
PC. Null: GP-challenged only; NC: Negative Control, PBS challenged; PC: Positive Control, GP challenged.
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(min-max). *P<.05, **P<.01, and ***P<.005 compared to positive control at the same time point. NC:
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but levels of spIgG1 were not significantly increased by GP-SCIT compared to the PBS-SCIT control
group (PC) (Figure 3E,F). After GP challenges, the total and spIgE increased further in the GP-SCIT
treated groups and remained increased as compared to the PBS-SCIT control group. No further
increase in sp-IgG1 and sp-IgG2a was observed after challenges in the GP-SCIT treated mice, and
levels were comparable to those in the PBS-SCIT control group (PC).
The ratios of GP-spIgG1/ GP-spIgE levels and GP-spIgG2a/ GP-spIgE levels, used as a measure of
neutralizing capacity after GP-SCIT, showed no differences when compared to the PBS-SCIT treated
group (PC, Figure 3G,H). Also, when evaluating fold inductions of GP-spIgE levels after GP challenges
(GP-spIgE post/ Pre2), we did not observe a significant reduction in the GP-SCIT treated groups as
compared to the PBS-SCIT treated controls (Figure 3I).
Overall, these results indicate that using three subcutaneous injections with low GP dosages
induced a strong GP-spIgE response, that further increased after challenges in all groups when
compared to the placebo-SCIT treated controls. Also, GP-SCIT did not enhance GP-spIgG1 and GPspIgG2a levels after challenges.
Increased ear swelling, airway responsiveness, and eosinophilia after GP-SCIT
We next assessed the effect of GP-SCIT on the functional parameters of the mouse model of allergic
airway inflammation. In the ear swelling test (EST), all experimental groups showed a net increase in
ear swelling one week after the last GP/Alum injection (data not shown). After GP-SCIT, we observed
a positive EST in all GP sensitized, placebo treated control mice, similar to the EST after sensitization
only (plotted together as Controls). In the GP-SCIT treated groups, we observed a trend towards an
increased ear thickness in 3kSQ and 10kSQ GP-SCIT treated groups as compared to the sensitized
controls (Figure 4A).
Similar as to the first experiment, we observed marked AHR in the PBS-SCIT, GP challenged
mice (PC; Figure 4C) as compared to the PBS-SCIT, PBS challenged mice (NC; Figure 4C). However,
none of the GP-SCIT dosages achieved suppression of the airway resistance. In fact, the 10kSQ GPSCIT group displayed a trend towards an increase in airway resistance as compared to the PBSSCIT group. Moreover, we found that the ED3 was unaltered in all GP-SCIT groups as compared to
the sham-treated control group (Figure 4B). In examining the comparative stiffness of the lung,
compliance values showed no significant differences between any of the experimental groups as
compared to the PBS-SCIT treated positive control group (Figure 4D).
We next evaluated airway inflammation and Th2 cell activity after GP-SCIT. In all three GP-SCIT
groups, we observed no suppression of eosinophil numbers compared to PBS-SCIT treated controls.
In fact, we found an increase in numbers of eosinophils in BALF and lung tissue in the 10kSQ GPSCIT treated group, as compared to the PBS-SCIT GP challenged control group (Figure 4F,G). Next,
we analysed cytokine release in the supernatant of GP-stimulated lung single cell suspensions and
observed an increase in levels of IL-5 in the 10kSQ GP-SCIT group compared to controls (Figure 4H).
Moreover, levels of IL-10 or IFNγ were not increased in GP-SCIT treated mice as compared to positive
controls.
Altogether, we observe trends towards increased ear swelling and enhanced airway resistance,
as well as significantly increased eosinophilic airway inflammation in BALF and lung tissue and IL-5
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Figure 4. Clinical manifestations after GP-SCIT treatment in BALBc/ByJ mice. A: IgE dependent allergic
response plotted as net ear thickness (µm) two hours after GP injection (1kSQ) in the right ear and PBS in
the left ear as a control, performed after SCIT. Placebo-SCIT treated mice were plotted together as Controls (NC and PC). B: Effective Dose (ED) of Methacholine, when the airway resistance reaches 3 cmH2O.s/
mL (ED3). C: Airway hyperreactivity (AHR) was measured by FlexiVent and plotted as airway Resistance (R
in cmH2O.s/mL) and as D: Airway Compliance (C in mL/cmH2O). E: Total cell counts in Broncho alveolar
fluid (BALF) and lung single cell suspensions (Lung). F: Differential cytospin cell counts in BALF and in G:
in Lung. M: Mononuclear cells, E: Eosinophils, N: Neutrophils. Absolute numbers are plotted in box-andWhiskers plots (min-max). H: Net levels of IL-4, IL-5, IL-10, and IFNγ measured in restimulated lung single
cell suspensions. Concentrations were calculated as the concentration after restimulation minus control.
Absolute values are expressed as mean ± SEM (n=8). *P<.05, **P<.01, and ***P<.005 compared to PC. NC:
Negative Control, PBS challenged; PC: Positive Control, GP challenged; 3, 10, 30: different doses of SCIT
treated mice (kSQ), GP challenged.
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production by lung cells in GP-SCIT treated mice compared to sham treated controls. These data show
that the low doses GP administered in this SCIT protocol were unable to suppress manifestations of
allergic airway inflammation, and that the 10kSQ GP-SCIT treatment in fact increases the asthmatic
manifestations in this experimental immunotherapy protocol.
Validating the updosing-SCIT treatment regimen in GP sensitized C57BL/6J mice
To test for strain-dependent differences in our mouse model for SCIT in allergic asthma, we
performed an adapted GP-SCIT protocol in C57BL/6J mice. As C57Bl/6J mice have been shown to
be more susceptible to anaphylaxis, and application of a high dose of allergen can induce fatal
anaphylactic response18, we applied an allergen up-dosing scheme in the C57Bl/6J mouse model. To
this end, subcutaneous allergen injections with an incremental increase in allergen dose are given
on days 29-41 (Figure 5A,B). In addition, we routinely monitored body temperature and scored
shock symptoms after the first allergen injections (Figure 5C,D). These results showed marked
decreases in body temperature 20 minutes after the first GP-SCIT injection, when compared to the
placebo treated mice. Moreover, symptoms scores (1: mild; 2: moderate; 3: severe; 4: death) were
increased in the GP-SCIT treated mice, clearly marking the sensitivity of these mice for anaphylaxis
(Figure 5D). After approximately 1 hour after the first GP SCIT injection (25kSQ) the mice regained
higher body temperatures and normal behaviour without disease symptoms (Figure 5C). Thereafter,
during the following SCIT injections, the GP-SCIT treated mice did not show any severe signs of
anaphylaxis (with only a few of the mice displaying mild-to-moderate signs) or steep decreases in
body temperature anymore (data not shown).
Next, we aimed to test whether GP-SCIT showed any effect on suppression of allergic airway
inflammation in C57BL/6J mice. First, we measured levels of IgE (Figure 5E,F) and found that the
GP-SCIT injections induced an IgE response, resulting in higher spIgE levels after SCIT treatment
compared to the PBS-SCIT treated control group. However, after subsequent GP challenge, no
further induction of spIgE was observed, resulting in significantly lower levels in both total and
GP-spIgE after SCIT and GP challenges in the GP-SCIT treated mice when compared to the GPchallenged PBS-SCIT treated controls. Second, we evaluated spIgG1, and spIg2a after SCIT (Pre2)
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Figure 5. Overview and immunoglobulin response after GP-SCIT in C57BL/6J mice. A: Outline of the SCIT
protocol. B: Outline of the C57Bl6 treatment groups and updosing scheme for SCIT. C: Body temperature
(⁰C) measured after the 1st SCIT injection at several time points. D: Symptom score within 30min after 1st
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and after challenges (post, Figure 5D-H). We observed significant increases of both GP-spIgG1
and GP-spIgG2a levels directly after SCIT injections (Pre2, dark grey). After GP challenges in the
GP-SCIT groups (post, black) no further increase the levels of spIgG1 and spIgG2a were observed,
and serum levels of these immunoglobulins after challenges were similar compared to the positive
controls (Figure 5G,H). Clinical efficacy of SCIT is associated with the neutralizing capacity of IgG
antibodies, while symptom score in allergic asthma is inversely correlated to the ratio of spIgG over
spIgE, indicating the relevance of the IgG response induced during SCIT. Therefore, we calculated
the changes in the ratio of GP-spIgG1 over -spIgE and compared these between the groups (Figure
5I). We find significantly increased spIgG/spIgE ratios (neutralizing activity) after challenges in mice
treated with GP-SCIT compared to PBS-SCIT treated controls. Lastly, the fold increase of GP-spIgE
levels induced by allergen challenges (GP-spIgE Post/ Pre2) was significantly reduced in our GP-SCIT
group in C57BL/6J mice.
GP-SCIT in C57BL/6J mice reduces ear swelling, suppress eosinophilic inflammation and
cytokines
Next, we aimed to evaluate whether GP-SCIT in C57BL/6J mice protected against early IgE-mediated
responses upon GP-challenges. Therefore, we performed an EST by GP-injection before and after
SCIT. In all GP-sensitized C57BL/6J mice, intradermal GP-injection resulted in a net ear swelling,
confirming allergic sensitization (data not shown). In contrast, we observed a significantly decreased
swelling in GP-SCIT treated mice as compared to placebo treated control groups (plotted together
as control, Figure 6A).
Successful SCIT is associated with suppression of Th2 cell activity and reduced airway
inflammation upon challenges. Hence, we assessed inflammation in BALF and Th2 cytokines after
restimulation of lung suspensions with GP. As expected, GP challenges in PBS-SCIT treated controls
induced a pronounced eosinophilic airway inflammation, whereas GP-SCIT treated mice displayed
decreased eosinophil numbers in BAL and in lung tissue (Figure 6B-D). To compare the effect of GPSCIT corrected for any possible baseline effects on eosinophil numbers in lung, we calculated fold
reduction of the GP-SCIT mice relative to both controls. Here, we observed a significant suppression
in eosinophil numbers in BALF and lung tissue by GP-SCIT (Figure 6E,F).
Finally, we analyzed GP-specific Th2 cell activity by measuring cytokine release in the supernatant
of restimulated lung cell suspensions. Here, we observed a significantly reduced production of IL-5
and IL-13 in GP-SCIT treated mice compared to the PBS-SCIT treated controls (Figure 6G). However,
GP-SCIT in C57BL/5J mice was unable to significantly induce IL-10 or IFNγ production after GP
restimulation of lung cells (Figure 6G, right).
Taken together, these data indicate that GP-SCIT in C57BL/6J mice is able to modify the allergic
immune response, with decreased ear swelling, eosinophilic inflammation in BALF and lung cells,
and lowered Th2 cell cytokines IL-5 and IL-13.
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Figure 6. Clinical manifestations after GP-SCIT treatment in C57BL/6J mice. A: IgE dependent allergic response plotted as net ear thickness (µm) two hours after GP injection (1kSQ) in the right ear and PBS in the
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DISCUSSION
Here, we aimed to establish an experimental mouse model for allergic airway inflammation and
subcutaneous allergen immunotherapy using grass pollen extract rather than OVA as a model
allergen. We demonstrate that a natural extract of grass pollen can be used in our experimental
mouse model of allergic airway inflammation. Sensitization and challenges using GP induced a
specific IgE response and sensitization of the mice as evident from the ear swelling upon intradermal
allergen injections. In addition, the model is characterized by airway hyperresponsiveness and
reduced compliance in response to methacholine challenges, as well as eosinophilic inflammation
in both BALF and lung tissue and increased Th2 cell activity as evident from GP challenges of ex vivo
restimulated lung cells. However, we find that GP-SCIT treatment using three doses of GP (3, 10 and
30kSQ GP) was unable to reduce symptoms of allergic airway inflammation, but in fact exaggerated
the eosinophil numbers in BALF and lung and enhanced IL-5 production by ex vivo restimulated
lung cells in the 10kSQ treatment group. In contrast, GP-SCIT in C57BL/6J mice using an updosing
scheme with a final concentration of 300kSQ GP per injection resulted in successful suppression
of allergic inflammation, increased neutralizing antibody responses, decreased levels of spIgE, and
decreased ear swelling and suppression of ex vivo Th2 cell cytokine responses. Taken together, our
results support the use of GP extracts in mouse models of allergic airway inflammation as well
as in GP-SCIT models to study the mechanisms and potential improvements of allergen-specific
immunotherapy, although for BALB/cByJ mice the dosage of GP to achieve successful suppression
of allergic inflammation by SCIT likely needs to be further increased.
Previously, experimental studies in animal models unravelling the mechanisms of allergic
airway inflammation and AIT have focused on the use of OVA as a model allergen. Indeed, using the
model protein OVA, researchers gained insights in the mediators and cell types involved in allergic
airway inflammation17. However, upon repeated exposure, OVA induces tolerance in mice28, and
does not possess any proteolytic activity such as observed in aeroallergen extracts17,29. Differences
in biochemical and immunogenic properties between OVA and GP can result in different outcomes
after exposure by inhalations, as well as divergence in the mechanisms by which this inflammation
develops. Here, we show that application of a natural crude extract of GP allows the establishment
of a preclinical experimental mouse model of allergic airway disease. The use of a common naturally
occurring allergen extract, like Phleum pratense, more closely resembles the natural exposures to
complex mixtures of allergens throughout a patient’s life.
While SCIT has been proven effective for both rhinitis and asthma, efficacy is variable especially
in allergic asthma30,31. A RDBPC trial using GP in SCIT in patients with allergic rhinitis showed
sustained responses to tolerance in medication scores as well as specific IgG4 levels32. In patients
with allergic asthma, however, treatment outcomes might not be as pronounced30. A systematic
review by Dhami et al. clearly concluded that in terms of lung function and asthma control as well as
number of exacerbations, no beneficial effect of SCIT treatment was detected upon meta-analyses
of 15 randomized controlled clinical trials30. Moreover, in that same study, subgroup analysis of SCIT
in patents with allergic asthma showed increased risk of adverse effects.
In clinical practise, allergen extracts in SCIT are applied at increasing dosages, starting at low
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dosages and steadily building up the dosage during weekly applications, up to a high standard
maintenance dose for 3 years33. During SCIT treatment, up to 22% of patients develop a low to
moderate systemic reaction and very rarely anaphylaxis34. Although occurring at very low frequency,
there is a risk of near-fatal and fatal anaphylaxis when using crude allergen preparations in AIT
therapies6. The risks for anaphylaxis and other severe side effects of AIT also can be studied in murine
models of allergic airway disease35,36. In mouse models of allergies and allergic asthma, BALB/c mice
have often been used as the BALB/c strain is Th2-prone37, and the induced hypersensitivity allows
detailed characterization of both the classic (IgE-FcεRI mast cell-histamine) and alternative pathways
(IgG-FcγRIII macrophage-platelet activating factor)38. In addition, BALB/c mice were found ideal for
studies involving tolerance induction (suppression of Th1 and Th2 responses)8. However, for the
study of the safety of SCIT treatment, BALB/c might not be the optimal mouse strain of choice
In peanut allergy studies, for instance, several mouse strains (BALB/c, C57BL/6J, and C3H/HeOuJ)
were found to differ in the susceptibility for systemic anaphylaxis18. In these studies, peanut induced
systemic anaphylaxis in C57BL/6J mice was dependent on FcRγ and mast cell activity – which would
make for a great translational model with regard to SCIT treatment in allergic patients, while BALB/c
mice lacked any and all systemic anaphylaxis in response to allergen challenge
Therefore, we propose that safety studies for SCIT treatment need to be performed in other
strains than BALB/c. In the current study, we selected C57Bl/6J, and show that at the first, low-dose GP
injections some level of body temperature loss and symptoms of shock can be observed, indicating
that the mice indeed display an anaphylactic response after allergen injections. However, up-dosing
of the GP allowed for an effective SCIT treatment, and at the higher dosages, mice were no longer
showing signs of a systemic response to the injected allergens. This early mast cell desensitization
during the low-dose allergen injections is thought to involve piecemeal degranulation and has also
been observed in human studies39. Incorporating such studies in preclinical development of novel
allergen immunotherapy treatments seems to be of importance to predict safety in clinical studies.
Our experimental GP-SCIT mouse model can be used to dissect the various immunological
mechanisms relevant for suppression of the allergic response, such as T cell tolerance40, Th2 cell
clonal deletion41 and neutralizing antibody responses42. In the OVA-SCIT model we have previously
shown that regulatory T cells have an important contribution during SCIT injections, but less so at
the time of allergen challenges12. Also, we have found that for suppression of Th2 mediated airway
inflammation, neutralizing antibody responses are dispensable42. In our BALB/cByJ experimental
mouse models of AIT, spIgG1 is considered to be the main neutralizing antibody. It has been shown
that the IgG produced during an antigen-specific immune response or administrated passively can
suppress IgE mediated anaphylaxis through two mechanisms: by capturing the allergen before it
can induce mast cell activation upon crosslinking of IgE/FcεRI complexes, or by crosslinking FcεRI to
FcγRIIB43. Given the strongly increased specific IgG1 levels after treatment in our mouse models, and
the suppression of phenotypes of allergic airway inflammation such as eosinophilia and AHR after
allergen challenges in the absence of any signs of anaphylaxis in the allergen challenged mice, we
feel that under these conditions these IgG1 antibodies mainly play a protective role in suppressing
allergic responses.
These studies are subject to some limitations. First, we perform parenteral sensitization using
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alum adsorbed GP, which is not the optimal reflection of the sensitization process in patients, which
is thought to involve allergen inhalation and immunogenic activation of the airway epithelial barrier
As a consequence, and in contrast to some other murine models used in asthma research, the
lungs of the challenged mice remain naïve, which might impact on programming of the resident
innate immune cells and the presence of tissue-resident memory T cell populations at the time of
allergen challenges. However, the mice do mount a strong allergen-specific Th2-polarized immune
response upon subsequent allergen challenges through the airways, therefore we feel these models
are of translational value.
In addition, serological responses to the GP challenges in sensitized and SCIT treated animals
were measured two days after the last challenges, which is not optimal for the IgE responses that
take longer to fully develop44. Finally, while we did calculate ratios of spIgE over spIgG1 as a measure
of neutralizing or blocking capacity, we did not measure the affinity of these antibodies, which is
important to the quality of the neutralizing antibody response43. Notably, the increased GP-spIgG1
levels in our BALB/cByJ model protected against IgE dependent allergic responses induced by GP
challenges, without signs of IgG1-dependent anaphylaxis, which has been shown previously to
occur in the mouse36,43.
Notwithstanding these limitations, we postulate that these experimental mouse models can be
used to test improved formulations, adjuvantia and administration routes with reduced allergenicity
in SCIT treatment using a validated treatment as a reference, making these models a valuable
translational research tool for improvement of AIT efficacy in the future.
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ABSTRACT
Both subcutaneous and sublingual allergen immunotherapy (SCIT and SLIT) have been shown
to effectively suppress allergic manifestations upon allergen exposure, providing long term relief
from symptoms in allergic disorders including allergic asthma. Clinical studies directly comparing
SCIT and SLIT report a different kinetics and magnitude of immunological changes induced during
treatment. Comparative studies into the mechanisms underlying immune suppression in SCIT and
SLIT are lacking.
We aimed to establish an experimental model for grass pollen (GP) SCIT and SLIT that would allow a head-to-head comparison of the two treatments.
Balb/c mice were sensitized with GP-extract, followed by SCIT and SLIT treatments with various
GP dosages. Subsequently, we challenged mice with GP and measured airway responsiveness (AHR),
GP-specific immunoglobulins, ear-swelling tests (EST), eosinophilic inflammation in broncho-alveolar lavage fluid (BALF) and T-cell cytokine release after re-stimulation of lung cells (IL-5, -10, and -13).
We find that SLIT treatment was able to suppress allergen-induced AHR, while allergic inflammation was not effectively suppressed even at the highest GP dose in this model. In contrast, SCIT treatment induced higher levels of GP-specific IgG1, while SLIT was superior in inducing a GP-specific
IgG2a response, which was associated with increased Th1 activity in lung tissue after SLIT, but not
SCIT treatment. Interestingly, SCIT was able to suppress Th2-type cytokine production in lung cell
suspensions, while SLIT failed to do so.
In conclusion, GP-SCIT suppresses Th2 inflammation and induced neutralizing antibodies, while
GP-SLIT suppresses the clinically relevant lung function parameters in an asthma mouse model,
indicating that the two application routes depend on partially divergent mechanisms of tolerance
induction. Interestingly, these data mirror observations in clinical studies, underscoring the translational value of these mouse models.
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INTRODUCTION
To successfully treat allergic airway disease, international guidelines recommend allergen-specific
immunotherapy (AIT)1,2. Administration of allergen extracts via the subcutaneous (SCIT) and
sublingual (SLIT) route have both been found to be effective therapies. For instance, SCIT treatment
with grass pollen (GP) or house dust mite have shown clinical success in restoring long term allergenspecific tolerance3,4. In a double-blinded, randomized placebo controlled trial (RCT) in patients with
allergic rhino-conjunctivitis, GP-SLIT treatment was also found to induce a significant and durable
induction of neutralizing antibody responses as well as decreased symptom score up to 2 years after
completion of a 3-year treatment period5. Moreover, a recent meta-analysis comparing SLIT tablets,
SLIT drops and SCIT injections for GP allergies reported comparable reduction in symptom scores
and supplemental medication use for SLIT tablets and SCIT injections .
6

Recent studies comparing SCIT and SLIT have reported differences in the kinetics and
magnitude of immunological changes induced by these treatments7–12. For instance, Aasbjerg et
al directly compared GP-SCIT versus GP-SLIT treatment in patients with allergic rhinitis and found
both treatments to be effective compared to placebo controls8,13. SCIT treatment induced 2-3
fold greater induction of specific IgG4, while the effects on facilitated antigen presentation and
basophil sensitivity induced by SCIT treatment were more pronounced in the first few months of
treatment8. Moreover, SCIT, but not SLIT treatment induced suppression of IL-5 production by CD4+
T cells13. While an initial meta-analysis reported that SCIT was more effective in symptom control and
reduction of medication14, a more recent study provided indirect evidence that SCIT and SLIT have
a similar efficacy for the treatment of allergy 6. Patients have been reported to show a preference for
SLIT over SCIT15.
The mechanism of action for successful specific immunotherapy, irrespective of administration
route, is thought to involve induction of neutralizing antibodies, an increased activity of regulatory
T cells characterized by IL-10 production and a gradual decline in specific IgE. The mechanisms
underlying clinical efficacy in either SCIT or SLIT, and the exact differences between the two
treatments are not fully characterized. In clinical studies, immunological comparison of SCIT and
SLIT is hampered by the limited amount of data from head-to-head comparisons and by the
variability of the end points used between studies9. Consequently, it remains unknown whether the
differences in the immunological changes induced by SCIT and SLIT are relevant to clinical efficacy
of either treatment8,9,16,17.
We have previously used experimental models of allergic airway disease to characterize critical
immunological mechanisms underlying the mode of action of AIT18,19. Therefore, in this study, we
aimed to establish an experimental model for GP-SCIT and –SLIT, that allows direct comparison
of the two treatments, to characterize the immunological changes and suppression of clinically
relevant outcome parameters induced by either treatment as a platform to test further optimization
of either form of AIT.
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METHODS
Animals
BALB/cByJ mice (8-9 weeks old) were purchased from Charles River (L’Arbresle, France) and bred in
individually ventilated cages and fed a hypo-allergen GP-free diet (4kcal/gr, 25% protein, 11% fat,
47% sugars, 5% fibers; AB Diets, Woerden, The Netherlands). Female 7-9-week-old progeny on the
same diet were used for the experiments (8 mice/ group). The Institutional Animal Care and Use
Committee at the University of Groningen approved experiments.
Allergic asthma and treatment protocols
All mice received two intraperitoneal injections of 5,000 standardized quality (SQ) units (5kSQ = 8μg
allergen extract of GP (Phleum pratense, Phl p; ALK-Abelló, Hørsholm, Denmark) adsorbed to 1.6mg
Alum (Imject Alum, Pierce, USA) in 100µL Phosphate-buffered Saline (PBS, Figure 1A,B and Figure
4A, B). SCIT was performed by three 100µL injections or SLIT was performed by 40 5µL sublingual
administrations20. Inhalation challenges were administered as droplets of 25kSQ GP in 25μL PBS
after light isoflurane anesthesia. After two days, airway responsiveness was determined, and serum
samples, broncho-alveolar lavage fluid (BALF), and lung lobes were stored for further analyses
(-80°C).
Early phase hypersensitivity: the EST
Similarly as the skin prick test used in the clinic, we used ear swelling tests (ESTs), which were
performed one week prior to AIT, to confirm a GP-specific response and ten days thereafter
to evaluate suppression of swelling (Figure 1A, 4A). Herein, 1kSQ GP in 10μL PBS was injected
intradermally in the right ear of anesthetized mice, while as a control, 10μL PBS was injected in
the left ear21,22. After two hours, thickness was measured using a force-micrometer at 0.5N (±0.15N,
Mitutoyo, Japan). The net thickness (Δ, µm) was calculated by subtracting the thickness of the left
from the right ear.
Evaluation of Airway hyperresponsiveness
Airway responsiveness was assessed 48hrs after the last challenge by measuring airway resistance
(R in cmH2O.s/mL) and lung compliance (C in mL/H2O) in response to intravenous administration of
increasing doses of methacholine (Sigma-Aldrich, MO) using a computer-controlled small-animal
ventilator (FlexiVent; SCIREQ, Quebec)23.
Evaluating inflammation in BALF
Directly after the AHR measurements, the lungs were lavaged and cytospin preparations were made
according to previous published protocols 24.
Analysis of T cell responses: restimulation of lung single cell suspensions
Lung single cell suspensions (5x105 /well) were stimulated (in triplo) for 5 days in supplemented
RPMI1640 with 0μg or 30μg GP/well. Supernatant was stored in triplo (-80°C), for ELISA measurements
80

Grass pollen SCIT suppresses adaptive immunity while SLIT restores lung function in mouse asthma models

of IL-5, IL-10, IL-13, IFNγ, and TGFb1 according to the manufacturer’s instructions (R&D Systems,
BioTechne). The lower detection limits of the ELISAs were 3pg/mL for IL-5, 10pg/mL for IL-10, 15pg/
mL for IL-13, 30pg/mL for IFNγ, and 30pg/mL for TGFβ1.
Measurement of GP-specific Immunoglobulins in serum
Blood was collected in MiniCollect Serum Tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands)
via orbital puncture (pre-sera) and after the FlexiVent via the vena cava inferior (post-sera, Figure
1A,B and Figure 4A,B). Grass pollen specific IgE (GP-spIgE), GP-spIgG1, and GP-spIgG2a levels were
measured by ELISA as described previously in all collected sera samples25–27.

3

Statistical analyses
All data were expressed as means ± SEMs. The Mann-Whitney U Test was used to analyze the results,
and P<.05 was considered significant. Within the ELISA data, an AU-value which was more than
three times the interquartile (IQ) range higher than the upper Q or more than three times the IQ
range lower than the lower Q was considered to be an extreme outlier and was removed for further
analysis. Within the AHR measurements, a generalized estimated equation (GEE) analysis was used,
using SPSS Statistics 20.0.0.2 28. Nonparametric Spearman correlations were performed in figure
E4A-F.
See additional Methods description in the Online Repository.
RESULTS
Serum immunoglobulin levels in GP-SCIT
To study the efficacy of GP-SCIT for suppression of asthmatic manifestations upon intranasal GP
challenges, we started with a dose finding experiment in which three doses GP extract (30, 100,
or 300kSQ) were included for SCIT treatment (Figure 1A,B). To examine whether SCIT affected
GP specific serum immunoglobulin responses, we measured total IgE, GP-spIgE, GP-spIgG1, and
GP-spIgG2a in serum taken at different time points: after sensitization (white, Pre1), after SCIT
treatment (grey, Pre2) and after the challenges (black, Post). Compared to the PBS-SCIT group, GPSCIT injections resulted in significantly increased levels of total IgE (Figure 1C), that did not show a
significant further increase after subsequent GP challenges. Furthermore, after GP-SCIT treatment
the levels of GP-spIgE, GP-spIgG1 levels, as well as GP-spIgG2a were significantly increased as
compared to PBS-SCIT treated controls (PC, Figure 1D,E,F).
After the GP challenges, although not significant, we observed a slight dose-dependent decrease
in serum levels of GP-spIgE, which implies an inverse correlation between GP dose in SCIT and spIgE
in serum after challenges (Figure 1D). Interestingly, GP-spIgG1 levels after the GP challenges were
significantly increased in the 300kSQ GP-SCIT treatment group (Figure 1E), compared to the shamtreated, GP-challenged asthma control group (PC).
As a measure of neutralizing capacity after GP-SCIT, the ratios of GP-spIgG1/ GP-spIgE levels and
GP-spIgG2a/ GP-spIgE levels showed significant increases as compared to the PBS-SCIT treated
group (PC, Figure 1G,H). In contrast, when establishing fold inductions of GP-spIgE levels after GP
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Figure 1. Overview and immunoglobulin response after GP-SCIT treatment. A: Outline of the
SCIT protocol. B: Outline of the treatment groups. C: Serum total IgE (ng/mL) taken before SCIT
(white bars, Pre1), before challenge (grey bars, Pre2), and after challenges (black bars, Post). D:
Serum GP-spIgE (Arbitrary Units (AU)/mL, Pre2 and Post). E: Serum GP-spIgG1 (AU/mL, Pre1-2,
and Post). F: Serum GP-spIgG2a (AU/mL, Pre1-2, and Post). G: Neutralizing activity plotted as
ratio of GP-spIgG1/ GP-spIgE levels in Pre2-sera. H: Neutralizing activity plotted as ratio of GPspIgG2a/ GP-spIgE levels in Pre2-sera. I: Fold induction of GP-spIgE after challenge (Post-sera/
Pre2-sera). In Figure 1C-F, values are expressed as mean ± SEM (n=8). In Figure 1G-I, values are
expressed in box-and-Whiskers plots (min-max). *P<.05, **P<.01, and ***P<.005 compared to
PC at the same time point. NC: Negative Control, PBS challenged; PC: Positive Control, GP challenged; 30, 100, 300: different doses of SCIT treated mice (kSQ), GP challenged.

challenges (GP-spIgE post/ Pre2), we did not find significant reduction in the GP-SCIT treated groups
as compared to the positive controls (Figure 1I).
Overall, these results indicate GP-SCIT treatment induces a strong GP-spIgG1 and GP-spIgG2a
response, while the use of three subcutaneous injections increased GP-spIgE serum levels after
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treatment and prevented further induction of spIgE after subsequent allergen challenges.
Suppression of ear swelling and airway responsiveness after GP-SCIT
In the EST, we measured the net ear swelling (right ear minus left ear) two hours after intradermal GP
injection at two time points in our experimental protocol (Figure 1A). As expected, all experimental
groups showed a net increase in ear swelling one week after the last GP/Alum injection (Figure
E1A). After GP-SCIT, we observed a positive EST in all GP sensitized, placebo treated control mice,
similar to the EST after sensitization only (plotted together as Controls, Figure 2A). This EST showed
a significant decrease in the 300kSQ GP-SCIT treated group as compared to the sensitized controls
(74.9 ± 12.3 vs 117.4 ± 10.4, Figure 2A). Similar results were found when plotting ratios of the EST
value/ average of the controls to allow inter-treatment comparison (Figure E1C).
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Figure 2. Clinical manifestations after GP-SCIT treatment. A: IgE dependent allergic response
plotted as net ear thickness (µm) two hours after GP injection (1kSQ) in the right ear and
PBS in the left ear as a control, performed after SCIT. Placebo-SCIT treated mice were plotted
together as Controls (NC and PC). B: Effective Dose (ED) of Methacholine, when the airway
resistance reaches 3 cmH2O.s/mL (ED3). C: Airway hyperreactivity (AHR) was measured by
FlexiVent and plotted as airway Resistance (R in cmH2O.s/mL) and as D: Airway Compliance
(C in mL/cmH2O). Absolute values are expressed as mean ± SEM (n=8). *P<.05, **P<.01, and
***P<.005 compared to PC. NC: Negative Control, PBS challenged; PC: Positive Control, GP
challenged; 30, 100, 300: different doses of SCIT (kSQ), GP challenged.
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In addition, we measured methacholine induced airway hyperresponsiveness in all experimental
groups. We observed marked AHR in the PBS-SCIT, GP challenged mice (PC) as compared to the PBSSCIT, PBS challenged mice (NC; Figure 2C). Administering the highest dose of GP-SCIT provided a
trend to suppression of the dose response curve of the airway resistance (P=.062, Figure 2C). In
testing the effect of GP-SCIT on the suppression of this response, we found that the effective dose
(ED) of methacholine necessary to increase AHR to an R of 3 cmH2O.s/mL (ED3) was significantly
increased in the 300kSQ GP-SCIT group as compared to the sham-treated control group (Figure
2B). Identical results can be found when testing for differences in ratio of ED3/ average of ED3 of PC
(Figure E1E). Remarkably, in examining the comparative stiffness of the lung, compliance values
showed no significant differences between any of the experimental groups as compared to the PBSSCIT treated positive control group (Figure 2D).
Altogether, the decrease in EST, increase in ED3 and trend towards a reduced airway resistance
showed that the highest dose of GP administered in a SCIT protocol actively suppresses the
asthmatic manifestations in this experimental immunotherapy protocol.
SCIT suppresses of eosinophilic airway inflammation and cytokine levels
To evaluate the suppression of airway inflammation and Th2 cell activity after GP-SCIT, we measured
inflammatory cell numbers in BALF and Th2 cytokines in restimulated lung cells. Within the GPSCIT groups, we observed a dose-dependent decrease wherein the highest dose of SCIT resulted
in a significant decrease in total cell count (Figure 3A). Next, we analyzed numbers of mononuclear
cells (M), eosinophils (E), and neutrophils (N) in BALF and single cell suspensions of lung tissue in
the GP-SCIT groups and found a marked dose-dependent decrease in numbers of eosinophils in
BALF as compared to the PBS-treated GP challenged group (Figure 3B). The counts in lung single
cell suspensions are comparable, in that the 100kSQ and 300kSQ groups showed significantly
decreased numbers of eosinophils as compared to the PBS-SCIT, GP challenged mice (Figure 3C).
To clarify, both eosinophil counts were included as dot plots in Figure E2A and E2B. To allow for
inter-treatment comparison, the eosinophils found in BALF and lungs showed identical significance
when plotted as ratio of eosinophil count divided by the average eosinophil count in the PBS-SCIT
treated positive controls (Figure 3D,E).
Next, we analyzed cytokine release in the supernatant of GP-stimulated lung single cell
suspensions and observed a significant suppression of IL-13 levels (Figure 4F), while the highest
dose of SCIT showed a trend towards reduced IL-5 levels, but failed to reach significance (P=.052,
Figure 4F). Interestingly, GP stimulation of lung cells from all SCIT groups failed to induce an
enhanced IL-10 production. GP-SCIT did not alter the Th2 cytokine profile leading to enhanced Th1
cell IFNγ production.
In addition, we measured IL-5, IL-10 and TGFβ1 levels in lung tissue homogenates, which
resulted in a significant IL-5 suppression after high dose GP-SCIT (Figure E3A). Similarly as with the
restimulated lung cells, SCIT failed to induce enhanced production of IL-10 and TGFβ1 (Figure E3C,E).
Overall, we observed a reduced eosinophilic airway inflammation in BALF and lung cells, and
decreased production of the prototypic Th2 cytokine IL-13 in response to GP stimulation in GP-SCIT
treated mice.
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Figure 3. The eosinophilic and cytokine response after GP-SCIT treatment. A: Total cell counts in Broncho alveolar fluid (BALF) and lung single cell suspensions (Lung). B: Differential cytospin cell counts in
BALF and in C: Lung. M: Mononuclear cells, E: Eosinophils, N: Neutrophils. Absolute numbers are plotted in box-and-Whiskers plots (min-max). D: BALF eosinophils and E: Lung eosinophils, both plotted
as ratio of suppression (Absolute Eosinophils/ average PC-eosinophils; mean ± SEM). F: Net levels of
IL-5, IL-10, IL-13, and IFNγ measured in restimulated lung single cell suspensions. Concentrations were
calculated as the concentration after restimulation minus control (mean ± SEM, n=8). *P<.05, **P<.01,
and ***P<.005 compared to PC. NC: Negative Control, PBS challenged; PC: Positive Control, GP challenged; 30, 100, 300: different doses of SCIT (kSQ), GP challenged.
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Serum immunoglobulin responses induced by GP-SLIT
Next, we sought to evaluate the optimal dosage of GP for sublingual application in the experimental
mouse model of allergic airway disease (Figure 4A,B). Serum was taken at five time points for
determination of total- and GP-specific immunoglobulin levels. In sera taken three weeks after
starting GP-SLIT, we observed a marked increase in total IgE (Figure 4C) and GP-spIgE (Figure 4D).
After GP challenges, PBS-SLIT control mice exhibit a strong GP-spIgE response. In contrast, GP-SLIT
treated groups showed a limited (30kSQ) or no (100/ 300kSQ) further induction of spIgE by the
challenges after completion of the SLIT treatment protocol. In the 100 and 300kSQ SLIT groups,
GP-spIgE serum levels were significantly reduced after the final GP challenges as compared to the
sham-treated controls.
Additionally, significant increases of GP-spIgG1 were observed after 6 weeks of treatment
onwards in the 100kSQ and 300kSQ GP-SLIT groups as compared to the sham-treated mice at the
same time point (Figure 4E). GP-spIgG1 levels did not further increase after GP challenges in GP-SLIT
treated groups, whilst challenges induced a marked increase in GP-spIgG1 responses in the PBStreated control group. In contrast, GP-spIgG2a levels in the GP-SLIT treated mice were significantly
induced after GP challenges (Figure 4F).
Next, we calculated the neutralizing activity after GP-SLIT treatments in ratios of GP-spIgG1/ GPspIgE levels (not significant) and ratios of GP-spIgG2a/ GP-spIgE levels, in which the latter showed
significant increases as compared to the PBS-SCIT treated group (Figure 4G,H). Furthermore, in
contrast to the GP-SCIT treatments, the fold inductions of GP-spIgE levels after GP challenges (GPspIgE post/ Pre2 sera), showed a significant decrease as compared to the positive controls (Figure
4I).
These data indicate that GP-SLIT treatment induced increased specific immunoglobulin responses,
while providing a significant decrease in GP-spIgE by subsequent GP challenges.
GP-SLIT reduces ear swelling and hyperresponsiveness
Next, we assessed whether the early-phase response to intradermal grass pollen challenge in the
ear was suppressed in GP-SLIT treated mice. Increasing doses of GP-SLIT resulted in a progressive
reduction of the GP-induced ear swelling, reaching statistical significance only in the highest SLIT
dose when compared to the PBS-treated control group (80 ± 15.9 vs 141.7 ± 12.7, Figure 5A). Similar
results were found when plotting ratios of the EST value/ average of the controls to allow intertreatment comparison (Figure E1B).
To measure the effect of GP-SLIT treatment on translational parameter of AHR to methacholine,
we measured airway resistance (R) and compliance (C) in all experimental groups (Figure 5C,D). GP
challenged mice that had received PBS-SLIT treatment (PC) showed a marked increase in airway
resistance as compared to the PBS challenged mice that had received PBS-SLIT treatment (NC;
Figure 5C). Interestingly, we observed a strong reduction of the methacholine dose-dependent
airway resistance in the 300kSQ GP-SLIT group as compared to the sham-treated positive controls.
In addition, the ED3 values (R of 3 cmH2O.s/ mL) of the GP-SLIT mice treated with the highest dose
of GP (300kSQ) confirmed a significantly reduced sensitivity to methacholine (Figure 5B). Identical
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Figure 4. Overview and immunoglobulin response after GP-SLIT treatment. A: Outline of the SLIT
protocol. B: Outline of the treatment groups. C: Serum levels of total IgE (ng/mL) taken before SLIT
(white bars, Pre1), after 3 weeks of SLIT (light grey bars, Pre2), after 6 weeks of SLIT (middle grey bars,
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results were obtained when calculating the ratio of ED3/ average of ED3 in the positive controls to
allow efficient comparison between groups (Figure E1F). Finally, our data revealed a strong trend
towards increased lung compliance for the highest SLIT group (P=.057, Figure 5D).
In all, the progressive decrease in ear swelling upon higher dosages of GP-SLIT, the significantly
reduced airway resistance in response to methacholine challenges and the strong trend in increased
compliance showed that the highest GP-SLIT dose (300kSQ) successfully suppresses the asthmatic
manifestations in this experimental immunotherapy protocol.
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Figure 5. Clinical manifestations after GP-SLIT treatment. A: IgE dependent allergic response plotted
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88

Grass pollen SCIT suppresses adaptive immunity while SLIT restores lung function in mouse asthma models

Effects of GP-SLIT on eosinophilic inflammation and cytokine responses
To assess the effect of GP-SLIT on suppression of airway inflammation, we compared the eosinophilic
airway inflammation, and evaluated Th2 cytokines in restimulated lung cell homogenates of GP-SLIT
treated mice. We found that the numbers of eosinophilic granulocytes in BALF were comparable
between GP-SLIT treated mice and PBS-SLIT control treated mice (Figure 6A,B). In contrast, differential
cell counts in lung single cell suspensions revealed significantly decreased numbers of eosinophils
in all GP-SLIT treated groups as compared to the PBS-treated control group (Figure 6C and Figure
E2C,D). Also when expressed as fold reduction of eosinophils compared to PBS-SLIT group, allowing
straightforward comparisons between the groups, significantly reductions in eosinophils in lung
tissue, but not in BALF, were observed in all experimental groups (Figure 6D,E).
To evaluate the effect of GP-SLIT on Th2 cell driven inflammation, we measured cytokine levels
in the supernatant of lung cells restimulated with GP ex vivo. In PBS-treated GP challenged mice,
we observed high levels of IL-5, IL-10, and IL-13, while IFNγ levels decreased compared to cultures
from PBS challenged mice (Figure 6F). Remarkably, GP-SLIT treatment did not affect the cytokine
production after GP stimulation of lung cells. However, we measured IL-5, IL-10 and TGFβ1 levels in
lung tissue homogenates, which resulted in a trend towards IL-5 suppression after high dose GPSLIT (Figure E3B). Comparable to our restimulated cell cytokine production and the SCIT model, SLIT
failed to induce enhanced production of IL-10 and TGFβ1 (Figure E3D,F).
In conclusion, we observed reduced numbers of eosinophilic granulocytes in lung cell
suspensions but not in BAL of all GP-SLIT treated mice. Although none of the Th2 cytokines measured
in supernatant of ex vivo restimulated lung cells were significantly reduced after GP-SLIT treatment,
high dose GP-SLIT did result in a trend towards suppression of IL-5 in the lung tissue homogenates.
Comparing GP-SCIT and GP-SLIT
Altogether, we can conclude that both administrative routes render suppression of certain
phenotypes of the experimental mouse model of GP-driven allergic asthma. To allow quantitative
evaluation of the relative efficacy of either administration route of GP-AIT on the various parameters
of the allergic asthma mouse model, we provide an overview of all parameters measured in Table
1. To start, the immunoglobulin responses showed marked differences: the total and specific IgE
responses measured after GP challenges were in the same range in SCIT as well as SLIT. The fold
induction of IgE after GP challenges, however, was far more effectively suppressed by GP-SLIT (SCIT:
11,7 fold induction of IgE (vs 49,6) and SLIT 2,4 (vs 25,4), Table 1). The blocking immunoglobulins
differ based on isotype: GP-spIgG1 is superior in the (faster) SCIT protocol, while the IgG2a levels
are higher after SLIT treatment. Consequently, as expressed by the comparison of the median of the
300kSQ group of both administrative routes (Table 1), the neutralizing capacity by IgG1 (78x106 AU/
mL) was much better in SCIT than in SLIT (39x106 AU/mL), while the opposite accounts for the IgG2a
measurements (SCIT, 430 AU/mL vs. SLIT 220x103 AU/mL).
When comparing the airway resistance, GP-SLIT showed a significant reduction, while the
highest dose of GP-SCIT merely provided a trend towards suppression of AHR (Figure2C and 5C).
This difference is further highlighted when calculating the fold reduction in resistance at 400µg/kg
MCh versus the average of the positive controls, results showed more than twice the reduction rate
89

3

Chapter 3

A

Total Cell Count SLIT
x106

NC

PC

30

100

300

BALF

1,56 ± 0,1***

8,49 ± 0,8

10,3 ± 1,6

8,42 ± 1,3

10,2 ± 1,6

Lung

10,7 ± 0,7***

18,9 ± 1,3

14,7 ± 2,4

19,0 ± 1,8

16,7 ± 1,8*

B

C
1.0×10 7
2.0×10

7

*

*

**

Lung cell count

BALF cell count

8.0×10 6

6.0×10 6

4.0×10 6

1.0×10

5.0×10

2.0×10 6

0

1.5×10

PC

30

100

7

6

0

ME N ME N ME N ME N ME N

NC

7

300

ME N ME N ME N ME N ME N

NC

PC

30

100

E
Lung Eosinophils (fold)

BALF Eosinophils (fold)

D
1

0.25

0.0625

0.015625

PC

30

100

300

**

2

20

0.125

PC

30

250

SLIT

5

0

NC PC 30 100 300

SLIT

1

0

0.07

200

IFNγ (ng/ mL)

IL-13 (ng/ mL)

IL-10 (ng/ mL)

IL-5 (ng/ mL)

10

NC PC 30 100 300

300

SLIT

15

0

100

0.25

2

5

**

0.5

15

10

*

1

SLIT

F

300

SLIT

SLIT

NC PC 30 100 300

SLIT

150
100
50
0

NC PC 30 100 300

SLIT

Figure 6. The eosinophilic and cytokine response after GP-SLIT treatment. A: Total cell counts in Broncho
alveolar fluid (BALF) and lung single cell suspensions (Lung). B: Differential cytospin cell counts in BALF
and in C: Lung. M: Mononuclear cells, E: Eosinophils, N: Neutrophils. Absolute numbers are plotted in
box-and-Whiskers plots (min-max). D: BALF eosinophils and E: Lung eosinophils, both plotted as ratio
of suppression (Absolute Eosinophils/ average PC-eosinophils; mean ± SEM). F: Net levels of IL-5, IL-10,
IL-13, and IFNγ measured in restimulated lung single cell suspensions. Concentrations were calculated as
the concentration after restimulation minus control (mean ± SEM, n=8). *P<.05, **P<.01, and ***P<.001
compared to PC. NC: Negative Control, PBS challenged; PC: Positive Control, GP challenged; 30, 100, 300:
different doses of SLIT (kSQ), GP challenged.
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in SLIT as compared to SCIT treatments (0,924 vs 2,712, Table 1). Moreover, only SLIT treatment was
able to provide a trend in increased compliance values (P=0,052, Figure 5D), while SCIT was unable
to improve compliance even at the highest dose of GP (Figure 2D).
In contrast, when comparing eosinophilic inflammation in BALF and Lung, marked responses
can be detected in the SCIT protocol (suppression of 4,386 vs PC in BALF), while in SLIT these
findings were less profound (suppression of 2,018 vs PC, Table 1). These findings are accompanied
by an increased Th1 activity in lung tissue after SLIT (P=0,06, Figure 6F), but not SCIT treatment.
Interestingly, SCIT was able to suppress IL-13 production by lung cells, while SLIT failed to do so
(Figure 3F). Although not equally strong, both administrative routes showed reduced levels of IL-5
in lung tissue homogenates.
Next, we asked whether the levels of GP specific neutralizing antibodies after SCIT and SLIT
correlated with a decreased AHR or immunological response after GP challenges. Here, we found
a negative correlation between GP-spIgG1 (Post SCIT) versus eosinophils in BALF and IL-5 in both
administrative routes, whereas GP-spIgG1 correlated significantly with IL13 only after SLIT (Figure.
E4A-F).
Table 1: Overview of parameters of inflammation after SCIT and SLIT using GP to allow for direct comparison of
both administrative routes
Immunoglobulins

SCIT
median of
300kSQ

SLIT
median of
300kSQ

Post Total IgE

96 x10^3

81 x10^3

Post GP-spIgE

4,3 x10^3

4,0 x10^3

Post GP-spIgG1

78 x10^6

39 x10^6

430

220 x10^3

0,46 x10^6

40 x10^3

Post GP-spIgG2a
IgG1 Neutralizing activity before challenge (GP-spIgG1 / GP-spIgE Pre)

2

16

11,7 (vs 49,6)

2,4 (vs 25,4)

Fold induction of ED3

1,372

1,814

Fold reduction Resistance at 400µg/kg MCh vs average of PC

0,924

2,712

1,968

2,173

Suppression of EO in BALF (ratio vs mean PC)

4,386

2,018

Suppression of EO in Lung (ratio vs mean PC)

4,063

2,327

Cytokines in lung cells after GP stimulation ex vivo

IL-5, IL-13
suppression

IFNγ induction

Cytokines in lung tissue homogenates

large IL-5
suppression

small IL-5
suppression

IgG2a Neutralizing activity before challenge (GP-spIgG2a / GP-spIgE Pre)
Fold induction of IgE after challenge (vs Median PC)
AHR

EST
Fold reduction EST after 2h
Inflammation

Cytokines
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DISCUSSION
We aimed to establish an experimental mouse asthma model allowing direct comparison of GP-SCIT
and SLIT to identify the opportunities for improvement of these treatment modalities. The results
of this study clearly demonstrate that GP-SCIT and GP-SLIT can both suppress specific parameters
of GP-induced allergic airway inflammation. However, there are marked differences in the efficacy
of either treatment towards specific outcome parameters. We find that GP-SCIT treatment mainly
modulated the allergen-specific adaptive immune response, with reduced Th2 inflammation and
airway eosinophilia, and increased levels of spIgG1 and spIgG2a. In contrast, GP-SLIT treatment
mainly affected lung function parameters, with significantly suppressed airway hyperresponsiveness
and a trend towards improved lung compliance, while Th2 cytokines and eosinophil numbers in
BALF were not markedly affected, while eosinophils in lung tissue were suppressed. Also, GP-SLIT
treatment did not induce markedly increased levels of neutralizing antibodies, while spIgE levels
were decreased. Of note, SCIT treatment did induce a trend towards suppression of AHR, indicating
that with a larger groups size this effect might have become statistically significant as well.
Notwithstanding, the effect size of SLIT on AHR was stronger than that of SCIT. For full suppression
of AHR a further increase in SCIT dose, or a more chronic application of SCIT might be warranted
Conversely, the effect size of SCIT on suppression of Th2 cytokines and eosinophilic airway
inflammation was stronger than that of SLIT, indicating that a higher allergen dose in SLIT, or a
modified delivery method, might be warranted for full efficacy. Overall, these data indicate that the
route of administration of a therapeutic GP vaccine in an experimental model for AIT plays a major
role in determining the efficacy of the treatment towards suppressing specific parameters of the
experimental asthma model.
In this initial study, we did not assess into great detail the biological mechanisms underlying the
differences in the efficacy of SCIT versus SLIT mediated suppression of parameters of allergic airway
inflammation in our experimental mouse model. The main differences are the route of allergen
administration, the duration of treatment and the amount of allergen administered. Whereas SCIT
relies on direct injection of high doses of allergen for a short duration, SLIT relies on sublingual
application of lower amounts of allergen for a prolonged period. This will first of all affect the antigenpresenting cell population responsible for allergen presentation to the available memory T cell
population in the draining lymph nodes. SLIT has been shown to mainly target oral CD11b+CD11ccells, which have a strong tolerogenic capacity29. In contrast, SCIT injection mainly induces allergen
presentation by mPDCA+ CD11c+ plasmacytoid DCs (our unpublished observations). The difference
in the antigen-presenting cell subset between the two administration routes might contribute
to efficacy of immune modulation between the two treatment options. In addition, the dose of
allergen in the SCIT treatment protocol is much higher per administration, which likely results in a
higher number of naïve T cells activated (in a tolerogenic fashion) after the SCIT injections compared
to the SLIT administration, where antigen presentation and therefore immune modulation will likely
be restricted to antigen experienced memory T cells. The mechanistic details underlying SCIT and
SLIT are therefore an important subject for further research.
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To our knowledge, this is the first study directly comparing SCIT and SLIT treatments in a mouse
model for allergic airways disease using clinically relevant allergens. To date, experimental studies
dissecting the mechanisms of allergen immunotherapy or attempting to enhance its efficacy have
focused on a single route of application, precluding direct comparison of the efficacy of sublingual
versus subcutaneous administration of allergen extracts for induction of neutralizing antibodies and
suppression of allergic inflammation or lung function parameters. In agreement with our results,
SCIT treatment with allergen extracts of birch pollen (BP) or recombinant phospholipase A2 (PLA2)
induce strong neutralizing antibody responses, even resulting in protection from anaphylaxis upon
subsequent allergen challenge30. Interestingly, in the BP-SCIT model, a higher number of allergen
injections was needed to achieve suppression of AHR than to induce a neutralizing antibody
response31. Experimental mouse models of HDM-SLIT treatment have rendered variable results
regarding the efficiency of suppressing the different parameters of allergic airway disease, but
generally show limited induction of neutralizing antibody responses, in line with our own results.
For instance, in one study using Dermatophagoides farinae (Der f ) extracts, SLIT treatment had a
more pronounced effect on AHR than on Th2-driven, eosinophilic airway inflammation32. In contrast,
a study using both Dermatophagoides pteronyssinus (Der p) and Der f extracts showed a stronger
effect on suppression of eosinophilic airway inflammation, whilst AHR was only suppressed at
higher doses of extracts used for SLIT treatment33. The latter study also reported limited effect on
spIgG antibody titers, although spIgA was markedly increased. In mouse models of grass pollen SLIT
treatment, induction of a neutralizing antibody response by GP-SLIT treatment is also limited20,34,
although daily application of lower amounts of GP extract was able to induce a modest spIgG1 and
IgG2a response in comparison to less frequent application of higher doses of GP extract35. In BP
driven mouse models of allergic airway disease, SLIT with BP extracts or rBet v1 dose-dependently
suppressed airway eosinophilia as well as AHR, in the absence of induction of spIgG or any effect
on spIgE responses36. Overall, the results in other models for AIT seem to confirm our observations
with regard to the modulation of adaptive immune responses by SCIT, as evidenced by induction
of neutralizing antibody responses and suppression of Th2 driven eosinophilia, whilst SLIT has
more of an effect on lung function parameters, but not so much specific antibodies or Th2 cells.
Moreover, the wide variety of allergen extracts used, the differences in treatment schemes and the
resulting variable outcomes of SCIT or SLIT treatment on the clinically relevant parameters of airway
inflammation and lung function underscore the added value of our approach in combining the
two application routes in a single mouse model using the identical allergen extract for efficient
comparison on immunological and translational parameters.
In clinical studies on AIT, the number of studies that directly compare sublingual versus
subcutaneous application of immunotherapy in the same patient population and using allergen
preparations is also very limited. In one study, allergic rhinitis patients sensitized to Phl p were
randomized across three treatment groups: SCIT, SLIT and Sham control treatment and followed
for 15-24 months13,37. In this carefully conducted study with limited numbers of patients, SCIT was
observed to induce a more rapid and robust change in sp-IgG4, IgE-blocking factor, and inhibition
of facilitated antigen presentation and basophil activation test. SLIT treatment induced a more rapid
and very strong increase in spIgE, while both treatments prevented seasonal induction of spIgE37.
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Of note, after 15 months SLIT and SCIT treatment resulted in similar levels of inhibition of facilitated
antigen presentation and symptom score as measured by visual analogue scale. Subsequent analysis
of GP-specific T cell responses up to 24 months into treatment revealed transient induction of IL-10
producing T cells and suppression of IL-5 producing T cells in both SLIT and SCIT treated patients,
although the reduction in IL-5 producing T cells was significantly stronger in SCIT treated patients
compared to those that had received SLIT treatment13. SCIT treatment in this clinical study involved
the use of Alum as an adjuvants, in contrast to the SLIT treatment which was free of adjuvantia,
which might have potentiated the immunoglobulin responses induced by SCIT treatment38.
Notwithstanding these limitations and the small patient numbers enrolled in this study, it is clear
that SCIT treatment induced immunological changes with faster kinetics and stronger magnitude
compared to SLIT treatment, which mirrors the findings in our experimental mouse model. In a very
recent study, larger numbers of patients with severe seasonal allergic rhinitis were randomized in
three 2-year treatment arms (SCIT, SLIT or placebo), and followed for nasal symptom score after
allergen provocation up to 1 year after discontinuation of treatment39. Around 30 patients per
treatment arm finished the study, and while SCIT treated patients had significantly reduced nasal
symptoms scores in year 1 and year 2 of treatment, SLIT treatment only achieved this in year 2
of treatment. After treatment discontinuation, SLIT was not effective in reducing nasal symptoms
scores, underscoring the need for prolonged treatment periods or optimized allergen vaccines for
SLIT application39. Interestingly, spIgG4 responses were stronger and showed faster kinetics in SCIT
treatment compared to SLIT, while SLIT but not SCIT induced an increased spIgE titers, indicating
that the ratio of spIgG over IgE was much higher in SCIT compared to SLIT, which was also reflected
in the early allergic skin response upon allergen challenge. Our mouse model shows interesting
parallels to this clinical study, where SCIT treatment induces a more rapid (after 1 week of treatment)
and a more pronounced induction of IgG1 compared to SLIT (only after 6 weeks of treatment, and
with lower titers). We did not analyze long-term protection by either SCIT or SLIT treatment after
discontinuation of treatment, however.
Recent insight into the relevance of allergen-specific IgG titers over specific IgE underscores
the potential contribution of the neutralizing antibody response to the clinical benefit of AIT. A
recent 3-center study assessing the relation between serum levels of spIgE and IgG and symptom
score in children with allergic rhinitis and asthma40. This well designed study finds that the ratio
of spIgG over IgE was a far better predictor of being symptomatic than spIgE titers per se, with
asthma and rhinitis being associated with low IgG/IgE ratios. Interestingly, these authors identify a
possible role for IL-10 producing Th cells in this protective response40, which is also considered to be
a hallmark of successful allergen-specific immunotherapy41. In light hereof, SLIT treatment might be
more efficacious if higher spIgG/IgE ratios are accomplished during treatment. In our experimental
mouse model, the serum responses to the allergen challenges in sensitized and SCIT, SLIT or control
treated mice were measured at day 6 after the allergen challenge, which is not optimal for the IgE
responses. Nevertheless, we observed a clear induction of the (memory) IgE response mice that
did not receive SCIT or SLIT treatment. Moreover, while we did calculate ratios of specific IgE over
IgG1 as a measure of neutralizing capacity, we did not measure the affinity of the neutralizing IgG1
antibodies, which is important to the quality of the neutralizing antibody response42. Of note, the
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increased allergen-specific IgG1 levels in our mouse model protected against IgE dependent allergic
responses induced by allergen challenges, without any signs of IgG1-dependent anaphylaxis, which
has been shown previously to occur in the mouse42,43. Therefore we conclude that our experimental
mouse model offers a promising platform for further optimization of GP-SLIT therapy to this end.
Our experimental study sought to achieve this by directly comparing SCIT and SLIT treatments
in the model using a standardized protocol and on the basis of immunological and translational
outcome parameters. We uniquely treat the mice with either SCIT or SLIT after parenteral
immunization with the allergen, which means in the presence of an immunological memory
population. This design also resulted in some limitations that we need to consider when interpreting
our results. To allow a more accurate interpretation, we included interim serum bleeds in SLIT
treated mice, enabling the observation that induction of neutralizing antibody responses by SLIT
treatment was delayed and reduced compared to SCIT treatment in our experimental model. In
addition, measurement of allergen-induced ear swelling as a parameter of an early allergic response
was quite variable within the groups, precluding in-depth comparison of suppression of the early
allergic response between SCIT and SLIT treatment in the experimental mouse model. Finally, we
have previously shown that while SCIT treatment in the mouse model induces a transient increase
in FoxP3+ T cells in circulation, the depletion of these cells at the time of allergen challenges has a
rather modest effect on suppression of allergic phenotypes by SCIT, indicating that regulatory T cells
have a relatively limited role in the mouse model44. While IL-10 is critical for suppression for allergic
manifestations in allergen immunotherapy mouse models45, IL-10 production by T cells is not46. The
lack of increased IL-10 and TGF-β responses after SCIT and SLIT treatment in the current study is in
line with this. Nevertheless, our experimental mouse model recapitulates the differences seen in
face-to-face comparisons between GP-SCIT and SLIT in clinical studies, underscoring its relevance
as a platform for testing improvements for SLIT treatment for allergic disease.
The selection of the optimal application route for GP immunotherapy is not at all trivial, as shown
in a recent study exploring the use of intradermal GP immunotherapy for allergic rhinitis, where
treatment had no effect on primary outcome parameters (daily combined symptom-medication
scores), while secondary endpoints such as nasal and asthma symptoms were worsened, with fewer
symptom-free days47. Although SCIT treatment might be able to achieve faster and more robust
immunological changes, SLIT treatment has been proven to be an effective therapy. For instance, in
a double-blinded RCT in patients with allergic rhino-conjunctivitis, GP-SLIT treatment was found to
induce a significant and durable induction of neutralizing antibody responses as well as decreased
symptom score up to 2 years after completion of a 3-year treatment period5. Moreover, a recent
meta-analysis comparing SLIT tablets, SLIT drops and SCIT injections for GP allergies reported
comparable reduction in symptom scores and supplemental medication use for SLIT tablets and
SCIT injections6. In addition, in a systematic review on adverse events reported with SCIT and SLIT
treatment for GP allergic rhinitis, the authors note that while data are not available for especially
older treatment regimens, SLIT seemed to have an better overall safety profile when compared to
SCIT48. A literature review of the aforementioned RCT of SLIT treatment for allergic rhinitis to an RCT
of SCIT treatment for allergic rhinitis employing a very similar study design and the same GP allergen
extract reports very similar effect sizes for both treatment regimens in suppressing nose and eye
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symptoms49. Nevertheless, the authors conclude that SCIT might be a more effective treatment
than SLIT at the cost of having a greater risk for severe side effects and the need for administration
in a specialist clinic, while SLIT treatment has a greater risk for poor patient adherence49. Further
improvements in SLIT efficacy in modulating immunological parameters such as the neutralizing
antibody response might therefore increase its clinical efficacy, although it must be noted that
no direct evidence for a causal relationship between levels of neutralizing antibodies and clinical
efficacy of allergen immunotherapy is available to date. Our experimental mouse model can be
used to test improvements of SLIT treatment using a validated SCIT treatment regime as a reference,
making this model a valuable translational research tool for improvement of SLIT efficacy in the
future.
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SUPPLEMENTARY METHODS
Evaluating inflammation in BALF
Lungs were lavaged with 1mL PBS containing 5% Bovine Serum Albumin (BSA, Sigma Aldrich,
Zwijndrecht, The Netherlands) and a cocktail of protease inhibitors (Complete mini tablet; Roche,
Germany). Subsequently, four lavages were performed with 1mL non-supplemented PBS. After
centrifugation (500xg, 4min), the cell-free supernatant of the first mL was stored as BALF (in duplo,
-80°C). The cells from the first mL were added to the cells from the 4mL PBS lavages and counted
using the Z2 coulter particle count and size analyzer (Beckman Coulter, Woerden, The Netherlands).
Cytospin preparations of the BALF and Lung cells were stained with Diff-Quick (Merz&Dade,
Dudingen, Switzerland) and 300 cells per cytospin were evaluated and differentiated into
mononuclear cells (M), neutrophils (N), and eosinophils (E) by standard morphology.
Airway Responsiveness
Mice were injected intraperitoneal with a mixture of 100mg/kg ketamine (Pfizer, NY) and 1mg/kg
dormitor (Pfizer). After tracheotomization using a 20-gauge intravenous cannula (Becton Dickinson,
The Netherlands) and canalization through the jugular vein, all mice were attached to a small
animal ventilator; the FlexiVent (SCIREQ, Canada), and then ventilated (280 breaths/min) with a
tidal volume of 10mL/kg, pressure limited at 300mmH2O. Airway resistance and compliance was
calculated from the pressure response to a 2-second pseudorandom pressure wave (COD>0.8).
Moreover, responsiveness was expressed as the effective dose (ED) of methacholine required to
induce a resistance of 3 cmH2O.s/mL (ED3).
GP-spIgE, GP-spIgG1, and GP-spIgG2a ELISA
Briefly, for GP-spIgE, NUNC MaxiSorp flat-bottom 96-well plates (Sigma, MO) were coated with
1μg/mL anti-mouse IgE (BD Pharmingen) in PBS (overnight, 4°C), washed five times (wash buffer;
PBS 0.05% Tween-20), blocked using 3% skimmed milk powder (ELK, Campina, Amersfoort, The
Netherlands) in ELISA buffer, and sera samples (diluted 1:8 in PBS 1%BSA) were incubated for
2hrs (room temperature). Then, the plates were incubated with 100μL 1:100 biotin labeled GP
in PBS 1%BSA (homemade, see below) for 1.5hrs, washed five times and incubated for 1h with
Streptavidin-Horseradish Peroxidase (1:200, R&D Sytems). Again plates were washed, following
which SigmaFastTM OPD substrate (Sigma-Aldrich) was added and incubated for 8min. The reaction
was stopped by adding 75μL of 1.8M H2SO4. Optical density (OD) values were measured at 490nm
and analyzed using a classic logit-log transformation model.
For GP-spIgG1 and GP-spIgG2a, plates were coated using 10μg/mL rough extract GP, blocked
using 3%BSA in ELISA buffer, incubated with sera samples (1:300,000 for GP-spIgG1 and 1:100 for
GP-spIgG2a), and labeled using biotinylated anti-mouse IgG1 or –IgG2a (1μg/mL, BD Pharmingen).
Concentrations were calculated according to the standard curve (using reference serum) and the
results are expressed as arbitrary unit (AU)/ mL.
Biotinylation of GP extract was performed using EZ-link Sulfo-NHS-LC-Biotin according to the
manufacturers operating instructions (Thermo Scientific) and using a Slide-A-Lyzer cassette (3.5K
MWCO, Thermo scientific) for purification by dialysis overnight.
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Figure E1. Confirmation of sensitization measured in an ear swelling test (EST), 7 days after two
intraperitoneal injections with alum absorbed GP, and ESTs and ED3 calculations plotted as ratios.
A: Net ear thickness (µm) two hours after GP injection (1kSQ) in the right ear and PBS in the left ear
as a control, performed before SCIT. B: Net ear thickness (mm) two hours after GP injection (1kSQ)
in the right ear and PBS in the left ear as a control, performed before SLIT. C: Net ear thickness (µm)
two hours after GP injection (1kSQ) in the right ear and PBS in the left ear as a control, performed
after GP-SCIT, plotted as a ratio of the EST value/ average of the controls. D: same as in C, but
here after GP-SLIT. E: Effective Dose (ED) of Methacholine, when the airway resistance reaches 3
cmH2O.s/ mL (ED3) after GP-SCIT, plotted as the ratio of the ED3 values/ average ED3 of the PC. F:
ED3 after GP-SLIT, plotted as the ratio of the ED3 values/ average ED3 of the PC. Placebo-AIT treated
mice were plotted together as Controls (NC and PC).
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ABSTRACT
Allergen specific immunotherapy (AIT) can provide long-term alleviation of symptoms for allergic
disease but is hampered by suboptimal efficiency. We and others have previously shown that
1,25(OH)2-VitaminD3 (VitD3) can improve therapeutic efficacy of AIT. However, it is unknown
whether VitD3 supplementation has similar effects in sublingual and subcutaneous immunotherapy.
Therefore, we aimed to test VitD3 supplementation in both grass pollen (GP) subcutaneousIT (SCIT) and sublingual-IT (SLIT) in a mouse model for allergic airway inflammation. To this end,
GP-sensitized BALB/c mice received GP-SCIT or GP-SLIT with or without 10ng VitD3, followed by
intranasal GP challenges and measurement of airway hyperresponsiveness (AHR) and inflammation.
VitD3 supplementation of GP-SCIT resulted in enhanced induction of GP-specific (sp)-IgG2a and
suppression of spIgE after challenge. In addition, eosinophil numbers were reduced and levels of
IL10 and Amphiregulin were increased in lung tissue. In GP-SLIT, VitD3 supplementation resulted in
enhanced sp-IgG2a levels in serum, enhanced suppression of eosinophils and increased IL10 levels
in lung tissue, as well as suppression of AHR to methacholine.
These data show that VitD3 increases efficacy of both SCIT and SLIT, by enhancing induction
of blocking antibodies and suppression of airway inflammation, underscoring the relevance of
proficient VitD3 levels for successful AIT.
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INTRODUCTION
Successful allergen-specific immunotherapy (AIT) induces an immunologic state of tolerance towards allergens and represents a disease-modifying treatment for allergic airway diseases, such as
asthma and rhinitis1,2. AIT is a unique form of therapy wherein allergens are administered via the
subcutaneous (SCIT) or sublingual route (SLIT) to render long term relief of symptoms3,4. The immunological mechanisms include early mast cell and basophil desensitization, inhibition of eosinophilic inflammation, induction of blocking antibodies, suppression of numbers and activity of allergen-specific Th2 cells and type 2 innate lymphoid cells (ILC2s), increases in regulatory T cells (Treg)
and their associated cytokines, such as IL10 and TGF-β13-5. However, AIT regimes are hampered by
low efficacy to suppress some clinical features of allergic airway inflammation, such as bronchial hyperresponsiveness. Moreover, the use of allergen vaccines with IgE-crosslinking capacity has safety
concerns6. To overcome the urgent need for improved AIT efficacy, ideally at lower allergen doses,
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several strategies have been explored7, including the use of adjuvants.
We have previously shown the successful use of 1,25-dihydroxy-vitamin D3 (VitD3) as an adjuvant for AIT in the classical mouse model of ovalbumin-induced allergic airway inflammation8. The
physiologically active form of VitD3 binds to the VitD3 receptor (VDR), a nuclear hormone receptor,
to exert its immunoregulatory properties through induction of tolerogenic dendritic cells (DCs)9.
VitD3 has been shown to prevent maturation of DCs leading to down-regulation of costimulatory
molecules (CD40, CD80, CD86) and enhanced IL10 production10, facilitating the generation of adaptive Treg cells11.
Recent clinical studies indicate that VitD3 supplementation had limited positive effects on HDMSCIT treatment, with asthma symptom score as the only improvement compared to control HDMSCIT treatment12. In contrast, VitD3 supplementation of GP-SLIT was reported to suppress nasal and
asthmatic symptoms to the control GP-SLIT treated group13. The discrepancy between these studies
might be due to differences in allergen used (HDM versus GP), duration of treatment (12 versus 5
months) or the route of application of the allergen vaccine. Therefore, a head-to-head comparison
of VitD3 supplementation in SCIT versus SLIT will help to evaluate VitD3 as an adjuvant for AIT delivered through either subcutaneous or sublingual application.
We have previously studied SCIT and SLIT using grass pollen (GP) and directly compared the two
treatment regimens14. Here, we employed this experimental model of side-by-side subcutaneous
and sublingual AIT to directly compare the efficacy of VitD3 as an adjuvant between SCIT and SLIT
treatments. Both experimental models in BALB/c mice contain two sensitizing intraperitoneal injections comprised of an alum-absorbed GP extract followed by 3 subcutaneous injections for GPSCIT or 40 sublingual administrations for GP-SLIT with or without 10ng VitD3. Subsequently, mice
are challenged three times with intranasal GP and thereafter, AHR to methacholine is measured as
well as serological responses, ear-swelling responses (ESR), eosinophilic inflammation in bronchoalveolar lavage fluid (BALF) and lung, and cytokines after re-stimulation of lung cells. We show that
VitD3 supplementation augments induction of blocking antibody responses and leads to enhanced
suppression of eosinophilic inflammation and increased production of IL10 in lung tissue in both
SCIT and SLIT treatment, while an effect on AHR was observed in SLIT treatment only. These studies
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underscore the relevance of proficient VitD3 levels for successful AIT and support the potential use
of VitD3 as an adjuvant to improve efficacy of both SCIT and SLIT in clinical practice.
MATERIALS AND METHODS
Animals
BALB/cByJ mice (8-9 weeks-old) were purchased from Charles River (L’Arbresle, France) and bred in
individually ventilated cages and fed a hypo-allergen GP-free diet (4kcal/gr, 25% protein, 11% fat,
47% sugars, 5% fibers; AB Diets, Woerden, The Netherlands), which has a theoretical pre-manufacture level of 2,900 IU/kg Vitamin D3. Due to the high sensitivity of vitamin D3 to light, air, heat and
humidity, the actual level of Vitamin D3 might alter during storage and usage. Female 7-9-week-old
progeny were used for experiments (N=8). The Institutional Animal Care and Use Committee (DEC)
at the University of Groningen approved experiments under license number DEC6209 and all experiments were performed in accordance with relevant guidelines and regulations.
Induction of allergic asthma and treatment protocols
All mice received two intraperitoneal injections of 5,000 standardized quality (SQ) units (5kSQ = 8μg
allergen extract of GP (Phleum pratense, Phl p; ALK-Abelló, Hørsholm, Denmark) adsorbed to 1.6mg
Alum (Imject Alum, Pierce, USA) in 100µL Phosphate-buffered Saline (PBS, Figures 1A,B, 4A,B, S1A,B,
and S4A,B). SCIT was performed by three 100µL injections or SLIT was performed by 40 X 5µL sublingual administrations, containing either saline or GP with or without 1α,25-dihydroxyvitaminD3
(VitD3, Sigma-Aldrich, The Netherlands). Inhalation challenges were administered as droplets of
25kSQ GP in 25μL PBS after light isoflurane anesthesia. After two days, airway responsiveness was
determined, and serum samples, broncho-alveolar lavage fluid (BALF), and lung lobes were stored
for further analyses (-80°C)7,15.
The ear swelling test: Early phase hypersensitivity
Before and after SIT treatments, an ear-swelling test (EST) was performed to evaluate the early phase
response to GP to test for allergic sensitization. Herein 10μL of PBS is injected intradermal in the left
ear as a control and 1kSQ of GP in 10μL is injected in the right ear of mice under isoflurane/oxygen
anesthesia14,15. After 2h, ear thickness was measured using a digimatic force-micrometer at 0.5N
(±0.15N, Mitutoyo, Japan) and the net GP-induced swelling (Δ, in µm) was calculated by subtracting
the thickness of the left ear from the right ear.
Airway responsiveness
By measuring airway resistance (R in cmH2O.s/mL) in response to intravenous administration of increasing doses of methacholine (Sigma-Aldrich) the airway responsiveness was assessed. Next, lung
compliance (C in mL/H2O) was examined as a measure of the comparative stiffness of the lung. In
short, anesthetized mice were tracheotomized, cannulated through the jugular vein, and attached
to a small animal ventilator; the FlexiVent (SCIREQ, Canada), and ventilated (280 breaths/minute)
with a tidal volume of 10mL/kg, pressure limited at 300mmH2O16,15. In response to increasing dos108
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ages of methacholine, the airway resistance was calculated from the pressure response to a 2-second pseudorandom pressure wave. In analyzing the peak resistance and peak compliance, all values
with a coefficient of determination (COD)-value below 0.85 were excluded. Moreover, responsiveness was expressed as the effective dose (ED) of methacholine required to induce a resistance of 3
cmH2O.s/mL (ED3).
Evaluating inflammation in BALF
Lungs were lavaged with 1mL PBS containing 5% Bovine Serum Albumin (BSA, Sigma Aldrich,
Zwijndrecht, The Netherlands) and a cocktail of protease inhibitors (Complete mini tablet; Roche,
Germany), directly after AHR measurements. Subsequently, four lavages were performed with 1mL
non-supplemented PBS. After centrifugation (500xg, 4min), the cell-free supernatant of the first mL
was stored as BALF (in duplo, -80°C). The cells from the first mL were added to the cells from the 4mL
PBS lavages and counted using the Z2 coulter particle count and size analyzer (Beckman Coulter,
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Woerden, The Netherlands).
Cytospin preparations of the BALF and Lung cells were stained with Diff-Quick (Merz&Dade,
Dudingen, Switzerland) and 300 cells per cytospin were evaluated and differentiated into mononuclear cells (M), neutrophils (N), and eosinophils (E) by standard morphology.
Analysis of T cell responses: restimulation of lung single cell suspensions
The left lobes of the lungs were removed, minced and digested for 1.5h at 37oC in 2mL of RPMI1640
(Lonza, Breda, The Netherlands) containing 1% Bovine Serum Albumin (BSA), 4mg/mL collagenaseA (Roche Diagnostics, Almere, The Netherlands) and 0.1mg/mL DNAse-I (Roche Diagnostics). Next,
lung cells were forced though a 70μm cell strainer (Falcon, Lelystad, The Netherlands), suspended
in lysis buffer, washed and suspended again in 10mL RPMI1640 containing 1% BSA. Total cell counts
were established using the Beckman Coulter Counter Z2. Lung cells (5x105cells/well) were cultured
in RPMI1640 supplemented with 5% Fetal Calf Serum (FCS, Lonza, Breda, The Netherlands), 2nM
Ultra-GlutaMAX (Life Technologies, Bleiswijk, The Netherlands), 100EU penicillin, and 100ug/mL
streptomycin in a 96-wells plate (Greiner BioOne, Hannover, Germany) in the presence of 0μg or
30μg of GP per well. All samples were stimulated in triplicate for 120h (CO2 incubator, 37⁰C) and
the supernatant was collected and stored (-80⁰C). ELISA determined concentrations of IL5, IL-10
and IL13, according to the manufacturer’s instructions (BD Pharmingen, San Diego, CA). The lower
detection limits of the ELISAs were 32pg/mL for IL5, 10mg/mL for IL-10, and 15pg/mL for IL13.
Measurement of GP-specific Immunoglobulins in serum
Blood was collected in MiniCollect serum tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands)
at several time points via orbital puncture (pre-sera) and after the experiment via the vena cava
inferior (post-sera, Figures 1A and 4A)14.
Briefly, for GP-spIgE and GP-spIgA, NUNC MaxiSorp flat-bottom 96-well plates (Sigma, MO) were
coated with 1μg/mL anti-mouse IgE or IgA (BD Pharmingen) in PBS (overnight, 4°C), washed five
times (wash buffer; PBS 0.05% Tween-20), blocked using 3% skimmed milk powder (ELK, Campina,
Amersfoort, The Netherlands) in ELISA buffer, and sera samples (diluted 1:8 in PBS 1%BSA) were
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incubated for 2hrs (room temperature). Then, the plates were incubated with 100μL 1:100 biotin
labeled GP in PBS 1%BSA (homemade, see below) for 1.5hrs, washed five times and incubated for
1h with Streptavidin-Horseradish Peroxidase (1:200, R&D Systems). Again plates were washed, following which SigmaFast-OPD substrate (Sigma-Aldrich) was added and incubated for 8min. The
reaction was stopped by adding 75μL of 1.8M H2SO4. Optical density (OD) values were measured at
490nm and analyzed using a classic logit-log transformation model.
For GP-spIgG1 and GP-spIgG2a, plates were coated using 10μg/mL rough extract GP, blocked
using 3%BSA in ELISA buffer, incubated with sera samples (1:300,000 for GP-spIgG1 and 1:100 for
GP-spIgG2a), and labeled using biotinylated anti-mouse IgG1 or –IgG2a (1μg/mL, BD Pharmingen).
Concentrations were calculated according to the standard curve (using reference serum) and the
results are expressed as arbitrary unit (AU)/mL.
Biotinylation of GP extract was performed using EZ-link Sulfo-NHS-LC-Biotin according to the
manufacturers operating instructions (Thermo Scientific) and using a Slide-A-Lyzer cassette (3.5K
MWCO, Thermo scientific) for purification by dialysis overnight.
Analysis of cytokine levels in lung tissue
The right superior lung lobe was used for measurement of total protein content and a cytokine
profile. First, lungs were weighed, homogenized and dissolved in Luminex buffer (weight to volume ratio 1:5) and the total protein content was measured using a BCA protein assay according to
manufacturer’s protocol (Thermo Scientific, USA). Concentrations of IL4, IL5, IL-10, IL13, IL-17, IL33,
IFNγ, Eotaxin (CCL11), TARC (CCL17), and MIP3α (CCL20) were measured using a multiplex Mouse
Cytokine/Chemokine Magnetic Bead Panels (MILLIPLEX Map Kit; Merck Millipore, Germany) according to manufacturer’s protocol. Plates were analyzed using a MAGPX1023 4002 with Luminex xMAP
technology.
Statistical analysis
All data are expressed as mean ± SEM. The Mann-Whitney U Test was used to analyze the results,
and p < 0.05 was considered significant. Within the ELISA data, an AU-value which was more than
three times the interquartile (IQ) range higher than the upper Q or more than three times the IQ
range lower than the lower Q was considered to be an extreme outlier and was removed for further
analysis. Within the AHR measurements, to compare the entire curve between groups, a generalized
estimated equation (GEE) analysis was used, using SPSS Statistics 20.0.0.217.
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RESULTS
VitD3 supplementation enhances specific IgG2a responses induced by GP-SCIT
Previously, we developed an experimental mouse model for GP-SCIT and GP-SLIT using a single allergen extract, effectively allowing side-by-side comparison14. Here, we aimed to study the efficacy
of 10ng VitD3 supplementation in GP-SCIT and GP-SLIT for suppression of asthmatic manifestations
upon GP challenges (Figure 1A, B, and S1A,B). We first evaluated the effect on VitD3 on GP-SCIT
treatment. To assess GP-SCIT induced immunoglobulin responses, we measured total IgE, GP-spIgE,
GP-spIgG1, and GP-spIgG2a in sera taken before SCIT (white, Pre1), before allergen challenges (grey,
Pre2), and after challenges (black, Post, Figure 1C-F, and S1C-F). As previously observed, GP-SCIT
injections induced increases in total and GP-specific IgE, as well as increased levels of sp-IgG1 and
sp-IgG2a. Upon subsequent GP challenges, GP-SCIT groups displayed a blunted IgE response compared to untreated controls (Figure 1C,D, and S1C,D). Supplementation of GP-SCIT with VitD3 did
not alter IgE or IgG1 responses, but induced a strongly increased sp-IgG2a response (Figure 1C-F,
and S1C-F).
Clinical efficacy of SIT is associated with the blocking capacity of the spIgGs, while symptom
score in allergic asthma is inversely correlated to the ratio of spIgG over spIgE, indicating the relevance of IgG response during SIT16. We used the ratios of GP-spIgG1/GP-spIgE and GP-spIgG2a/GPspIgE as a measure of blocking capacity after GP-SCIT. These ratios were unaffected by VitD3 supplementation (Figure 1G,H, and S1G,H). In addition, we were unable to detect a significant reduction in
the fold increase of GP-spIgE levels induced by challenges (GP-spIgE Post/ Pre2) in the SCIT groups,
whereas in the VitD3 supplemented GP-SCIT group (100D), we did observe a significant reduction in
GP-spIgE as compared to the VitD3 supplemented positive controls (Figure 1I). Finally, we measured
GP-spIgA in BALF and sera taken after challenges (Post) and found that GP-SCIT injections induced
increases of GP-spIgA levels in both sera and bronchoalveolar lavages, although VitD was unable to
alter those responses (Figure S1J,K).
VitD3 supplementation does not enhance suppression of ear swelling or AHR to methacholine
To evaluate the effects of VitD3 supplementation of GP-SCIT on clinically relevant parameters of our
experimental model of airway inflammation, we performed an ear swelling test (EST) by intradermal
GP injection before and after SCIT treatment in GP-sensitized mice. GP-SCIT did not induce significant suppression of ear swelling after GP challenge, irrespective of VitD3 supplementation (Figure
2A, and S2).
Next, we measured airway hyperresponsiveness (AHR) in response to increasing dosages
of methacholine and calculated the dose of methacholine required to induce a resistance of 3
cmH2O.s/mL (ED3; Figure 2B, and S2B). We did not observe a significant increase of the ED3 after
GP-SCIT treatment with or without VitD3 supplementation. Next, we compared airway resistance
across the entire methacholine dose-response curve and found that GP-SCIT treatment significantly
reduced airway resistance compared to the Sham-treated control groups (Figure 2C, and S2C). No
effect of VitD3 was observed on this suppression of AHR by GP-SCIT. However, the VitD3 supplemented GP-SCIT resulted in increased compliance in these invasive lung function measurements as
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Figure 1. Overview and immunoglobulin response after VitD3-supplemented GP-SCIT treatment. (A)
Outline of the SCIT protocol. (B) Outline of the treatment groups. (C) Serum total IgE (ng/mL) taken
before SCIT (white bars, Pre1), before challenge (grey bars, Pre2), and after challenge (black bars, Post).
(D) Serum GP-spIgE (Arbitrary Units (AU)/mL, Pre1, 2, Post). (E) Serum GP-spIgG1 (AU/mL, Pre1, 2, Post).
(F) Serum GP-spIgG2a (AU/mL, Pre1, 2, Post). (G) Blocking activity plotted as ratio of GP-spIgG1/GPspIgE in Pre2 sera. (H) Blocking activity plotted as ratio of GP-spIgG2a/GP-spIgE in Pre2 sera. (I) Fold induction of GP-spIgE after challenge (Post-sera/Pre2-sera). In Figure 1C-F, values are expressed as mean
± SEM (n=8). In Figure 1G-I, values are expressed in Box-and-whiskers plots (min-max). NC, Negative
Control, PBS challenged; PC, Positive Control, GP challenged; PCD, PC with VitD3 in SCIT (10ng); 100,
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PCD respectively (100 vs PC and 100D vs PCD), unless otherwise specified.
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compared to the VitD3 supplemented Sham-treated control group (PCD, Figure 2D, and S2D).
To appraise effects of AIT on Th2 driven inflammation, we assessed cytokine levels in lung cell suspensions restimulated ex vivo with GP extract (Figure 2E, and S2E). Here, we observed that GP-SCITtreated mice had significantly reduced IL13 production after ex vivo GP stimulation of lung cells,
which was a trend only in the GP-SCIT treated group, but reached significance in the VitD3 supplemented GP-SCIT group.
Suppression of eosinophilic responses after VitD3 supplemented GP-SCIT
To assess suppression of airway inflammation by GP-SCIT, we compared eosinophil numbers in BAL
and lung, and cytokine levels in lung tissue homogenates (Figure 3A-E, and S3). We observed a reduction of lung tissue eosinophil numbers after GP-SCIT treatment (Figure 3A-C, and S3A-C), with
the lowest numbers in the VitD3 supplemented group. To compare the effect of VitD3 supplementation on GP-SCIT, we calculated fold reduction in eosinophils of GP-SCIT treated groups with and
without VitD3 supplementation relative to their respective Sham-treated groups. Here, we observed
an enhancement of the suppression in eosinophil numbers in lung tissue after GP-SCIT by VitD3
supplementation (Figure 3D, and S3D).
Next, we analyzed cytokine levels in lung homogenates after challenges and observed that levels of the type-2 cytokines IL4, IL5 and IL13 were not affected by GP-SCIT treatment (Figure 3E,
and S3E). Although no induction of IL10 or TGF-b was observed in GP-SCIT groups, VitD3 supplemented GP-SCIT mice displayed a significantly increased level of IL10 compared to the control GPSCIT group. Furthermore, only the VitD3 supplemented GP-SCIT group displayed increased levels
of amphiregulin in lung tissue after GP challenges when compared to the supplemented positive
controls (Figure 3E).
VitD3 supplementation enhances specific IgG responses induced by GP-SLIT
Next, we analyzed the effect of VitD3 supplementation on GP-SLIT (Figure 4A-I, and S4). To evaluate
the GP-specific immunoglobulin responses during the 14-week treatment protocol14, serum was
collected at five time points (Figure 4A,B, and S4A,B). We observed a marked and progressive increase in total and GP-spIgE as well as in spIgG1 and spIgG2a during the 8 weeks of GP-SLIT treatment (Figure 4C-F, and S4C-F). Upon subsequent allergen challenges, GP-spIgE responses were
blunted in the GP-SLIT treated groups compared to Sham-treated controls, leading to lower levels
of spIgE after GP challenges in GP-SLIT treated groups (Figure 4C,D, and S4C,D). Supplementation
of GP-SLIT with VitD3 induced a trend towards higher spIgG1 and significantly increased levels of
spIgG2a compared to GP-SLIT treated mice in the absence of VitD3 (Figure 4E,F, and S4E,F).
VitD3 supplementation had no effect on the ratios of GP-spIgG1/GP-spIgE and GP-spIgG2a/GPspIgE after GP-SLIT, used as a measure of blocking capacity (Figure 4G,H, and S4G,H). Furthermore,
we observed a striking decrease in fold induction of GP-spIgE by allergen challenges, reflecting the
blunted IgE response in the SLIT treated groups, but no effect of VitD3 supplementation was observed (Figure 4I, and S4I). Finally, we measured GP-spIgA in BALF and sera taken after challenges
(Post) and found that GP-SCIT injections induced increases of GP-spIgA levels in both sera and BALF
(S4J,K). Moreover, addition of VitD in GP-SCIT resulted in a significant increase of GP-spIgA levels
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after challenges when compared to the unsupplemented GP-SCIT group (Figure S4J,K).
These data indicate that GP-SLIT treatment induced enhanced blocking, GP-specific immunoglobulin responses while providing a significant decrease of GP-spIgE after challenges. Effects of VitD3
supplementation were detected in the levels of GP-spIgG1 only.
VitD3 supplementation of GP-SLIT reduces ear swelling and airway hyperresponsiveness
Next, we assessed the effect of GP-SLIT on the early-phase response to intradermal GP injections in
the ear. Ear swelling was reduced in GP-SLIT treated groups as compared to the sham treated controls. We observed a trend towards increased suppression of ear swelling in the VitD3 supplemented
GP-SLIT group as compared to its unsupplemented control (Figure 5A, and S5A).
To measure the effect of GP-SLIT treatment on AHR to methacholine, we measured airway resistance (R) and compliance (C) and calculated the ED3 values (R of 3 cmH2O.s/mL) in all experimental groups (Figure 5B-D, and S5B-D). The ED3 values were significantly increased only in VitD3
supplemented GP-SCIT treated mice, indicating a reduced sensitivity to methacholine (Figure 5B,
and S5B). Indeed, the VitD3 supplemented GP-SLIT group displayed a significantly reduced AHR also
when directly compared to GP-SLIT treatment alone (Figure 5C, and S5C). Both VitD3 GP-SLIT as well
as GP-SLIT alone showed a significant improvement of lung compliance when compared to their
sham-treated controls, however no differences between the groups were detected (Figure 5D, and
S5D). Restimulation of lung cell suspensions with allergen extract ex vivo to detect allergen-induced
cytokine responses revealed marked suppression of allergen-induced IL5 and IL13 production in
GP-SLIT mice (Figure 5E, and S5E). VitD3 supplementation of GP-SLIT did not result in augmented
suppression of Th2 recall responses ex vivo.
Effects of VitD3 supplemented GP-SLIT on eosinophilic inflammation and cytokine responses
To assess the effect of VitD3 supplementation on airway inflammation, we compared eosinophilic
airway inflammation and levels of cytokines in lung tissue after GP-SLIT treatment (Figure 6A-E, and
S6A-E). We observed a marked suppression of eosinophil numbers in BAL fluid and lung tissue after GP-SLIT (Figure 6B,C, and S6B,C). Moreover, VitD3 supplementation of GP-SLIT resulted in a significantly reduced number of eosinophils in lung tissue compared to the GP-SLIT group lacking the
VitD3 supplementation (Figure 6B,C, and S6B,C). This VitD3 mediated effect on GP-SLIT was also evident when the data were presented as fold reduction in eosinophils of both GP-SLIT treated groups
relative to their Sham-treated groups (Figure 6D, and S6D, E).
Finally, we also analyzed cytokine levels in lung homogenates after GP challenges and observed
that levels of the type-2 cytokines IL4, IL5 and IL13 were significantly affected by GP-SLIT treatment,
but no VitD3 mediated effects were observed (Figure 6E). Similar findings were observed when other
cytokines and chemokines were analyzed after VitD supplemented GP-SLIT (Figure S6F). However,
we were able to show a significant increase of IL10 in the VitD3 supplemented GP-SLIT group compared to the unsupplemented GP-SLIT group. Moreover, levels of TGF-β1 and amphiregulin in lung
tissue showed a trend towards an increase in GP-SLIT treatment in the presence of VitD3 (Figure 6E).
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DISCUSSION
In this study, we investigated whether supplementation of GP-specific immunotherapy with 10 ng
VitD3 per administration could enhance the efficacy of both sublingual and subcutaneous administration of the GP allergen extract in suppressing asthmatic manifestations upon GP challenges in an
experimental mouse model. We find remarkable similarity in the effects of VitD3 supplementation
between GP-SCIT and GP-SLIT treatments: an enhanced GP-specific IgG2a antibody response, suppression of lung tissue eosinophils and increased IL10 levels in lung tissue after GP challenges. In
GP-SLIT, we additionally observed an effect of VitD3 supplementation on GP-spIgG1 levels and GPspIgA levels, as well as on suppression of ear swelling responses and methacholine-induced airway
resistance.
Vitamin D insufficiency is widespread, and is thought to contribute to asthma18. In some cases,
supplementation of VitD3 in clinical studies has resulted in a clear benefit. For instance, VitD3 supplementation during pregnancy reduces the risk of recurrent wheeze and acute respiratory tract
infections in early life18,19. Moreover, VitD3 supplementation in asthma patients has been shown to
reduce the rate of asthma exacerbations requiring treatment with systemic corticosteroids20. The
mechanism of action is thought to include both steering of the immune system towards a more
tolerogenic response, as well as reinforcing the barrier and antiviral properties of the bronchial epithelium18. Based on these tolerogenic properties of VitD3, we previously used an experimental SCIT
mouse model to show that injection of VitD3 enhanced the therapeutic effects of SCIT in this OVAdriven mouse model for allergic airway inflammation8. However, conflicting data have since been
obtained in clinical studies using allergen-based SCIT and SLIT treatment protocols12,13. These recent
studies indicate that VitD3 supplementation had limited positive effects on HDM-SCIT treatment,
with asthma symptom score as the only improvement compared to control HDM-SCIT treatment12.
In contrast, VitD3 supplementation of GP-SLIT was reported to suppress nasal and asthmatic symptoms to the control GP-SLIT treated group13. The discrepancy between these studies might be due
to differences in allergen used (HDM versus GP), duration of treatment (12 versus 5 months) or the
route of application of the allergen vaccine. To resolve whether VitD3 supplementation has the potential to enhance efficacy of both SCIT and SLIT, we here aimed to perform a side-by-side comparison of VitD3 supplementation in SCIT versus SLIT using the same allergen extract in a mouse model
of GP-driven allergic airway inflammation.
To our knowledge, this is the first study comparing the adjuvant effects of VitD3 supplementation in GP-SCIT and GP-SLIT treatments in an experimental model for allergic airway disease. Strikingly, and in contrast to previous results using unsupplemented AIT14, we here report a prominent
Treg cytokine profile in lung tissue after VitD3 supplemented GP-SCIT and GP-SLIT, as demonstrated
by the increased levels of IL10 and in SLIT also of TGF-β1. In contrast, clear suppression of Th2 cytokine responses by VitD3 supplementation was not observed. The selective reduction of eosinophils
by VitD3 supplementation in GP-SCIT treated mice in absence of a clear suppression of Th2 cell cytokines (Figure 3D,E), might indicate increased Treg activity, as we have previously shown that Treg
depletion prior to allergen challenges mainly affects eosinophilic airway inflammation in SIT-treated
mice21. However, other sources of IL10 might include regulatory B cells, dendritic cells or innate lymphoid cells22,23,24,25. Although IL10 and TGF-β1 are not necessarily exclusively produced by regulatory
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T cells, several studies confirmed the need of IL10 for a successful induction of allergen tolerance24.
These results are in line with the previously reported biological effects of VitD3 on DCs, which was
shown to result in enhanced generation of adaptive Treg cells and IL10 and TGF-β1 production26,27.
These data support further clinical studies on VitD3 supplementation in allergen-specific immunotherapy treatment.
In literature, supplementation of standard VitD3 levels from 2,000 IU/kg in standard chow to
10,000 IU/kg in supplemented chow or in drinking water resulted in decreased AHR and airway
inflammation in mouse model of asthma28,29. These studies indicate that systemic levels of VitD do
affect airway inflammation and hyperresponsiveness in experimental mouse models. In our study,
all mice were fed a standard hypo-allergen diet containing 2,900 IU/kg throughout the experiment,
and VitD was applied together with the GP extract, securing high local concentrations at the site
of injection, whilst not making a strong contribution to systemic VitD levels (all below 25 ng/mL
in serum; data not shown). Therefore, it seems likely that an effect on the phenotype of the local
antigen-presenting cell is sufficient to mediate the enhanced effects of VitD3 supplementation on
SLIT and SCIT in our experimental mouse models.
In addition, we observe enhanced induction of spIgG1 (SCIT) and spIgG2a (SCIT and SLIT) after
VitD3 supplementation. However, we have previously reported that blocking antibodies are not required for suppression of Th2 cell activity and eosinophilic airway inflammation in an experimental
OVA-SCIT mouse model30. In clinical studies, relevance of IgG4 induction for successful allergen immunotherapy is also under debate31. Therefore, further experimental validation would be required
to test whether the increased blocking antibody responses associated with VitD3 supplementation
contribute to suppression of the allergic response upon allergen re-exposure.
By design, our experimental mouse model mainly captures the allergen desensitization phase
of the SIT treatment, while the duration of treatment needed to achieve sustainable suppression
of allergic responses seen in patients is not captured in these mouse models32. Future improvements on the applicability of the experimental mouse model as a valuable translational research
tool could include describing B regulatory cells, (regulatory) innate lymphoid cells and a more detailed overview of cytokine production, like inclusion of IL-35, to deepen our understanding of the
mechanisms by which AIT and adjuvants can induce tolerance. In conclusion, we provide evidence
that the use of VitD3 supplementation augments induction of blocking antibody responses, and
leads to enhanced suppression of eosinophilic inflammation and production of IL10 in lung tissue
in both SCIT and SLIT treatments, while in addition an effect on AHR was observed in SLIT treatment.
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ABSTRACT
Allergen-specific immunotherapy (AIT) has the potential to provide long-term protection against
allergic diseases. However, efficacy of AIT is suboptimal, while application of high doses allergen has
safety concerns. The use of adjuvants, like 1,25(OH)2VitD3 (VitD3), can improve efficacy of AIT. We
have previously shown that low dose VitD3 can enhance suppression of airway inflammation, but
not airway hyperresponsiveness in a grass pollen (GP)-subcutaneous immunotherapy (SCIT) mouse
model of allergic asthma.
We here aim to determine the optimal dose and formulation of VitD3 for the GP SCIT.
GP-sensitized BALBc/ByJ mice received three SCIT injections of VitD3-GP (30, 100, and 300ng
or placebo). Separately, synthetic lipids, SAINT, was added to the VitD3-GP-SCIT formulation
(300nmol) and control groups. Subsequently, mice were challenged with intranasal GP, and airway
hyperresponsiveness, GP-specific IgE, -IgG1, and -IgG2a, ear-swelling responses (ESR), eosinophils in
broncho-alveolar lavage fluid and lung were measured.
VitD3 supplementation of GP-SCIT dose-dependently induced significantly enhanced
suppression of spIgE, inflammation and hyperresponsiveness, while neutralizing capacity was
improved and ESR were reduced. Addition of VitD3 further decreased Th2 cytokine responses and
innate cytokines to allergens in lung tissue by GP-SCIT. However, addition of synthetic lipids to the
allergen/VitD3 mixes had no additional effect on VitD3-GP-SCIT.
We find a clear, dose dependent effect of VitD3 on GP-SCIT-mediated suppression of allergic
inflammation and airway hyperresponsiveness. In contrast, addition of synthetic lipids to the
allergen/VitD3 mix had no therapeutic effect. These studies underscore the relevance of VitD3 as an
adjuvant to improve clinical efficacy of SCIT treatment regimens.
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INTRODUCTION
Allergen-specific immunotherapy (AIT) is a treatment for allergic disorders that has the potential to
induce long-term relieve from allergic symptoms and an immunological state of tolerance towards
allergens. Successful AIT leads to reduced use of medication and improved quality of life1,2. AIT is
a unique form of therapy wherein allergens are administered via subcutaneous injection (SCIT) or
sublingual application (SLIT)3,4. AIT has been shown to result in increased regulatory T cell numbers
and activity, and suppression of numbers and activity of allergen-specific Th2 cells and type 2 innate
lymphoid cells (ILC2s) and concomitant inhibition of eosinophilic inflammation. In addition, AIT
induces a neutralizing antibody response that results in mast cell and basophil desensitization3,5
Despite the ability of AIT to induce long term tolerance to allergens, AIT is not a routine treatment
for allergic asthma due to variable efficacy and long treatment duration. Moreover, the use of crude
allergen extracts with IgE-crosslinking capacity has safety concerns6. Strategies to improve AIT
regimens include alternative administration routes to achieve optimal antigen presentation at low
levels of applied allergens7,8, use of purified or recombinant allergens and or peptides9,10, or addition
of an adjuvant to enhance tolerance induction11.
Use of adjuvants in AIT aims to increase allergen delivery to and uptake by antigen presenting
dendritic cells (DCs) and to enhance their tolerogenic capacity. One candidate adjuvant for AIT,
1,25-dihydroxy-vitamin D3 (VitD3), binds to its nuclear hormone VitD3 receptor, and provides
immunoregulatory properties through induction of tolerogenic DCs12. VitD3 prevents DC-maturation
leading to down-regulation of costimulatory molecules (CD40, CD80, CD86) and enhanced IL-10
production13, facilitating the generation of adaptive Treg cells14. We have previously shown the
successful use of VitD3 supplementation in AIT in the classical mouse model of ovalbumin-induced
allergic airway inflammation15 as well as in experimental SCIT and SLIT models of grass pollen (GP)
AIT11. Moreover, VitD3 supplementation in SCIT using house dust mite (HDM) extracts in a clinical
study had (modest) positive effects on asthma symptom scores compared to control HDM-SCIT
treatment16.
Although the urgent clinical need for optimized vaccine formulations, few studies to date have
been exploring the beneficial use of liposomes in AIT17. Lipid bilayers encapsulating allergens form
liposomes, like nanoparticles and act as delivery vehicle, form a depot or function as an adjuvant.
One RDBPC trial in patients with allergic asthma treated with liposome-encapsulated HDM-extract
showed promising results in inducing blocking IgG responses and lowered eosinophil numbers,
although no safety data were reported in this study18. In line herewith, a murine model of HDM allergy
was used to test intranasal application of liposome-adhered major allergens (Dermatophagoides
pteronyssinus, Der p) Der p1 and Der p2, and found to be equally effective in lowering Th2 responses
but proved superior in increasing Treg cytokines, like IL-10 and TGF-β, when compared to the crude
extract alone19.
Due to the lipophilic nature of VitD3, simultaneous administration of both poorly watersoluble VitD3 and a freeze dried highly water-soluble GP-extract in an AIT mixture is not optimal.
Notwithstanding, simultaneous delivery of VitD3 and the allergen extract in a single injection is
desirable in order to tolerize the DCs presenting the allergens, without otherwise influencing the
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host immune response. Optimizing a formulation of the mixture of the hydrophilic allergen extract
and the lipophilic VitD3 might enhance therapeutic efficacy. SAINT-18 (1-methyl-4-(cis-9-dioleyl)
methyl-pyridinium-chlorid, SAINT) is a synthetic bio-compatible lipid which can form liposomal
structures, and might be able to act as a carrier for VitD3 while encapsulating the GP extract20. We
therefore hypothesize that use of SAINT in GP-SCIT would enhance tolerance induction after GPSCIT injections.
Previously, we showed that VitD3 supplementation in GP-SCIT augments induction of
neutralizing antibody responses, and leads to enhanced suppression of eosinophilic inflammation
and production of IL-10 in lung tissue. Therein, we used a single low dose of 10ng VitD3, which did
not augment suppression of airway hyperresponsiveness (AHR) by GP-SCIT, indicating that this low
dose was not optimal11. In the current novel study, we aim to find the optimal VitD3 dose in our
GP-SCIT model for optimal suppression of all parameters of allergic airway disease. Here, we show
for the first time that high dose VitD3 is in fact capable of reducing AHR, Th2 cytokine production
and numbers of eosinophils in the lung. In addition, we aim to test whether use of the synthetic
lipid SAINT in the mix of GP-SCIT extracts and VitD3 enhances suppression of parameters of allergic
inflammation in an experimental mouse model of GP-SCIT. Herein, we clearly show a reproducible
beneficial effect of VitD3 on the efficacy of GP-SCIT.
MATERIALS AND METHODS
Animals
BALB/cByJ mice (8-9 weeks-old) were purchased from Charles River (L’Arbresle, France) and bred
in individually ventilated cages and fed a hypo-allergen GP-free diet (4kcal/gr, 25% protein, 11%
fat, 47% sugars, 5% fibers; AB Diets, Woerden, The Netherlands), which has a theoretical premanufacture level of 2,900 IU/kg Vitamin D3. Due to the high sensitivity of vitamin D3 to light, air,
heat and humidity, the actual level of Vitamin D3 might alter during manufacture. Female 7-9-weekold progeny were used for experiments (N=8). The Institutional Animal Care and Use Committee
(DEC) at the University of Groningen approved experiments under license number DEC6209 and
all experiments were performed in accordance with relevant guidelines and regulations. Similar
experimental and materials descriptions can be found in previous experiments21.
Induction of allergic asthma and treatment protocols
On experimental days 1 and 15, all mice received two intraperitoneal injections of 5,000 standardized
quality (SQ) units (5kSQ = 8μg allergen extract of GP (Phleum pratense, Phl p; ALK-Abelló, Hørsholm,
Denmark) adsorbed to 1.6mg Alum (Imject Alum, Pierce, USA) in 100µL Phosphate-buffered Saline
(PBS, Fig. 1a,b and 4a,b).
Two weeks thereafter, SCIT was performed by three 100µL s.c. injections, containing either
saline or GP with or without 1α,25-dihydroxyvitaminD3 (VitD3, Sigma-Aldrich, The Netherlands). In
a separate experiment, new freshly prepared formulations were made containing GP, VitD3 and or
SAINT-18. In short, 300nmol SAINT-18 (stock in WFI, Water for Injection) was mixed with 300ng VitD3
(stock in ethanol) and then 300kSQ GP was added all in glass vials. Of all formulations, the particle
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size was established using the Nanotrac Flex In-situ Analyzer (Microtrac, Germany) and considered
suitable for injection.
Inhalation challenges were administered as droplets of 25kSQ GP in 25μL PBS after light
isoflurane anesthesia on days 45, 47 and 49. After two days, airway responsiveness was determined,
and serum samples, broncho-alveolar lavage fluid (BALF), and lung lobes were stored for further
analyses (-80°C). Both experiments were performed using different batches of rough extract grass
pollen (Phleum pratense, 225; ID nr. 1031225. Batch numbers: Phl0035 and Phl0043 for research
only)10,22.
Early phase hypersensitivity: EST
After SCIT, an ear-swelling test (EST) was performed to evaluate the early phase response to GP.
Herein, 10μL of PBS is injected intradermal in the left ear as a control and 1kSQ of GP in 10μL is
injected in the right ear of mice under isoflurane/oxygen anesthesia. After 2h, ear thickness was
measured using a digimatic force-micrometer at 0.5N (±0.15N, Mitutoyo, Japan) and the net GPinduced swelling (Δ, in mm) was calculated by subtracting the thickness of the left ear from the
right ear23,22.

5
Airway responsiveness
By measuring airway resistance (R in cmH2O.s/mL) in response to intravenous administration of
increasing doses of methacholine (Sigma-Aldrich) the airway responsiveness was assessed. Next,
lung compliance (C in mL/H2O) was examined as a measure of the comparative stiffness of the
lung. In short, anesthetized mice were tracheotomized, cannulated through the jugular vein, and
attached to a small animal ventilator; the FlexiVent (SCIREQ, Canada), and ventilated (280 breaths/
minute) with a tidal volume of 10mL/kg, pressure limited at 300mmH2O. In response to increasing
dosages of methacholine, the airway resistance was calculated from the pressure response to a
2-second pseudorandom pressure wave. In analyzing the peak resistance (R) and peak compliance
(C), all values with a coefficient of determination (COD)-value below 0.85 were excluded. Moreover,
responsiveness was expressed as the effective dose (ED) of methacholine required to induce a
resistance of 3 cmH2O.s/mL (ED3)22,9.
Evaluating inflammation in BALF
Similar as in previous methods descriptions21, lungs were lavaged with 1mL PBS containing 5%
Bovine Serum Albumin (BSA, Sigma Aldrich, Zwijndrecht, The Netherlands) and a cocktail of protease
inhibitors (Complete mini tablet; Roche, Germany), directly after AHR measurements. Subsequently,
four lavages were performed with 1mL non-supplemented PBS. After centrifugation (500xg, 4min),
the cell-free supernatant of the first mL was stored as BALF (in duplo, -80°C). The cells from the first
mL were added to the cells from the 4mL PBS lavages and counted using the Z2 coulter particle
count and size analyzer (Beckman Coulter, Woerden, The Netherlands). Cytospin preparations of the
BALF and Lung cells were stained with Diff-Quick (Merz&Dade, Dudingen, Switzerland) and 300cells
per cytospin were evaluated and differentiated into mononuclear cells (M), neutrophils (N), and
eosinophils (E) by standard morphology.
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Analysis of T cell responses: lung cell-restimulation
As described before21, the left lobes of the lungs were removed, minced and digested for 1.5h at
37oC in 2mL of RPMI1640 (Lonza, Breda, The Netherlands) containing 1% Bovine Serum Albumin
(BSA), 4mg/mL collagenase-A (Roche Diagnostics, Almere, The Netherlands) and 0.1mg/mL DNAse-I
(Roche Diagnostics). Next, lung cells were forced though a 70μm cell strainer (Falcon, Lelystad, The
Netherlands), suspended in lysis buffer, washed and suspended again in 10mL RPMI1640 containing
1% BSA. Total cell counts were established using the Beckman Coulter Counter Z2. Lung cells (5x105
cells/well) were cultured in RPMI1640 supplemented with 5% Fetal Calf Serum (FCS, Lonza, Breda,
The Netherlands), 2nM Ultra-GlutaMAX (Life Technologies, Bleiswijk, The Netherlands), 100EU
penicillin, and 100ug/mL streptomycin in a 96-wells plate (Greiner BioOne, Hannover, Germany)
in the presence of 0μg or 30μg of GP per well. All samples were stimulated in triplicate for 120h
(CO2 incubator, 37⁰C) and the supernatant was collected and stored (-80⁰C). ELISA determined
concentrations of IL-5, IL-10 and IL-13, according to the manufacturer’s instructions (BD Pharmingen,
San Diego, CA). The lower detection limits of the ELISAs were 32pg/mL for IL-5, 10mg/mL for IL-10,
and 15pg/mL for IL-13.
GP-specific Immunoglobulins
Similar experimental and materials descriptions can be found in previous experiments21. Briefly,
blood was collected in MiniCollect serum tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands)
at several time points via orbital puncture (pre-sera) and after the experiment via the vena cava
inferior (post-sera, Figures 1a and 4a). Briefly, for GP-spIgE, NUNC MaxiSorp flat-bottom 96-well
plates (Sigma, MO) were coated with 1μg/mL anti-mouse IgE (BD Pharmingen) in PBS (overnight,
4°C), washed five times (wash buffer; PBS 0.05% Tween-20), blocked using 3% skimmed milk powder
(ELK, Campina, Amersfoort, The Netherlands) in ELISA buffer, and sera samples (diluted 1:8 in PBS
1%BSA) were incubated for 2h (room temperature). Then, the plates were incubated with 100μL
1:100 biotin labeled GP in PBS 1%BSA (homemade) for 1.5h, washed five times and incubated for 1h
with Streptavidin-Horseradish Peroxidase (1:200, R&D Sytems). Again plates were washed, following
which SigmaFastTM OPD substrate (Sigma-Aldrich) was added and incubated for 8min. The reaction
was stopped by adding 75μL of 1.8M H2SO4. Optical density (OD) values were measured at 490nm
and analyzed using a classic logit-log transformation model.
For GP-spIgG1 and GP-spIgG2a, plates were coated using 10μg/mL rough extract GP, blocked
using 3%BSA in ELISA buffer, incubated with sera samples (1:300,000 for GP-spIgG1 and 1:100 for
GP-spIgG2a), and labeled using biotinylated anti-mouse IgG1 or –IgG2a (1μg/mL, BD Pharmingen).
Concentrations were calculated according to the standard curve (using reference serum) and the
results are expressed as arbitrary unit (AU)/mL.
Biotinylation of GP extract was performed using EZ-link Sulfo-NHS-LC-Biotin according to the
manufacturers operating instructions (Thermo Scientific) and using a Slide-A-Lyzer cassette (3.5K
MWCO, Thermo scientific) for purification by dialysis overnight23.
Cytokine levels in lung tissue
The right superior lung lobe was used for measurement of total protein content and a cytokine
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profile. First, lungs were weighed, homogenized and dissolved in Luminex buffer (weight to volume
ratio 1:5) and the total protein content was measured using a BCA protein assay according to
manufacturer’s protocol (Thermo Scientific, USA). Concentrations of IL1α, IL-4, IL-5, IL-10, IL-13, IL17, IL-33, IFNγ, Eotaxin (CCL11), GM-CSF, KC and MIP3α (CCL20) were measured using a multiplex
Mouse Cytokine/Chemokine Magnetic Bead Panels (MILLIPLEX Map Kit; Merck Millipore, Germany)
according to manufacturer’s protocol. Plates were analyzed using a MAGPX1023 4002 with Luminex
xMAP technology. Parts of these methods descriptions can also be found in a previous publication
by Hesse et al.21.
Statistical analysis
All data are expressed as mean ± SEM. The Mann-Whitney U Test was used to analyze the results,
and p < 0.05 was considered significant. Within the ELISA data, an AU-value which was more than
three times the interquartile (IQ) range higher than the upper Q or more than three times the IQ
range lower than the lower Q was considered to be an extreme outlier and was removed for further
analysis. Within the AHR measurements, to compare the entire curve between groups, a generalized
estimated equation (GEE) analysis was used, using SPSS Statistics 20.0.0.224.

5

RESULTS
High-dose VitD3 decreases spIgE and induces neutralizing capacity
We have previously shown that addition of 10ng VitD3 per injection enhanced suppression of
airway inflammation by GP-SCIT11,23. Here, we aimed to determine the optimal dose of VitD3
supplementation in GP-SCIT needed to achieve suppression of both airway inflammation and AHR
upon GP challenges in sensitized mice. To this end, we tested a dose range of VitD3 (0, 30, 100,
300ng) in our established model for GP-SCIT23 (Fig. 1a,b). To examine whether VitD3 supplementation
changed the GP-SCIT-induced immunoglobulins, we measured total IgE, GP-spIgE, GP-spIgG1,
and GP-spIgG2a in sera taken before SCIT (white, Pre1), before challenges (grey, Pre2), and after
challenges (black, Post, Fig. 1c-f ). GP-SCIT induced increased levels of total and GP-specific IgE,
as well as increased levels of spIgG1 and sp-IgG2a in all experimental groups. After subsequent
challenges, total and spIgE responses were blunted in all GP-SCIT groups compared to sham-treated
controls (Fig. 1c,d). Although addition of VitD3 to GP-SCIT did not enhance spIgG2a levels, VitD3
supplementation did result in significantly increased spIgG1 levels at all three dosages used (Fig.
1e,f ).
To estimate the allergen-neutralizing capacity, the ratios of GP-spIgG1/GP-spIgE and GP-spIgG2a/
GP-spIgE after GP-SCIT were calculated. We find significantly increased ratios in all SCIT groups when
compared to control-treated mice (Fig. 1g,h). Moreover, addition of 300ng VitD3 resulted in a trend
towards increased neutralizing capacity when compared to the unsupplemented GP-SCIT group.
Finally, the fold increase of GP-spIgE levels induced by allergen challenges (GP-spIgE Post/ Pre2) was
significantly reduced in all GP-SCIT groups, regardless of the VitD3 dose (Fig. 1i).
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Figure 1. Overview and immunoglobulin response after VitD3-supplemented GP-SCIT. a Experimental
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VitD3 supplementation enhances suppression of ear swelling and AHR
We performed an ear swelling test (EST) after GP-SCIT, to evaluate the effects of VitD3 in GPSCIT on the early-phase allergic response in vivo. High-dose VitD3-GP-SCIT did induce significant
suppression of swelling as compared to the VitD3-treated positive controls, and showed a trend for
suppression when compared to GP-SCIT without VitD3 (Fig. 2a).
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To test whether addition of VitD3 could also enhance GP-SCIT mediated suppression of AHR, we
calculated the dose of methacholine required to induce a resistance of 3 cmH2O.s/mL (ED3; Fig. 2b).
Importantly, we observed a clear dose-dependent effect of VitD3 on ED3 after GP-SCIT, indicating
that increased VitD3 levels correlated with less severe airway contraction after allergen challenge
(Spearman’s rho = P<0.05). Moreover, high-dose VitD3 resulted in a significant increase in ED3 when
compared to GP-SCIT without VitD3.
In agreement herewith, airway resistance across the dose-response curve revealed suppression
of AHR by all GP-SCIT groups as compared to their matched controls (Fig. 2c). The use of VitD3 in
GP-SCIT resulted in a trend towards enhanced suppression compared to control GP-SCIT. Moreover,
lung compliance was increased in VitD3-GP-SCIT as compared to the VitD3 supplemented controls
and showed a trend towards an increase when compared to the unsupplemented GP-SCIT group
(Fig. 2d).
To detect any effect of treatment on allergen-induced cytokines, we assessed cytokine levels in
lung cell suspensions restimulated ex vivo with GP extract (Fig. 2e). Here, we observed that VitD3-GPSCIT mice had reduced IL-5 production after ex vivo GP-stimulation. Moreover, we observed a VitD3
dose-dependent suppression of IL-13 levels after grass pollen restimulation of lung cell suspensions
(Spearman’s rho = P<0.05), which resulted in a trend towards reduced IL-13 levels at the highest
dose of VitD3 compared to GP-SCIT in the absence of VitD3. Restimulation of lung cell suspensions
was unable to alter levels of IL-10 and IFN-γ (Fig. 2e).
VitD3 enhances suppression of eosinophilic inflammation
To evaluate suppression of airway inflammation, we compared cell counts of eosinophilic
granulocytes and cytokine levels in lung (Fig. 3a-e). As expected, we found that the number of
eosinophils in both BALF and lung tissue is reduced after GP-SCIT (Fig. 3c,d). When assessing VitD3
effects on GP-SCIT mediated eosinophil suppression, we only observed a trend towards enhanced
suppression in lung tissue at the highest VitD3 dose as compared to GP-SCIT. To compare the effect
of VitD3 in GP-SCIT corrected for any possible baseline effect of VitD3 on eosinophil numbers in
lung, we calculated fold reduction in eosinophils of both GP-SCIT groups relative to their respective
controls. Here, we observed an enhanced suppression in eosinophil numbers in BALF and lung
tissue by GP-SCIT after high-dose VitD3 supplementation (Fig. 3d,e).
Next, we analyzed cytokine levels in lung homogenates and observed that GP-SCIT failed to
suppress levels of IL-4, IL-5 and IL-13 in lung tissue in the absence of VitD3. In contrast, levels of IL-4,
IL-5 and IL-13 were suppressed by VitD3-GP-SCIT, both compared to the sham-treated and to the GPSCIT groups (Fig. 3f ). To test whether VitD3-GP-SCIT also affected the innate response to allergens,
we assessed levels of pro-inflammatory chemokines and alarmins released by lung structural cells
upon GP challenges. Interestingly, VitD3 in GP-SCIT resulted in reduced levels of eotaxin (CCL11),
GM-CSF, IL-33, and KC when compared to GP-SCIT. Although not significant, similar results were
found in IL-1α levels. No significant effects were found in levels of IL-10, MIP3α (CCL20), IFN-γ, and
IL-17 (Suppl Fig. 1).
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Unaltered immunoglobulin responses after SAINT complexed to VitD3-GP-SCIT
Next, we analyzed whether the use of the synthetic lipid SAINT as a carrier for the lipophilic VitD3
in the GP-SCIT formulation could further improve the efficacy of GP-SCIT and the adjuvant effect
of VitD3 (Fig. 4a,b). As in the previous experiments, we observed a marked increase in total and
GP-spIgE and in spIgG1 and spIgG2a after GP-SCIT (Pre2, Fig. 4c-f ), while GP-spIgE responses were
blunted after challenges in all SCIT groups compared to their controls (Post, Fig. 4d). However, no
differences were found in the spIgE levels obtained from SAINT-VitD3-GP-SCIT groups (GP100DS
and GP300DS) when compared to the GP-SCIT groups.
Next, addition of VitD3 to GP-SCIT did show a trend towards increased spIgG1 and spIgG2a,
when compared to unsupplemented GP-SCIT (Fig. 4e,f ). Although all GP-SCIT groups showed a
marked increase in levels of neutralizing antibodies, SAINT as carrier did not result in higher spIgG1
or spIgG2a levels compared to VitD3-GP-SCIT.
As a measure of neutralizing capacity after GP-SCIT, the ratios of GP-spIgG1/GP-spIgE and GPspIgG2a/GP-spIgE after GP-SCIT were calculated. No effect of VitD3 was observed in these analyses,
either with or without use of SAINT as a carrier, although strong induction of neutralizing capacity
of spIgG1 was seen after GP challenges in all SCIT groups (Fig. 4g,h). Furthermore, we observed a
striking decrease in fold induction of GP-spIgE levels by allergen challenges in all GP-SCIT groups,
with a significant decrease in the VitD3 supplemented GP-SCIT treated group when compared to
GP-SCIT alone (Fig. 4i).
SAINT mixed VitD3-GP-SCIT does not enhance suppression of AHR or ear swelling
Next, we assessed whether the effect of SAINT mixed with VitD3-GP-SCIT improves the early-phase
response to intradermal GP injections. Ear swelling was reduced in GP-SCIT groups as compared
to their controls, and similar as previously; addition of VitD3 in GP-SCIT resulted in a trend towards
suppression when compared to GP-SCIT (Fig. 5a). Addition of SAINT to the mixture did not further
improve the swelling responses in the VitD3-GP-SCIT animals.
To measure effects of SAINT and VitD3-GP-SCIT mediated suppression of AHR, we measured
airway resistance (R) and compliance (C) and calculated the ED3 values (R of 3 cmH2O.s/mL) (Fig. 5b-d).
The ED3 values were significantly increased compared to controls in all experimental groups except
for the high-dose SAINT-VitD3-GP-SCIT group, however no net effect of VitD3 supplementation was
found (Fig. 5b). In addition, in analyzing the dose-response curve of airway resistance, we observed
a significant decrease in all GP-SCIT groups compared to the controls, and found a trend towards
suppression in the VitD3-GP-SCIT group when compared to GP-SCIT mice (Fig. 5c). Nonetheless,
addition of SAINT did not result in an increased suppression of AHR. For lung compliance, only the
VitD3 supplemented GP-SCIT showed a significant improvement compared to the sham-treated
positive controls (PCD), however, no effect of the use of SAINT was detected (Fig. 5d).
Restimulation of lung cell suspensions with allergen extract ex vivo to detect any allergeninduced cytokines revealed marked suppression of IL-5 and IL-13 production in all SCIT mice (Fig.
5e). Addition of VitD3 in GP-SCIT resulted in a trend towards suppression in IL-5 when compared to
unsupplemented GP-SCIT mice. Furthermore, we observed increased IL-10 levels in these allergen
recall cultures in all GP-SCIT treated groups, but due to high variability with the groups this was
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significant only for unsupplemented and VitD3-GP-SCIT groups, when compared to their matched
controls. Addition of VitD3 did result in a trend towards increased IL-10 levels, when compared
to GP-SCIT treated animals (Fig. 5e). Although inclusion of SAINT was unable to improve Th2
inflammatory status alone, VitD3 supplementation did result in augmented suppression of Th2
cytokine production ex vivo.
Effects of SAINT on suppression of eosinophilic inflammation and cytokine responses
To assess effects of SAINT in VitD3-GP-SCIT on inflammation, we compared cell counts of eosinophilic
granulocytes and levels of cytokines in lung tissue after GP-SCIT (Fig. 6a-c). We observed a marked
suppression of eosinophil numbers in BAL fluid and lung tissue after GP-SCIT, irrespective of the use
of VitD3 and SAINT (Fig. 6b,c). However amongst these striking results, we were unable to detect a
net SAINT mediated effect on GP-SCIT, which was also evident when the data were presented as
fold reduction in eosinophils of both GP-SCIT treated groups relative to their matched controls (Fig.
6d,e).
Finally, we also analyzed cytokine levels in BAL fluid and observed that levels of IL-5 and IL-13 were
significantly affected by GP-SCIT, but we failed to detect additional suppression by VitD3 with or
without SAINT (Fig. 6f ). However, we were able to show a significant increase of IL-10 in the VitD3GP-SCIT group compared to the matched positive controls, both in absence and presence of SAINT.
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DISCUSSION
We previously reported the capacity of VitD3 to enhance efficacy of GP-SCIT in inducing a GPspIgG2a response, suppressing eosinophils and enhancing IL-10 levels in lung tissue21. However,
clinically relevant parameters such as airway hyperresponsiveness were not affected by VitD3
use. Therefore, in the current study, we analyzed the dose-dependent effects of VitD3 on GP-SCIT
treatment, and we for the first time report a clear effect of high-dose VitD3 when compared to the
unsupplemented GP-SCIT group: lower total- and GP-spIgE levels and an enhanced GP-spIgG1
response resulting in increased neutralizing activity, as well as suppression of ear swelling responses
and airway resistance, Th2 cytokines, and eosinophils in BALF and lung tissue (Supplemental Table
1). Importantly, we report a clear correlation between dose of VitD3 during GP-SCIT and ED3 after
allergen challenges, which reflects the responsiveness to methacholine in the lower part of the
dose-response curve. These data identify airway resistance as one of the most sensitive parameters
to increasing dosages of VitD3. Addition of the synthetic, bio-compatible lipid SAINT as carrier for
the lipophilic VitD3, however, did not further enhance the VitD3-dependent suppression of allergic
manifestations, even at suboptimal GP-dosages.
Previously, we showed that VitD3 enhanced effects of SCIT in an OVA-driven mouse model
for allergic airway inflammation25. Herein, co-administration of 10ng VitD3 with suboptimal OVASCIT enhanced suppression of AHR and eosinophilia, and increased levels of IL10 and TGF-β. More
recently, we provided evidence that 10ng VitD3 used as adjuvans in GP-SCIT and GP-SLIT augments
induction of neutralizing antibodies, results in enhanced eosinophil-suppression and IL-10
production in lung tissue11. In the current study, we tested the dose dependent VitD3 effects in GPSCIT, and show clear dose-dependent effects for some parameters only, while optimal suppression
of the parameters of allergic airway inflammation by GP-SCIT are achieved at the highest dose of
VitD3 (300ng per injection). The difference in efficacy of VitD3 between the OVA and GP models
(10ng vs. 300ng VitD3 per injection) most likely stems from the use of a purified protein (OVA),
which has tolerogenic properties upon repeated administration26 versus a natural GP extract, which
contains multiple allergens and may be immune-stimulatory. We feel that the SCIT model using the
GP extract is a better translational model for the clinical practice where treatment depends on the
use of allergen extracts or modifications thereof23.
In clinical studies, VitD3 insufficiency is thought to contribute to asthma27 and supplementation
of VitD3 resulted in a reduction of the number of exacerbations in asthmatic patients 28. Generally,
its mechanism of action involves both directing the immune system towards a tolerogenic
response, and enhancing epithelial barrier function29,30. Increased risk for persistent asthma in
VitD deficient children may be associated with enhanced susceptibility to allergic sensitization 31,
while VitD supplementation provides clinical improvement in atopic disease32. Wolsk et al. found
a reduction in the risk of recurrent wheeze and acute respiratory tract infections in early life after
VitD3 supplementation during pregnancy 33. In addition to baseline effects on asthma susceptibility,
VitD3 might also improve the response to AIT. For instance, in allergic rhinitis patients, clinical effect
of SCIT was more pronounced in patients whose VitD serum levels were sufficient during treatment
. In contrast, VitD supplementation in HDM-SCIT treated asthmatic children had no effect on
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symptom scores, spIgG1, nor regulatory cytokines IL-10 and TGF-β, although a slight increase in
expression of FOXP3+ T cells was observed hinting its potential as AIT-adjuvants16.
Experimental mouse models of allergic airway disease have been used to further evaluate the
effect of VitD3 levels on clinically relevant parameters30. Similar to the clinical studies, perinatal
VitD deficiency in mice has immunomodulatory effects such as Th2 skewing and reduced numbers
IL-10+ Tregs, both exaggerated upon HDM challenges35. Heine et al. showed that VitD deficiency
in mice promotes allergic sensitization to OVA, while co-administration of 25(OH)D in OVA-SCIT
reduced airway inflammation, Th2 cytokines in the lungs, and AHR after challenges36. Moreover,
VitD supplemented Der p2-allergoid SCIT enhanced reduction of Th2 cytokines and eosinophilia
and induced increased numbers of Tregs37. In our GP-SCIT mouse model, we report a similar
suppression of Th2 activity by VitD3 supplementation. In contrast to our previous study using 10
ng VitD3, however, we did not observe induction of IL-10 in either lung tissue or in restimulated
lung cells. Interestingly, we additionally observed suppression of a number of innate cytokines
and chemokines in lung, including eotaxin (CCL11), GM-CSF, IL-33, and KC. The mechanism for this
modulation of the lung innate immune response is unclear, but could involve enhanced induction of
Treg cells after SCIT38, due to VitD3-dependent tolerogenic effects on the local APC. The suppression
of the innate responses in lung-resident cells might be in line with enhanced Treg activity, although
direct, systemic effects of the locally applied VitD3 cannot be excluded28.
Next, we tested whether use of SAINT in GP-SCIT would enhance tolerance induction after
GP-SCIT injections by acting as a lipophilic carrier for VitD3. A SAINT-18 molecule contains two
hydrophobic tails and one cationic pyridinium head group and builds complexes with the liposomal
structures20. Similar as previous findings using carrier formulations like chitosan and PLGAnano particles, SAINT-18 captures allergens and could induce an enhanced allergen uptake and
presentation. For instance, Liu et al. reported beneficial effects of using chitosan as a chitosan-Der
f nano-vaccine in a mouse model of intranasal AIT39. Also in a murine model, Saint-Lu et al. showed
chitosan formulations to have mucoadhesive properties, induced enhanced uptake of OVA when
applied sublingually and enhanced tolerance induction via lowered AHR, eosinophils, as well as
specific Th2 responses40. More recently, PLGA-nano particles were used to enhance efficacy of SLIT
in a murine model of allergic rhinitis41.
The crucial determinant in the treatment efficacy might be the particle size of the new
formulations. The smaller the particles the better the antigen uptake and presentation, and classic
liposomal formulations generally range between 50-250 nm in size, and are unstable below 50 nm
due to the high curvature this requires for the lipids42,43. Moreover, smaller sized particles could
possess adjuvant activity towards activation and maturation of DCs in a inducer of humoral and
cellular immunity44. Our SAINT/GP formulations were prepared fresh and prepared in a standard
sequence (WFI, SAINT-18, VitD3 and as a last component GP), resulting in a stable formulation
with acceptable particle sizes (464-474 nm; 43.9 Vol%, data not shown). However, in pilot stability
experiments, we did find that at higher dosages of VitD3, the mixture became more emulsified, and
particle size would decrease to 78-80nm (71.6Vol%), possibly leading to more efficient phagocytosis
by the APCs. However, we show that while VitD3 improves GP-SCIT, this effect was not enhanced by
use of SAINT-18 as a carrier, arguing against an increased phagocytosis by the APCs.
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Our study design also had some limitations, including the inclusion of VitD3 with the SCIT injections,
which will result in local, but not systemic increases in VitD3 levels. Previously, it was found that
VitD3-enriched chow (10,000 IU/kg) resulted in decreased AHR and airway inflammation compared
to standard chow (2000 IU/kg)45. We used a diet containing 2,900 IU/kg VitD3 in all groups, while
VitD3 for SCIT supplementation was administered in the allergen injections, thereby selectively
increasing local VitD3 levels, with the aim to induce a tolerogenic phenotype in the DCs responsible
for allergen presentation. As we also see an effect on AHR and airway inflammation, similar to
systemic VitD3 levels, we conclude that local effects are sufficient for the VitD3-mediated enhanced
suppression of GP-SCIT.
Another limitation of our study is that not all VitD3-effects on GP-SCIT mediated suppression
were observed in both experiments (dose-finding vs. use of SAINT as a carrier). To allow for
an overall comparison between the two experiments, we have included a comparison of the
experimental parameters between the two experiments in supplemental Table 1. The VitD3 dosefinding experiment showed marked effects of VitD3 supplementation at the highest dose on most
of the experimental parameters, whereas in the SAINT experiment, addition of VitD3 to GP-SCIT
only had an effect on a subset of the experimental parameters, including the neutralizing antibody
response, GP-induced ear swelling, and cytokine responses in lung tissue. The VitD3 effects on AHR
and eosinophilic inflammation in GP-SCIT mice did not reach statistical significance in the SAINT
experiment. In this respect, it is important to note that these two experiments were performed
using different batches of Phleum pratense extract, which might explain some differences.
Notwithstanding these subtle differences between experiments, we clearly show a reproducible
effect of VitD3 on the efficacy of GP-SCIT.
In this study, VitD3 supplementation of GP-SCIT dose-dependently induced significantly
enhanced suppression of spIgE, inflammation and hyperresponsiveness, while neutralizing capacity
was improved and ESR were reduced. Addition of VitD3 further decreased Th2 cytokine responses
and innate cytokines to allergens in lung tissue by GP-SCIT. In contrast, addition of synthetic lipid,
SAINT to the GP-VitD3 mix had no therapeutic effect. These studies underscore the relevance of
VitD3 as an adjuvant to improve clinical efficacy of SCIT treatment regimens.
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S.Table 1: Overview of parameters of inﬂamma�on a�er GP SCIT with and without VitD to allow for direct comparison of both experiments

Immunoglobulins
Post Total IgE (ng/mL)
Post GP-spIgE (AU/mL)
Post GP-spIgG1 (AU/mL)
Post GP-spIgG2a (AU/mL)
IgG1 Neutralizing ac�vity a�er challenge (GP-spIgG1 / GP-spIgE Post)
IgG2a Neutralizing ac�vity a�er challenge (GP-spIgG2a / GP-spIgE Post)
Fold induc�on of IgE a�er challenge (vs Median of PC or PCD)
AHR
Fold induc�on of ED3
Fold reduc�on Resistance at 400µg/kg MCh vs average of PC or PCD
Fold reduc�on Compliance at 400µg/kg MCh vs average of PC or PCD
EST
Fold reduc�on EST a�er 2h
Inﬂammation
Suppression of EO in BALF (ra�o vs mean PC or PCD)
Suppression of EO in Lung (ra�o vs mean PC or PCD)
Cytokines

GP

SCIT

GPD

SAINT SCIT
P value
GP
GPD
P value
GP - GPD median (0ng VitD) median (300ng VitD) GP - GPD
0,080
20 x10^3
21 x10^3
0,095
7,6 x10^3
3,4 x10^3
20 x10^6
41 x10^6
0,090
34 x10^3
66 x10^3
0,090
0,080
4,3 x10^3
3,6 x10^3
16
4
8,98 (vs 235,1)
2,35 (vs 286,9)
*

median (0ng VitD)
45 x10^3
70 x10^3
42 x10^6
11 x10^3
6,6 x10^3
2,2
2,62 (vs 187,6)

median (300ng VitD)
41 x10^3
25 x10^3
60 x10^6
3 x10^3
40 x10^3
1
10,82 (vs 84,8)

1,2
0,83
0,69

2,4
0,35
2,24

**
0,058
0,102

1,2
0,78
1,10

1,7
0,42
1,70

0,75

0,61

0,090

0,90

0,53

0,21
0,79

0,04
0,41

*
0,090

0,16
0,46

0,09
0,35

0,080

IL-5 and IL-13 ↓
and IL-10 ↑

IL-5 and IL-13 ↓

Cytokines in BALF
Cytokines in lung cells a�er GP s�mula�on ex vivo
Cytokines in lung �ssue homogenates

NS
GM-CSF suppression

IL-5 and IL-13 ↓
IL-4, IL-5, IL-13, eotaxin, IL33, GM-CSF, and KC ↓

IL-5 and IL-13 ↓
and IL-10 ↑
IL-5 and IL-13 ↓
and IL-10 ↑

0,076

*
0,051

*

Supplemental Table 1 Overview of parameters of inflammation after VitD3 supplemented GP-SCIT to
allow for a direct comparison of both experiments.
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SFig 1
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Supplemental Figure 1. Cytokine and chemokine responses after VitD3-GP-SCIT. Levels of IL-10, IL-17, MIP3α and IFN-γ in pg/mg protein in lung tissue (mean ± SEM, n=8). NC: Negative Control, PBS challenged; PC:
Positive Control, GP challenged; PCD: PC with VitD3 in SCIT (300ng); 0, 30, 100, and 300 groups all contain
300kSQ GP with 0, 30, 100, and 300 ng VitD3 respectively. *P<0.05, **P<0.01, ***P<0.001 compared to PC
or PCD: unless otherwise specified.
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ABSTRACT
Allergen-specific immunotherapy (AIT) is a treatment for allergic airway disease that induced longterm tolerance. Currently, most AIT formulations are based on crude extracts, which can induce
IgE-crosslinking and severe side effects. Allergen-derived peptides are considered a safe alternative,
but efficacy of peptide AIT is suboptimal. We hypothesize that targeting peptides, with a tolerizing
signal to dendritic cells (DCs) allows for altered T-cell presentation and optimal suppression of
allergic manifestations after AIT.
Here, we test whether peptide AIT using Phleum pratense P5a (Phl p5a)-derived peptides modified with sialic-acid glycans, enhances efficacy of subcutaneous immunotherapy (SCIT) in a grass
pollen (GP)-driven mouse model of allergic asthma.
We measured T-cell activation by DCs loaded with unmodified or sialylated Phl p5a peptides in
vitro. GP-sensitized mice received SCIT with unmodified or sialylated Phl p5a-peptides (or control)
followed by GP-challenges to induce allergic airway inflammation. Specific immunoglobulins, airway hyperresponsiveness (AHR), and airway inflammation were measured.
CFSE labeled CD4+ T-cells isolated from GP-sensitized mice showed increased proliferation and
higher production of TGF-β1 in response to sia-peptide-loaded DCs in vitro, as compared to their
unsialylated controls. In vivo, SCIT using Phl p5a-peptides effectively suppressed AHR and airway
inflammation. Remarkably, sialylated Phl p5a-peptides significantly increased FoxP3+ T-cell induction, decreased numbers of GATA3+ T-cells and showed an enhanced suppression of eosinophilia in
BALF and lung.
We postulate that SCIT with Phl p5a-peptides suppresses allergen-induced airway inflammation
and hyperresponsiveness in vivo. Interestingly, sialylated peptides enhance suppression of eosinophilic inflammation associated with increased FoxP3+ Treg numbers.
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INTRODUCTION
Allergen-specific immunotherapy (AIT) is an effective therapy for allergic disorders and can induce
specific immunological tolerance in patients with rhinitis and asthma1. In randomized controlled
trials, AIT was shown to induce long-term relieve of symptoms of allergic airway disease, even after
repeated allergen exposure2,3. Furthermore, AIT has been demonstrated to increase neutralizing
antibody responses and shift the allergen-specific T-cell response from a pathogenic Th2 profile
towards that of regulatory T(reg)-cells4. Nonetheless, AIT requires large amounts of allergens to be
administered repeatedly over prolonged periods of time. The use of allergens for AIT can sometimes
lead to severe side effects as a result of IgE crosslinking on mast cells or basophils, such as
anaphylaxis5. These adverse effects might be prevented by reducing allergenicity while maintaining
tolerogenicity of the allergens used for treatment.
To date, most AIT is performed using crude allergen extracts. Alternatively, the use of purified
proteins might increase treatment efficacy compared to crude extracts. Preclinical mouse studies
already established the potential of proteins purified from crude extract house dust mites (HDM) in
AIT6. However, synthetic peptides that represent dominant T-cell epitopes of a major allergen but
lack a the tertiary structure required to bind to and crosslink IgE, may have a better safety profile
than the entire protein7.
Recently, this strategy was successfully implemented in murine models using Fel d1-derived
peptides8. Moreover, significant improvement of allergy symptoms was observed in cat-allergic
subjects even two years after Fel d1-derived synthetic peptide immunotherapy9. Furthermore,
Kettner et al. presented a successful phase IIb AIT-trial based on contiguous overlapping peptides
from birch pollen Bet v1, reporting significant persistent clinical improvement extending to at least
2-seasons post-treatment in birch pollen allergic subjects10. Also, a 6-week SCIT-trial with peptides
from Lolium perenne (LPP) grass pollen (GP) substantially reduced clinical symptoms11. The use of
purified proteins or selected peptides instead of a full allergen extract, however, might limit the
efficacy of the treatment due to incomplete coverage of the range of potential allergens that patients
can be sensitized to, and the differences in MHC usage between individual patients, which impacts
on the identity of the T-cell epitopes to which each individual will respond. Also, peptides may have
a shorter half-life after administration, and need to be taken up by DCs in order to be presented to
T-cells and exert a putative tolerogenic activity. It is unknown whether specific targeting of allergenderived peptides to DCs might enhance efficacy of peptide AIT.
DCs express sialic acid-binding Ig-like lectins (siglecs), which bind sialic acids, monosaccharides
on glycan chains on proteins, peptides or lipids. Siglecs function as endocytic receptors, but
also the presence of ITIM in the cytoplasmic tails have shown an immune inhibitory function to
regulate activation status and cytokine secretion of the DC12,13. In mice, sialylation of antigens
have been shown to instruct DCs via Siglec-E, to manifest an antigen-specific tolerogenic state,
enhancing generation and propagation of Treg cells while reducing the generation and function of
inflammatory T-cells13. Hence, sialylation of allergen-derived peptides might enhance the induction
of allergen-specific Treg-cells, and consequently increase the efficacy of peptide AIT.
Here, we hypothesize that sialylation of peptides encoding the immunodominant T-cell
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epitopes from Phleum pratense Phl p5a has the potential to enhance the efficacy of peptide AIT,
thereby increasing its potential for clinical application in rhinitis and asthma. We test this hypothesis
by comparing unmodified and sialylated Phl p5a-peptides in a GP-SCIT mouse model14, to evaluate
whether peptide-SCIT is effective in suppressing allergic airway inflammation and whether the use
of sialylated peptides leads to increased induction of Tregs and enhanced suppression of allergic
phenotypes as compared to the unmodified peptide-SCIT.
MATERIALS AND METHODS
See additional methods descriptions in the online supplemental methods.
Peptide Synthesis
The antigenic peptides derived from the GP protein Phl p5a were synthesized by solid-phase
peptide synthesis using Fmoc chemistry on a Symphony peptide synthesizer (Figure 1A-B).
Maleimido-sialylated glycan and sialylated glycopeptide preparations
The sialylated-glycan (SLN302), MPBH and 2-methylpiridine borane (1:3:10), dissolved in DMSO/
AcOH/TFA (8:2:0.1) were heated at 65°C for 2 hours. After precipitation with dichloromethane and
diethyl ether (1:2), the pellet was dissolved in water and HPLC-purified. The peptides reacted in
DMSO/TMP 50mM with the MPBH-sialylated glycan (1:1.2) prior to purification by HPLC. Mass and
purity were confirmed by UPLC-MS.
Co-cultures of BMDCs with CD4+ T-cells
Bone marrow-derived DCs (BMDCs) were generated from bone marrow cell suspensions cultured
for 9 days on GM-CSF and IL-4 supplemented medium (Figure 1C). At day 9, DCs were incubated
with peptides or GP for 3h. CD4+ T-cells, isolated from spleens and lymph nodes from GP sensitized
mice were CFSE-labeled and co-cultured with the DCs at a 1:3 ratio for 2 and 5 days. Supernatants
were stored and cells were stained for CD69, CD134, CD4, CD25, CD3ε, FoxP3, and Live Dead for flow
cytometry.
Animals
BALB/cByJ mice were bred and kept in individually ventilated cages on a hypo-allergen GP-free diet
under SPF conditions in the central animal facility in Groningen. All proceedings were performed
under defined conditions according to federal and European guidelines and approved by The
Institutional Animal Care and Use Committee at the University of Groningen. Female 7-9 week-old
progeny were used and provided with GP-free diet and water ad libitum (8 mice/ group).
Experimental setup
Mice received two i.p. injections of 5kSQ GP adsorbed to Alum on day 1 and 15 (Figure 2A) (15).
On day 22, blood was collected (Pre1-serum) and an ear swelling tests (EST) was performed, as
previously described15. On days 29, 31, and 33, mice received subcutaneous (SCIT) injections with
peptides, or GP-extract or saline as respectively positive and negative control treatments (Figure
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2B). Peptides 1 and 2 and Sia-peptides 1 and 2 were mixed in equimolar ratios prior to injection.
On day 43, ESTs were repeated and a second blood sample was taken (Pre2-serum). Thereafter, the
negative controls received intranasal PBS challenges, whereas all experimental groups received GP
challenges. Mice were sacrificed 48h after the final challenge, lung function measurements were
performed, BALF and lung tissue isolated, and a final blood sample was obtained (post-serum).
Lung function measurements
Forty-eight hours after the last challenge, anaesthetized mice were cannulated and placed on a
computer-controlled small-animal ventilator (FlexiVent, SCIREQ, Quebec). AHR measurements
were performed using increasing dosages of intravenously administered methacholine and airway
resistance (R in cmH2O.s/mL) and compliance (C in mL/H2O) were recorded.
Serum Immunoglobulins
Levels of GP-spIgG1, GP-spIgG2A, total IgE and GP-spIgE in serum taken at all-time points were
measured by ELISA14.
Inflammation in BALF and restimulation of lung cells
Cytospin preparations were made from BAL fluid cells, as described previously (15). Lung single cells
were restimulated with either 0 or 30 µg of GP for 5 days. Supernatants from triplicate cultures were
pooled, aliquoted and stored at -80°C. Levels of amphiregulin, IL-5, IL-10, IL-13, TGFβ1, and IFNγ were
determined by ELISA.
Cytokines and populations in lung cells
The right superior lung lobe was used to measure total protein, and concentrations of a range
of cytokines (Figure 5C-E). Lung single cell suspensions were stained for ILC2s and Treg-cells (see
supplement for details): Lin-PE, T1/ST2, CD45, CD90, CD127, GATA3, and a Live Dead marker. Mix 2:
CD3, CD4, CD8, FoxP3, RORyt, and tBet.
Statistics
All data are expressed as mean ± SEM. The Mann-Whitney U test was used to test for differences
between groups and controls and p<.05 was considered significant. For the AHR, a generalized
estimated equation (GEE) analysis was used, using SPSS Statistics 20.0.0.216.
RESULTS
Preparation of the sialylated glycopeptides
Peptides encoding the major BALB/c T-cell epitopes of the Phleum pratense allergen Phl p5a
(CTVFEAAFNDAIKAST and CYESYKFIPALEAAVK) were synthesized by solid phase peptide synthesis
using Fmoc chemistry on a Symphony peptide synthesizer (Figure 1A-B)17,18. Figure 1B depicts the
reaction between the sialic acid, Gal, GlcNac, linker, and the S-Peptide in detail, as described in the
online supplementary methods. Mass and purity were confirmed by UPLC-MS on a UHPLC-ESI159
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Figure 1. The sialylation of antigenic peptides derived from Phleum pratense 5a (Phl p5a): CTVFEAAFNDAIKAST and CYESYKFIPALEAAVK and in vitro stimulation in co-cultures. A, Outline of Phl p5a with peptide one and two highlighted. B, depicts the reaction of sialylation of the peptides in detail. C, Co-cultures
of GP- or (sia)-peptide stimulated bone-marrow derived DCs (BMDCs) with CFSE-labeled CD4+ T-cells.
Right, Outline of the co-culture protocol and in colour the experimental groups (Green, NC; Red, PC; Blue,
Pep1; Purple, Pep2; Light blue, SiaPep1; Pink, SiaPep2). Multigraph overlays of the fluorescent intensity
of FoxP3 and CFSE in single living CD3+CD4+ T-cells at day 2 (above) and day 5 (below) (analysed using
FlowJo®). See colours for experimental groups (n=12). D, FoxP3+ T-cells and CFSELow T-cells at day 2 and 5
(both as % of total single living CD3+CD4+ T-cells). E, Levels of TGF-β1 and IL-5 in the supernatants after
Day 2 and 5 (pg/mL) (n=12) (mean ± SEM). *P < .05, **P < .01, and ***P < .005 compared to unsialylated-peptide. NC: Negative Control (unstimulated); PC: Positive Control (GP stimulated); Pep1, Pep2, SPep1
and SPep2: different peptide groups with and without sialylation.
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MS system. Glycopeptide SLN302-CTVFEAAFNDAIKAST m/z found: 1310.14, 873.9. Glycopeptide
SLN302-CYESYKFIPALEAAVK m/z found: 1382.13, 921.94. (Sialylated)-Peptides 1 and 2 were mixed
in equimolar ration for use in our SCIT model (Figure 2B).
Sialylation of peptides increase T-cell proliferation and FoxP3 expression
We have previously shown that sialylation of ovalbumin or MOG peptides increases presentation of
the peptides in MHC-II and activation of the antigen-specific T-cells (13). We therefore hypothesized
that sialylated peptides derived from GP would be able to activate GP-specific T-cells. To test this, we
incubated CD4+ T-cells from GP sensitized mice with bone marrow-derived DCs (BMDCs) pulsed with
GP-extract, or either unmodified or sialylated Phl p5a-peptides. We measured proliferation, FoxP3
expression and cytokine responses of CD4+ T-cells after two and five days (Figure 1C,D) and observed
a stronger T-cell proliferation in sialylated-peptide-loaded BMDCs, compared to those loaded with
unsialylated peptides. At the same time, FoxP3 expression was increased in CD4+ T-cells cultured
with DCs loaded with sialylated, but not with unmodified peptides (Figure 1C). To evaluate whether
sialylation of peptides modified the cytokine response of the GP-specific T-cells, we also measured

Sensitization
GP/ Alum (i.p.)
1
15

SIT (s.c.)
Saline or GP
29 31 33

22
Serum (Pre1)
Ear Swelling Test

Total IgE (ng/ mL)

C

B

Challenge (i.n.)
Saline or GP
45 47 49

43
Serum (Pre2)
Ear Swelling Test

51
Postserum
Analysis

D

*
4

10

3

10

Sensitization SCIT
5 kSQ/
5 kSQ/
5 kSQ/
5 kSQ/
5 kSQ/

Alum
Alum
Alum
Alum
Alum

Challenge

PBS
PBS
300kSQ GP
10µg peptide
10µg Sia-peptide

PBS
25 kSQ
25 kSQ
25 kSQ
25 kSQ

6

0.076

5

10

4

10

3

10

2

10

1

NC

PC

GP

10Pep

10

10SPep

** 0.0803

F
GP-spIgG2a (AU/ mL)

E
4

10

NC

Pre2

Pre1

GP-spIgG1 (AU/ mL)

Group
NC
PC
GP
10pep
10Spep

GP-spIgE (AU/ mL)

A

PC

GP

10Pep

10SPep

PC

GP

10Pep

10SPep

Post

5

10

4

10

3

10

2

10

1

10

3

10

NC

PC

GP

10Pep

10SPep

NC

Figure 2. Experimental setup and immunoglobulin response after peptide-SCIT. A, Outline of the SCIT
protocol. B, Outline of the treatment groups. Peptide 1 and 2 and Sia-peptide 1 and 2 were mixed 50%50% in the AIT model. C, Serum total IgE (Arbitrary Units (AU)/mL) taken before SCIT (white bars, Pre1),
before challenge (grey bars, Pre2), and after challenges (black bars, Post). D, Serum GP-spIgE (AU/mL).
E, Serum GP-spIgG1. F, Serum GP-spIgG2a. Values are expressed as mean ± SEM (n=8). *P < .05, and
**P < .01 compared to PC at the same time point. NC: Negative Control; PC: Positive Control; 10pep,
10Spep: different peptide groups of SCIT mice, GP challenged.

161

Chapter 6

the cytokine profile in the supernatants. T-cells restimulated with GP-loaded BMDCs produced IL-5,
confirming their Th2 polarization in vivo. While we did not observe detectable concentrations of
IL-10 and IL-13 (data not shown), we were able to detect TGF-β1 and found significantly increased
concentrations after five days of coculture with BMDCs loaded with sia-peptides only (Figure 1E).
In addition, sialylated peptide 2 was able to significantly reduce levels of IL-5, as compared to
unmodified peptide 2 at the same time point (Figure 1E).
Unaltered specific immunoglobulin responses after peptide-SCIT
To study the serological response to peptide-SCIT in comparison to our classical GP-SCIT model
using GP-extracts, we measured levels of GP-specific (sp)-immunoglobulins, including GP-spIgE,
GP-spIgG1 and GP-spIgG2a in serum (Figure 2A). SCIT with the crude extract (GP-SCIT), but not
with the peptides, induced a specific IgG1 and IgE response. At the same time, a further increase of
IgE by GP challenges was not observed after GP-SCIT, while sham-treated or peptide-SCIT groups
displayed markedly increased sp-IgE levels after GP challenges (Figure 2C,D). Consequently, after
GP challenges, the GP-SCIT mice displayed a relatively modest level of IgE and the highest level of
sp-IgG1 and sp-IgG2a. Peptide-SCIT did not result in any alteration of the immunoglobulin response
compared to Sham-treated controls (Figure 2C-F). Altogether, these data indicate that peptide SCIT
using T-cell epitopes did not affect the GP-specific B cell response, in contrast to SCIT using GPextracts.
GP-SCIT is effective in suppressing early phase response to allergen challenge
Next, we aimed to test whether the IgE-dependent early allergic response to allergen challenge
was affected by GP-SCIT using the full extract. Therefore, we performed ear swelling tests (EST)
by intradermal GP injection before and after SCIT. As expected, all experimental groups showed
a net increase in EST after sensitization (Figure S1A). In GP-sensitized mice, GP-SCIT resulted in a
significantly decreased swelling, as compared to the controls (Figure 3A). Remarkably, while peptideSCIT did not significantly alter the ear swelling response to GP challenges, sialylated peptide-SCIT
did result in a significantly decreased swelling as compared to controls.
GP-SCIT and peptide-SCIT are effective in suppressing AHR induced by allergen challenge
To test whether (Sia)-peptide-SCIT protected against airway hyperresponsiveness (AHR), we
evaluated the effect of SCIT on airway resistance in response to methacholine and calculated the
effective dose (ED) of methacholine required to induce a resistance of 3 cmH2O.s/mL (ED3). We
found that the ED3 was significantly increased for the GP-SCIT mice, but not for the peptide-SCIT
treated groups as compared to the controls (Figure 3B). Next, we analyzed the airway resistance
and lung compliance in response to the dose-range of methacholine, and observed a significant
reduction in AHR in both GP-SCIT and (Sia)-peptide-SCIT mice compared to controls (Figure 3C),
with no significant differences between the different treatment groups.
GP-SCIT and Peptide-SCIT suppress airway inflammation
To evaluate the suppression of airway inflammation after (Sia)-peptide-SCIT, we assessed numbers
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of inflammatory cells in BALF and lung tissue. As expected, both in BALF and lung tissue, GP
challenges in Sham-treated mice resulted in an increase in total cell counts (Figure 4A). We
observed suppression of eosinophilic airway inflammation in GP-SCIT mice compared to Shamtreated mice in both BALF and lung tissue (Figure 4B-E). Unmodified peptides failed to significantly
reduce eosinophil-cell numbers in BALF and lung tissue compared to controls, although a trend
towards suppression was observed in BALF (Figure 4B-E). In contrast, use of the sialylated peptides
for SCIT did achieve a significant decrease of eosinophils in both BALF and lung tissue compared
to sham-treated mice (Figure 4B,C). We observed a relative suppression of eosinophil numbers by
sia-peptide SCIT of 7-fold for BALF and 6-fold for lung compared to controls (Figure 3D,E). When
directly comparing the sialylated to the unmodified peptides, we observed a significant reduction
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of eosinophil numbers in lung tissue induced by sialylation of the peptide used in the SCIT (Figure
4E), while a trend towards this effect is observed in BALF (Figure 4D).
Subsequently, we determined cytokine levels of IL-5, IL-10, IL-13, TGF-β1 and amphiregulin in
BALF and found decreased levels of IL-5 in GP-SCIT mice, while levels of IL10 and IL13 were not
significantly different between treatment groups (Figure 4F, S1B). Remarkably, we did not observe
increased levels of anti-inflammatory IL-10 in any of the SCIT groups (Figure 4F). Altogether, we
observed a reduction in the number eosinophils in both BALF and lung tissue after treatment with
sia-peptide-SCIT groups and decreased levels of IL-5 after GP-SCIT.
T-cell responses in the lung after peptide-SCIT
To study whether peptide-SCIT resulted in suppression of type 2 inflammation, we quantified the
number of innate lymphoid cells (ILC2s), T helper 2 (GATA3+) lymphocytes and (FoxP3+) Treg-cells
in lung tissue after allergen provocation. Here, we observed significantly decreased numbers of
GATA3+ T-cells after GP-SCIT as compared to controls (Figure 5A). Additionally, Sia-peptide-SCIT
significantly decreased GATA3+ T-cell numbers in contrast to SCIT with the unmodified peptides.
Interestingly, we also observed a significant increase of FoxP3+ CD4 T-cell numbers in lung tissue
after sia-peptide-SCIT, as compared to both controls and mice receiving the unmodified peptide
(Figure 5A). Next, we also measured ILC2 numbers in lung tissue and observed a slight increase in
ILC2 numbers after GP-SCIT, while all other treatments did not affect ILC2 cell numbers (Figure 5A).
In summary, we observed a decrease of GATA3+ T-cell numbers and an increase in Treg-cells in lung
tissue and after sia-peptide-SCIT.
Next, we also tested whether the Th2 activity was suppressed after SCIT by measuring cytokine production in cell suspensions from lung tissue cultured ex vivo in the presence of GP allergens. We observed a trend towards decreased levels of IL-5, but not IL-13, in cells from mice
treated with GP-SCIT or sialylated peptide SCIT (Figure 5B, S1C). In addition, levels of IL-10 were
significantly increased in lung cells from GP-SCIT mice, while a trend to this effect was seen in cell
cultures from mice that had received unmodified peptides. In contrast, TGF-β1 levels were only
significantly increased in lung cell suspensions from mice that had received unmodified peptideSCIT, although differences between groups were small (Figure 5B). Analysis of cytokine levels in
lung tissue revealed significantly decreased levels of IL-4, IL-13 and IL-17 in GP-SCIT mice, while
IFN-γ or IL-10 levels were not affected. A similar trend was observed in mice receiving peptide
SCIT, with no significant differences between mice receiving unmodified or sialylated peptides
(Figure 5C). Lung tissue levels of TGF-β1 were not altered after SCIT (Figure S1C). Finally, we examined the effect of peptide-SCIT on the levels of epithelial alarmins, cytokines and chemokines,
and observed that our GP-SCIT model resulted in a significant decrease of IL-1α, IL-33 (Figure
5E) and KC (Figure 5D). In mice receiving peptide SCIT, lung tissue levels of IL-33, KC and eotaxin
were reduced, with no significant differences between unmodified or sialylated peptide groups,
although the latter failed to reach significance compared to controls (Figure 5D,E). Thus, while
peptide-SCIT was shown to be effective in suppressing production of pro-inflammatory cytokines and chemokines, we did not observe an additional effect of sialylation on these responses.
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DISCUSSION
In this study, we asked whether glycan modification of peptides derived from Phl p5a could improve
the efficacy of peptide AIT in suppressing symptoms of allergic airway inflammation. First, we show
that sialylation of Phl p5a peptides resulted in increased proliferation, FoxP3 expression and TGF-β1
release by CD4+ T-cells isolated from GP-sensitized mice. Next, we compared SCIT using sialylated
and unmodified Phl p5a peptides to the use of a GP-extract (GP-SCIT) or a sham treatment. Our in
vivo findings indicate that GP-SCIT with the full extract was successful in suppressing asthmatic
manifestations of GP induced allergic airway inflammation in mice on multiple parameters, including
AHR and eosinophilic inflammation. The use of a mix of two peptides of the major allergen Phl p5a
was also able to reduce most parameters of the allergic airway inflammation after GP challenges,
although the suppression on eosinophilic airway inflammation was not as prominent as with the
full extract. As expected, the use of peptides encoding the major T-cell epitopes of Phl p5a did not
induce a neutralizing antibody response or alter the levels of allergen-specific IgE in our mouse
model. A direct comparison between unmodified and sialylated peptides used for SCIT revealed
a significantly increased induction of FoxP3+ T-cells, and decreased numbers of GATA3+ T-cells
associated with an enhanced suppression of airway eosinophilia in both BALF and lung tissue by
the sialylated peptide mix, as compared to the unmodified peptide-SCIT. In conclusion, sialylation
of Phl p5a peptides was shown to enhance efficacy of peptide-SCIT in a GP driven mouse model of
allergic asthma.
Remarkably, neither peptide-SCIT nor GP-SCIT significantly increased the production of IL-10
in vivo. Several studies reported that increased IL-10 production is pivotal for successful SCIT19,20,21.
Moreover, these studies report that IL-10 enhances the suppression of AHR, reduces eosinophil
inflammation and increases the production of Tregs. We observed a significant reduction of AHR
and eosinophilic airway inflammation, in the absence of increased IL-10 levels at the time of allergen
challenges. This is in agreement with our previous studies in experimental mouse models of SCIT
using HDM extract or purified OVA as the allergen6,22. The IL-10 critical for successful AIT might well
be elevated around the time of SCIT, and contribute to the induction of Treg activity, while no longer
being elevated at the time of allergen challenges. Notwithstanding, we did observe a significant
increase in GP-induced IL-10 production by lung cells after GP-SCIT and a trend towards an increase
in IL10 production after peptide-SCIT (Figure 5B). Moreover, we observed that Sia-peptide-SCIT
increased the frequency of FoxP3+Treg in lung tissue, compared to both the positive control and the
reference GP-SCIT group.
TGF-β1 release was also increased in lung cells stimulated with GP-extract ex vivo, while levels
were not increased in BALF or lung tissue when measured directly (Figure S1B,C). This would suggest
that the TGF-β1 measured in the ex vivo cultures is derived from de novo synthesis. The importance
of TGF-β1 secretion during and after successful AIT to suppress Th2 activity and neutralize cytokine
activity was shown by Jutel et al.(23), who demonstrated that IL-10 and TGF-β cooperate in inducing
peripheral T-cell suppression both during to aeroallergen-exposures in healthy individuals and
during AIT in allergic rhinitis and asthma patients. Moreover, the inhibitory effect of TGF-β seems to
be antigen-specific and can directly regulate Th2-induced inflammation and airway hyperreactivity24.
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Peptide-AIT, based on selection of short peptide sequences which lack IgE binding and inflammatory cell activating potential, are unlikely to drive antibody production4,25. In line herewith, GPSCIT resulted in decreased levels of total IgE and GP-spIgE, and increased levels of GP-spIgG1, while
peptide-SCIT failed to induce these neutralizing antibodies or affect the specific IgE levels. Remarkably, our data indicate that Sia-peptide-SCIT was able to suppress ear swelling upon intradermal
injection of GP-extracts. As any effects of (Sia)-peptide SCIT on allergic responses in our model
are likely mediated by induction of Treg-cell activity and suppression of Th2 cells, the reduced ear
swelling response after Sia-peptide SCIT might reflect increased activity of Treg-cells. We have previously shown that induction of neutralizing antibody responses is not critically required for SCIT
in mouse models26. In contrast, the use of Lolium perenne naturally purified 1-10kDa peptides in a
prospective dose-escalation study did show strong blocking antibody-induction after only 4 weeks
of treatment27. Since these long peptides were obtained from natural sources and contained all major allergens from the GP-extract, this formulation might well contain the relevant B-cell epitopes.
It remains to be tested in a (pre)clinical setting whether the protective effects of the induction of
a neutralizing antibody response outweighs the risks associated with IgE crosslinking and adverse
events during AIT due to degranulation of effector cells such as mast cells and basophils.
Whereas the GP-SCIT model is based on the whole GP-extract encompassing all allergens the
mice were sensitized to, peptide SCIT uses only a mix of two short synthetic peptides based on the
major T-cell epitopes in Phl p5a28. These two peptide sequences have also been reported to be Tcell epitopes in human18,29. This might explain why our peptide-SCIT model is not as effective on all
parameters as the reference GP-SCIT model. Moreover, it has recently been shown that AIT modifies
CD4+ T-cells in an epitope-specific manner, resulting in depletion of those T-cell clones that were
specifically increased in allergic patients when compared to non-atopic controls30. Therefore, for
optimal peptide-SCIT, we might need to include peptide sequences from other major GP allergens
such as Phl p1 and Phl p5b as well. Moreover, since T-cell epitopes are dependent on MHC usage,
a wider variety of T-cell epitopes from the major allergens are needed to obtain a formulation that
can be applied in most GP allergic individuals, while keeping the peptides as short as possible (20
AA) to prevent the possibility of IgE crosslinking and subsequent adverse events31. Possibly, more
injections of peptide-SCIT with a lower dosage could contribute to an enhanced efficacy of the
therapy32. In all cases, the net dosage of each individual peptide in the mixture used will be relatively
low. We postulate that sialylation of the peptides used in such formulations is a valuable approach
to increase efficiency of targeting the allergen-specific T-cells in the allergic patient.
In this study, we provide evidence that the use of Phl p5a peptides for SCIT is effective in suppressing asthmatic manifestations induced by GP exposure in sensitized mice, and that peptide-SCIT
is as effective as GP-SCIT. Sialylation of the peptides used in SCIT resulted in increased T-cell activation, enhanced numbers of FoxP3+ T-cells both in vitro and in vivo, and achieved increased suppression of Th2 cells and eosinophilic inflammation in lung tissue compared to unmodified peptides.
The use of sialylated allergen-derived peptides encoding T-cell epitopes is a promising approach
towards efficient AIT that lacks the risk of adverse effects associated with IgE-cross linking or inflammatory cell activation.

168

SCIT using modified Phl p5a-derived peptides efficiently alleviates allergic asthma in mice

Author contributions
All the mentioned authors read and approved the manuscript and agreed to the submission of
the manuscript to the Journal. LH contributed to the development of the immunotherapy model,
conception and design of the study, acquisition, analysis and interpretation of the data, editing
the figures, and preparation and critical revision of the manuscript. RF and WAdJ contributed to
the acquisition and interpretation of the data and assisted with the in vitro experiments and AHP
contributed to the acquisition of all in vivo work. RF, MA, WAdJ, AHP, HV, WWJU, and YvK critically
revised and approved the final version of the manuscript.
MA, HV, and YvK are employees of DC4U Technologies and contributed to the design of the
study and the production of sialylated peptides and revised the manuscript.
MCN contributed to the development of the immunotherapy model, conception and design of
the study, critical interpretation of the results, editing the figures, and preparation and critical revision of the manuscript. MCN approved the final version of the manuscript.
Acknowledgments
This study was financially supported by the Biobrug program in Groningen (Project 98 and 112). We
would like to thank Uilke Brouwer (research technician) and Harold G. de Bruin for their assistance in
the laboratory. Also, we thank the microsurgical team in the animal center (A. Smit-van Oosten, M.
Weij, B. Meijeringh, and A. Zandvoort) for expert assistance at various stages of the project.

6

169

Chapter 6

References
1.
2.
3.

4.
5.
6.
7.
8.

9.
10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

170

Wahn U, Bachert C, Heinrich J, Richter H, Zielen S. Real-world benefits of allergen immunotherapy for birch
pollen-associated allergic rhinitis and asthma. Allergy 2018;:0–3.
Shamji MH, Durham SR. Mechanisms of allergen immunotherapy for inhaled allergens and predictive
biomarkers. J Allergy Clin Immunol 2017;140:1485–1498.
Berings M, Karaaslan C, Altunbulakli C, Gevaert P, Akdis M, Bachert C et al. Advances and highlights in
allergen immunotherapy: On the way to sustained clinical and immunologic tolerance. J Allergy Clin
Immunol 2017;140:1250–1267.
Prickett SR, Rolland JM, O’Hehir RE. Immunoregulatory T cell epitope peptides: The new frontier in allergy
therapy. Clin Exp Allergy 2015;45:1015–1026.
Hoffmann HJ, Valovirta E, Pfaar O, Moingeon P, Schmid JM, Skaarup SH et al. Novel Approaches and
Perspectives in Allergen Immunotherapy. Allergy 2017;Epub ahead. doi:10.1111/all.13135
Hesse L, van Ieperen N, Habraken C, Petersen AH, Korn S, Smilda T et al. Subcutaneous immunotherapy
with purified Der p1 and 2 suppresses type 2 immunity in a murine asthma model. Allergy 2018;:1–13.
Larché M. Update on the current status of peptide immunotherapy. J Allergy Clin Immunol 2007;119:906–
909.
Moldaver DM, Bharhani MS, Rudulier CD, Wattie J, Inman MD, Larché M. Induction of bystander tolerance
and immune deviation after Fel d 1 peptide immunotherapy. J Allergy Clin Immunol Published Online First:
2018. doi:10.1016/j.jaci.2018.03.023
Couroux P, Patel D, Armstrong K, Larché M, Hafner RP. Fel d 1-derived synthetic peptide immuno-regulatory
epitopes show a long-term treatment effect in cat allergic subjects. Clin Exp Allergy 2015;45:974–981.
Kettner A, DellaCorte G, de Blay F, Jacobsen L, Jutel M, Worm M et al. Benefit of Bet v 1 contiguous
overlapping peptide immunotherapy persists during first follow-up season. J Allergy Clin Immunol
2018;142:678–680.e7.
Mösges R, Bachert C, Panzner P, Calderon MA, Haazen L, Pirotton S et al. Short-course of grass allergen
peptides immunotherapy over three weeks reduces seasonal symptoms in allergic rhinoconjunctivitis
with/without Asthma: A randomized, multicenter, double-blind, placebo-controlled trial. Allergy 2018;:1–
9.
Mösges R, Koch AF, Raskopf E, Singh J, Shah-Hosseini K, Astvatsatourov A et al. Lolium perenne peptide
immunotherapy is well tolerated and elicits a protective B-cell response in seasonal allergic rhinitis
patients. Allergy Eur J Allergy Clin Immunol 2018;73:1254–1262.
Perdicchio M, Ilarregui JM, Verstege MI, Cornelissen LAM, Schetters STT, Engels S et al. Sialic acid-modified
antigens impose tolerance via inhibition of T-cell proliferation and de novo induction of regulatory T cells.
Proc Natl Acad Sci 2016;113:3329–3334.
Hesse L, Brouwer U, Petersen AH, Gras R, Bosman L, Brimnes J et al. Subcutaneous immunotherapy
suppresses Th2 inflammation and induces neutralizing antibodies, but sublingual immunotherapy
suppresses airway hyperresponsiveness in grass pollen mouse models for allergic asthma. Clin Exp Allergy
2018;48:1035–1049.
Hesse L, Nawijn MC. Subcutaneous and Sublingual Immunotherapy in a Mouse Model of Allergic Asthma.
In: E. Clausen B, Laman JD, editors. Inflammation: Methods and Protocols. New York, NY: Springer New York
2017: 137–168.
Twisk JWR. Longitudinal data analysis. A comparison between generalized estimating equations and
random coefficient analysis. Eur J Epidemiol 2004;19:769–776.
Kalay H, Ambrosini M, Van Berkel PHC, Parren PWHI, Van Kooyk Y, García Vallejo JJ. Online nanoliquid
chromatography-mass spectrometry and nanofluorescence detection for high-resolution quantitative
N-glycan analysis. Anal Biochem 2012;423:153–162.
Stoecklinger A, Scheiblhofer S, Roesler E, Lang A, Fastner G, Sedlmayer F et al. T cell epitopes of the timothy
grass pollen allergen Phl p 5 of mice and men and the detection of allergen-specific T cells using class II
ultimers. Int Arch Allergy Immunol 2012;158:326–334.
Shamji MH, Durham SR. Mechanisms of immunotherapy to aeroallergens. Clin Exp Allergy 2011;41:1235–

SCIT using modified Phl p5a-derived peptides efficiently alleviates allergic asthma in mice

20.

21.
22.

23.

24.

25.
26.

27.

28.
29.
30.

31.
32.

1246.
Bohle B, Kinaciyan T, Gerstmayr M, Radakovics A, Jahn-Schmid B, Ebner C. Sublingual immunotherapy
induces IL-10-producing T regulatory cells, allergen-specific T-cell tolerance, and immune deviation. J
Allergy Clin Immunol 2007;120:707–713.
Rudensky AY. Regulatory T cells and Foxp3. Immunol Rev 2011;241:260–268.
Vissers JLM, van Esch BC a M, Hofman G a, Kapsenberg ML, Weller FR, van Oosterhout AJM. Allergen
immunotherapy induces a suppressive memory response mediated by IL-10 in a mouse asthma model. J
Allergy Clin Immunol 2004;113:1204–1210.
Jutel M, Akdis M, Budak F, Aebischer-Casaulta C, Wrzyszcz M, Blaser K et al. IL-10 and TGF-β cooperate in
the regulatory T cell response to mucosal allergens in normal immunity and specific immunotherapy. Eur
J Immunol 2003;33:1205–1214.
Hansen G, McIntire JJ, Yeung VP, Berry G, Thorbecke GJ, Chen L et al. CD4+T helper cells engineered to
produce latent TGF-β1 reverse allergen-induced airway hyperreactivity and inflammation. J Clin Invest
2000;105:61–70.
Larché M. Mechanisms of peptide immunotherapy in allergic airways disease. Ann Am Thorac Soc
2014;11:S292–S296.
Shirinbak S, Taher YA, Maazi H, Gras R, van Esch BCAM, Henricks PAJ et al. Suppression of Th2-Driven Airway
Inflammation by Allergen Immunotherapy Is Independent of B Cell and Ig Responses in Mice. J Immunol
2010;185:3857–3865.
Maazi H, Shirinbak S, Willart M, Hammad HM, Cabanski M, Boon L et al. Contribution of regulatory T cells to
alleviation of experimental allergic asthma after specific immunotherapy. Clin Exp Allergy 2012;42:1519–
1528.
Sandrini A, Rolland JM, O’Hehir RE. Current developments for improving efficacy of allergy vaccines. Expert
Rev Vaccines 2015;14:1073–1087.
Larché M., Akdis C.A. VR. Immunological mechanisms of allergen-specific immunotherapy. Nat Rev
Immunol 2006;6:761–771.
Wambre E, Delong JH, James EA, Torres-Chinn N, Pf??tzner W, M??bs C et al. Specific immunotherapy
modifies allergen-specific CD4+ T-cell responses in an epitope-dependent manner. J Allergy Clin Immunol
2014;133:872–879.
Sandrini A, Rolland JM, O’Hehir RE. Current developments for improving efficacy of allergy vaccines. Expert
Rev Vaccines 2015;14:1073–1087.
Larche M. Immunotherapy with Allergen Peptides. Allergy, Asthma, Clin Immunol 2007;3.

171

6

Chapter 6

Supplementary Figures
300

Ear Thickness PreSCIT ∆ (µ m )

S1 A

200

100

0

Control

GP

10Pep

10SPep

BALF Amphiregulin (pg/ mL)

S1 B
BALF TGF β 1 (pg / m L)

3

10

2

10

10

2

1

10

S1 C

NC

PC

NC

GP 10Pep 10SPep

PC

GP 10Pep 10SPep

3

100

Lung T GF β 1 (pg/ mg)

Restim IL-13 (pg/ mL)

10

2

10

1

10

NC

PC

GP 10Pep 10SPep

10

NC

PC

GP 10Pep 10SPep

Figure E1. Confirmation of sensitization measured in an ear swelling test (EST), BALF and Lung cytokines. A, Net ear thickness (µm) two hours after GP injection (1kSQ) in the right ear and PBS in the left
ear as a control, performed 7 days after two i.p. injections with alum absorbed GP. B, BALF TGF-β1 and
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SUPPLEMENTAL MATERIALS AND METHODS
Peptide Synthesis
The antigenic peptides derived from the GP protein Phl p5a were synthesized by solid-phase
peptide synthesis using Fmoc chemistry on a Symphony peptide synthesizer.
Maleimido-sialylated glycan and sialylated glycopeptide preparations
The sialylated-glycan (SLN302), MPBH and 2-methylpiridine borane (1:3:10), dissolved in DMSO/
AcOH/TFA (8:2:0.1) were heated at 65°C for 2 hours. After precipitation with dichloromethane and
diethyl ether (1:2), the pellet was dissolved in water and HPLC-purified. The peptides reacted in
DMSO/TMP 50mM with the MPBH-sialylated glycan (1:1.2) prior to purification by HPLC. Mass and
purity were confirmed by UPLC-MS.
Generation and culturing bone marrow derived dendritic cells
Bone marrow derived dendritic cells (BMDCs) harvested from femurs and tibias of GP-sensitized adult
BALB/cByJ mice and cultured in RPMI-1640 with L-glutamine (2mmol/L), 10% FCS and 1% Penicillin
Streptomycin in 6-well plates with 1x106 cells/mL per well. The medium was supplemented with 20
ng/mL GM-CSF and 20 ng/mL IL-4, refreshed every three days, and in total cultured for 9 days. At
day 10, matured DCs were harvested by vigorous pipetting and used for co-cultures with isolated
CD4+ T-cells at a ratio of 1:3.

6

Isolation of CD4+ T cells from spleen and lymph nodes
Both spleen and lymph nodes, isolated from the same mice, were plunged through a 70µm cellstrainer and flushed through with 40mL RPMI-1640 medium. After a erythrocyte lysis and cell
count, CD4+ T-cells were isolated from the cell-suspension using the MagCellect mouse CD4+ T-cell
isolation kit (R&D systems) and stained using 2µM Carboxyfluorescein succinimidyl ester for 20 min
at room temperature in the dark.
Co-culture of BMDCs and CD4+ T-cells
Matured BMDCs were harvested, washed, counted and reloaded on a 48-wells plate (2.5x104 DCs
per well) containing fresh medium. (Sialylated)-Peptides at 5µM or 30µg of GP (positive control)
were added and left for a 3h incubation. Hereafter, 7.5x104 isolated CD4+ T-cells were added to
stimulated BMDCs (ratio 1:3) and incubated for 2, 5 and 10 days. At each time point, supernatant
was collected and the cells were included in flow cytometry. IL-5 and TGF-β1 was measured in
the supernatants according to manufacturers’ protocols (BioLegend). All cells were extracellularly
stained for CD134 (OX-40)-PE/Cy7, CD4-PerCP/Cy5.5, CD25-APC (all BioLegend), CD3e APC-eFl780,
CD69-eFluor605NC. Dead cells were stained using a diluted Fixable Viability Dye eFl450 for 10
minutes in PBS. Hereafter, all cells were intracellular stained for FoxP3-PE (all eBioscience).
Mice
Mature BALB/cByJ mice (The Jackson Laboratory) were held in the central animal facility (Centrale
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Dienst Proefdieren (CDP)) in the University Medical Center of Groningen (UMCG). All proceedings
were performed under defined conditions according to federal and European guidelines and this
experiment (DEC6656B) was approved by The Institutional Animal Care and Use Committee at
the University of Groningen. The mice were bred in individually ventilated cages (IVC) on a hypoallergen GP-free diet Female 7-9 week-old progeny were used for this experiment and provided
with GP-free diet and water ad libitum (8 mice/ group).
Experimental setup
All mice received two intraperitoneal injections of 5,000 standardized quality (SQ) units (5kSQ = 8 μg
allergen extract of GP (Phleum pratense; ALK-Abelló) adsorbed to 2.25 mg Alum (Thermo Scientific)
in 100 µL PBS. On day 22, blood was taken through an orbital punction (Pre1-serum) and the ear
swelling tests (EST) were performed (1). Then, all mice received 100 μL subcutaneous injections with
SCIT formulations. The ESTs were repeated accompanied by second orbital puncture (Pre2-serum).
Negative controls underwent 3 challenges with 25 μL PBS, while all the other mice received 25kSQ
GP in 25μL PBS. Airway hyperresponsiveness (AHR) was determined and sera samples, bronchoalveolar lavage fluid (BALF), femurs and tibia were dissected for cell isolation. All lung lobes and
(lung draining) lymph nodes were then removed, processed and stored for further analyses (2).
Lung function measurements and serum immunoglobulins
48 hours after the final challenge, AHR was measured, using the FlexiVent machine, after intravenous
administrations of increasing dosages of methacholine 0, 50, 100, 200, 400 and 800μg/kg, by
obtaining airway resistance and compliance. Hereafter, all mice were sacrificed by collecting all the
blood through a vena cava puncture (post-serum)(2). ELISA was performed to determine the levels
of GP-spIgG1, GP-spIgG2A (both Bethyl), total IgE (BioLegend) and GP-spIgE in serum taken at three
different time points (pre1-, pre2-, and post-serum).
Evaluating inflammation in BAL fluid and Lung cell suspensions
Bronchoalveolar lavage fluid (BALF) was obtained and stored for cytokine analyses and cell pellets
were used for cytospin preparations, stained with Diff-Quick and 300 cells per cytospin were
evaluated and differentiated into mononuclear cells (M), neutrophils (N), and eosinophils (E) by
standard morphology. Concentrations of amphiregulin and TGFβ1 (R&D Systems), IL-5 and IL-10
(both BD Biosciences) in BALF were determined using ELISA according to manufacturer’s protocol.
All lung lobes were processed as previously published (2). The cells were counted and used for
cytospin, restimulation, and flow cytometry. Restimulations were performed to evaluate the T
cell responses after 5 days of GP exposure in vitro. BCA analyses and Luminex® were performed to
determine the effects of SCIT on concentrations of several cytokines in lung cell supernatant. We
included the following cytokines: IL-1α, IL-4, IL-5, IL-10, IL-13, IL-17, IL-33, CCL20 (MIP3α), Eotaxin, KC,
IFNγ, and GM-CSF (R&D Systems). Lung cells extracellularly stained for BV605™ Ly-6A/E (Sca-1), APC
CD45, PE/Cy7 CD90.2 (all BioLegend), ST2L FITC (mdBiosciences), CD127 APC-eFl780, Gata-3 PerCPeFl710, FoxP3 PE, and Fixable Viability Dye eFluor™ 450 (all eBioscience). Intracellular markers, FoxP3
and Gata3, were used after fixating and permeabilizing the cells using the Foxp3 / Transcription
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Factor Staining Buffer Set (eBioscience), according to manufacturer’s protocol.
Statistics
The difference between groups was calculated using the Mann-Whitney U test (significant when p
< 0.05). The Grubbs test was used to find extreme outlier and was removed for further analysis. For
airway resistance and compliance, a generalized estimating equation (GEE) analysis was performed
in SPSS (IBM), with P < 0.05 considered as statistically significant.
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ABSTRACT
Allergen-specific immunotherapy can induce long-term suppression of allergic symptoms, reduce
medication use and prevent exacerbations of allergic rhinitis and asthma. Current treatment
is based on crude allergen extracts, which contain immunostimulatory components such as
β-glucans, chitins and endotoxin. Use of purified or recombinant allergens might therefore increase
efficacy of treatment. Here, we test application of purified natural group 1 and 2 allergens from
Dermatophagoides pteronyssinus (Der p) for subcutaneous immunotherapy (SCIT) treatment in a
house dust mite (HDM) driven mouse model of allergic asthma.
HDM-sensitized mice received SCIT with crude HDM extract, a mixture of purified Der p1 and 2
(DerP1/2), or placebo. Upon challenges, we measured specific immunoglobulin responses, allergeninduced ear swelling (ESR), airway hyperresponsiveness (AHR) and inflammation in broncho-alveolar
lavage fluid (BAL) and lung tissue.
ESR measurement shows suppression of early allergic response in HDM- and DerP1/2-SCIT
treated mice. Both HDM-SCIT and DerP1/2-SCIT are able to suppress AHR and eosinophilic
inflammation. In contrast, only DerP1/2-SCIT is able to significantly suppress type-2 cytokines in
lung tissue and BAL fluid. Moreover, DerP1/2-SCIT treatment is uniquely able suppress CCL20 and
showed a trend towards suppression of IL-33, CCL17 and eotaxin levels in lung tissue.
Taken together, these data show that purified DerP1/2-SCIT is able to not only suppress AHR
and inflammation, but also has superior activity towards suppression of Th2 cells and HDM-induced
activation of lung structural cells including airway epithelium. We postulate that treatment with
purified natural major allergens derived from HDM will likely increase clinical efficacy of SCIT.
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INTRODUCTION
Allergen-specific immunotherapy (SIT) has been used for the treatment of allergic disorders for
over a century1. SIT has been shown to induce durable immunological changes in response to the
allergen, through generating neutralizing antibodies, suppressing numbers and activity of allergenspecific Th2 cells and type-2 innate lymphoid cells (ILC2s) and by inducing regulatory T cell activity2.
Successful SIT has been associated with enhanced release of IL-10 in PBMC cultures re-stimulated
with allergen3, serum-dependent suppression of cross-presentation by B cells4 and selective loss
of those T cell clones with allergen-epitope specificities that are increased in atopic individuals
compared to healthy controls5,6. SIT induces long-term tolerance to the allergen, as evidenced by
the absence of allergic manifestations upon repeated allergen challenges1.
Current SIT regimens routinely employ a crude extract of the allergen for injection, subcutaneous
immunotherapy (SCIT) or tablet and droplet formulation, sublingual immunotherapy (SLIT). Crude
extracts contain the full array of major allergens that a patient can be sensitized to, which increases
likelihood of therapeutic efficacy in patients without the need of component-resolved diagnosis
prior to treatment. Additionally, crude extracts also contain numerous non-protein constituents
such as chitins, β-glucans and endotoxins, all of which can act on innate immune cells in a proinflammatory fashion, which might interfere with the tolerance-inducing capacity required for
successful therapy7. In contrast, use of purified proteins allows for treatment with specific allergens
in the absence of such components contained within extracts8. This is expected to enhance SITefficacy by more efficiently inducing a tolerogenic response due to the absence of TLR agonists
during allergen administration, harnessing an immunoregulatory phenotype of the allergenpresenting cell upon SCIT1. Moreover, use of purified allergens in combination with a componentresolved diagnosis of sensibilisation patterns holds the promise of personalized intervention
strategies in immunotherapy8. However, it is currently unknown whether purified allergens are a
more efficient treatment modality than full allergen extracts.
House-dust mite (HDM) is the most prominent source of indoor exposure to allergens, and is
a cause for allergic rhinitis and asthma9. The HDM species Dermatophagoides pteronyssinus (Der p)
has at least 23 major allergens9, that are thought to contribute to allergic sensitization through their
proteolytic activity, activating cells of the innate immune system and priming an adaptive type-2
immune response2,9. In the MAS prospective birth cohort, sensitization patterns for HDM-allergens
were studied into detail by component-resolved analysis10. Herein, specific IgE (spIgE) for Der p1, 2
and 23 can be detected before sensitization to any of the other major allergens.
Moreover, sensitization to Der p1, 2 and 23 allergens has the highest prevalence, with more
than half of the 20-year old individuals having spIgE to group 1 and 2 allergens10. Interestingly, early
onset of sensitization to group 1, 2 or 23 allergens was associated with sensitization to more HDMallergens and with allergic rhinitis and asthma at school age, indicating the clinical relevance of
these sensitization patterns10. Treatment options for HDM-allergy include allergen avoidance and
SIT11. However, HDM extracts are variable in content of allergens12,13, and stability is limited14. Given
the fact that sensitization to Der p1 and 2 identifies more than 95% of HDM-allergic individuals9,13,
and their causal role in early sensitization10, SIT with purified Der p1 and 2 might be a more attractive
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therapeutic approach compared to the use of HDM extracts.
Here, we test the hypothesis that treatment with natural purified Der p1 and 2 is an effective
treatment in inducing a protective neutralizing antibody response and in suppressing allergic
inflammation in a mouse model of HDM-driven allergic asthma. We find that SCIT with a mixture
of Der p1 and 2 is superior to extract in suppressing Th2 cell activity and inducing neutralizing
antibodies, and equally capable of suppressing manifestations of allergic airway inflammation upon
challenges in sensitized mice.
METHODS
Purification of crude HDM-extracts
Freeze-dried Dermatophagoides pteronyssinus extracts were prepared from whole mite bodies
(12C27, Citeq biologics, Groningen, The Netherlands) and contained 28.5mg purified Der p1 and
1.8mg purified Der p2/g dry weight (ELISA), 439mg/g protein (BCA), pyretic activity of 5.8x106EU/g
(endotoxin assay), and <3x103KVE/g bioburden (TSA). Purification of group 1 and 2 from Der p was
performed by ion exchange and size exclusion chromatography as previously described (15–18).
Purified proteins were separated by SDS-PAGE to evaluate purity and stability (Figure 1).
Experimental animals
BALB/cByJ mice were purchased from Charles River Laboratories (L’Arbresle, France) at an age of
6- to 8-weeks and housed in individually ventilated cages (IVC). Animal housing and experiments
were performed in accordance with the guidelines of and after written approval by the Institutional
Animal Care and Use Committee at the University of Groningen. All groups consisted of eight female
mice.
Allergic asthma treatment protocol
All mice received injections of 5µg crude extract HDM adsorbed to 2.25mg Alum (Imject, Pierce) in
100µL PBS (Figure 2A). SCIT was performed by three injections on alternate days (19), using 250µg
crude extract HDM, or naturally purified Der p1 and 2 in a 50/1 ratio (100µg DerP1/2), applied either
in 100µL PBS, or as freshly prepared emulsions of the purified DerP1/2 solution in SAINT lipids
(Synvolux, The Netherlands), at a concentration of 5, 10 or 20µg DerP1/2 in respectively 75, 150
or 300nmol SAINT (Figure 6B). Challenges were performed by intranasal installation of 25µg HDM.
Hereafter, airway responsiveness was determined, and broncho-alveolar lavage fluid (BALF), lungs
and blood were collected and stored for analyses.
Ear swelling response (ESR)
Before and after SCIT treatment, an ear-swelling test (EST) was performed to evaluate the early
phase response to HDM to test for allergic sensitization, as previously described (7)(19).
Measurement of airway hyperreactivity to methacholine
Airway hyperresponsiveness (AHR) was assessed by measuring airway resistance (R in cmH2O.s/mL)
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and lung compliance (C in mL/H2O) in response to intravenous administration of increasing doses
of methacholine (Sigma-Aldrich, MO) (19)(20). Next, AHR was expressed as the effective dose of
methacholine required to induce a R of 3 cmH2O.s/mL (ED3).
Broncho-alveolar lavage fluid (BALF)
Lungs were lavaged and cytospin preparations were made according to previous published
protocols (19).
T cell responses: restimulation of lung cells
Lung single cell suspensions (5x105/well) were stimulated for 5 days in RPMI1640 with 0 or 10μg of
DerP1/2 per well and supernatant was stored in triplo (-80°C). ELISA determined the concentrations
of IL-5, IL-10, IL-13 and IFNγ, according to the manufacturer’s instructions (BD Pharmingen, CA).
Analysis of cytokine levels in lung tissue
The right superior lobe was used for measurement of total protein and concentrations of IL-4, IL-5,
IL-10, IL-13, IL-17, IL-33, IFNγ, Eotaxin/CCL11, TARC/CCL17, and MIP3α /CCL20 were measured using
a MILLIPLEX Map Kit (Merck Millipore Corp., Germany) and analyzed according to manufacturer’s
protocol.
HDM and Der p1- and Der p2-spImmunoglobulins
Blood was collected at several time points in the experiment (pre- and post-serum). HDM-, Der
p1- and p2-spIgE, -spIgG1, and -spIgG2a levels were measured by ELISA in a similar protocol as
described previously (7) and in Supplemental Table S1.

7

Statistical analyses
All data are expressed as mean ± SEM. The Mann-Whitney U Test was used to analyze the results, and
P<.05 was considered significant. Within the AHR measurements a generalized estimated equation
(GEE) analysis was used, using SPSS Statistics 20.0.0.2 (21). Nonparametric Spearman correlations
were performed in figures 5D and E.
See additional methods descriptions in the online supplemental methods.
RESULTS
Preparation, stability and purity of natural Der p1 and Der p2
To establish a purified DerP1/2-vaccine, we optimized biochemical purification from aqueous
extracts of whole-mite cultures and analyzed protein stability (Figure 1A). Both Der p1 and 2 are
stable for prolonged period of time, with minor loss of protein intensity after 46h incubation at 37°C.
Analysis of Der p1 revealed the presence of smaller fragments, sized 25kDa (a), 17kDa (b) and 14kDa
(c, Figure 1B). These fragments correspond to Der p1 breakdown products given the endogenous
cysteine protease activity of Der p111,12. Maldi-TOF analysis on these fragments confirmed their
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Figure 1: Evaluation of crude extract HDM and naturally purified Der p1 and 2. A: Purified proteins were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis SDS-PAGE in four different
conditions: 1, zero hours; 2, 46 hours incubation at 4°C; 3, 46 hours incubation at room temperature; 4,
46 hours incubation at 37°C. On the left the marker (M) is consistent throughout all gels. B left: Analysis
of purified Der p1 by PAA gel electrophoresis identifying three smaller fragments, sized 25kDa, 17kDa and
14kDa. B right: Protein BLAST against full-length Der p 1 of peptides identified by Maldi-TOF from purified
bands a, b, and c.

identity as Der p1 peptides (Figure 1B). Using these Der p1 and 2-batches, we generated a DerP1/2vaccine by mixing in a 50:1 w/w ratio.
DerP1/2-SCIT enhances HDM-spIgG2a levels
Next, we aimed to test whether purified Der p1 and 2 proteins showed clinical efficacy in our SIT
model. HDM-sensitized mice, received SCIT with DerP1/2 or HDM, or PBS control, followed by HDMchallenges to evaluate whether the allergic response is suppressed by SCIT (Figure 2A,B). Since SCIT
induces a neutralizing antibody response1, we evaluated spIgG1, and -2a after SCIT (post-SCIT) and
after challenges (post-challenge, Figure 2C,D). SCIT with either DerP1/2 or HDM did not affect HDMspIgG1 levels after treatment, or at the time of challenges. In contrast, only DerP1/2-SCIT was able
to induce a significantly increased HDM-spIgG2a response, at both time-points.
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DerP1/2 and HDM-SCIT enhance Der p1-spIgG1 and -2a
Since we used purified Der p1 and 2, we also analyzed Der p1 and 2-specific immunoglobulins. Here,
we observed increased Der p1-spIgG1 levels after DerP1/2-SCIT (Figure 2C). Subsequent challenges
resulted in increased Der p1-spIgG1 levels in both HDM- and DerP1/2-SCIT groups.
For Der p1-spIgG2a, we observed a significant increase after DerP1/2-SCIT; while in the HDM-SCIT
group increased Der p2-spIgG2a levels were only detected after allergen challenges (Figure 2D). Der
p2-spIgG1 or -2a responses were not observed in any of the groups.
Specific IgE responses after DerP1/2- and HDM-SCIT
Remarkably, most of the positive controls failed to induce a sufficiently high IgE response, visualized
in the total IgE and HDM-spIgE levels plotted in Figure 2E and F. Therefore, when both HDM- and
DerP1/2-SCIT groups were compared to these positive controls, we found significant increases at
both time-points. Also, levels of Der p1- and 2-spIgE were significantly increased after both HDM
and DerP1/2-SCIT compared to controls (Figure S1A).
Clinical efficacy of SIT is associated with the neutralizing capacity of the spIgGs (4), while symptom
score in allergic asthma is inversely correlated to the ratio of spIgG over spIgE (22), indicating the
relevance of IgG response induced during SIT. Therefore, we calculated the changes in the ratio of
Der p1-spIgG1 over -spIgE and compare between groups (Figure 2F). We find significantly increased
spIgG/spIgE ratios both before and after challenges with DerP1/2-SCIT compared to positive
controls. HDM-SCIT mice, however, only display an increased IgG/IgE ratio after HDM-challenges,
but not after SCIT. A complete overview of all ratios is plotted in Figure S1B. These analyses reveal
that Der p1-spIgG1 is the main isotype of neutralizing antibodies induced by SCIT in our experiment.

7

HDM-SCIT reduces the early phase response to HDM
Next, we aimed to evaluate whether SCIT protected against the early IgE-mediated responses
upon challenges. To this end, we performed an ear-swelling test (EST) by HDM-injection before and
after SCIT. In HDM-sensitized mice, intradermal HDM-injection resulted in a positive ear swelling,
confirming allergic sensitization (Figure S2A). The EST after SCIT resulted in a significantly decreased
swelling in HDM-SCIT mice as compared to controls (Figure 3A, S2B). The suppression of swelling in
DerP1/2-SCIT mice, however, was less substantial and showed a trend towards significance.
DerP1/2- and HDM-SCIT suppress airway hyperresponsiveness
To evaluate whether treatment protected against phenotypes of asthma, we assessed the effect of
SCIT on lung function after HDM-challenges. We measured AHR to methacholine and calculated
the dose of methacholine required to induce a resistance of 3 cmH2O.s/mL (ED3; Figure 3B). Herein,
both HDM- and DerP1/2-SCIT show a trend towards increased ED3 compared to the positive
controls. Next, we compared the resistance across all dose-response curves and found that both
HDM- and DerP1/2-SCIT were significantly reduced, as evidenced from a right-shift of curves and a
reduced plateau at higher concentrations (Figure 3C). In addition, while we observed significantly
reduced compliance in HDM-challenged mice, both HDM- and DerP1/2-SCIT did not improve lung
compliance (Figure 3D).
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HDM and DerP1/2-SCIT suppress eosinophilic airway inflammation and cytokine levels
Successful SIT is associated with suppression of Th2 cell activity and reduced airway inflammation
upon challenges. Therefore, we assessed inflammation and Th2 cytokines in broncho-alveolar lavage
fluid (BALF). As expected, HDM challenges in positive controls induced a pronounced eosinophilic
airway inflammation (Figure S2C and 4A,B). Both HDM- and DerP1/2-SCIT resulted in markedly
decreased eosinophil numbers in BAL, with a relative eosinophil-suppression by both treatments
of ~5-fold compared to controls (Figure 4B). To evaluate the activity of the Th2 cells and ILC2s, we
analyzed levels of IL-5, IL-10 and amphiregulin in BALF and observed a significantly reduced IL-5
level only in DerP1/2-SCIT treated mice, when compared to positive controls (Figure 4C), while IL-10
and amphiregulin levels were unaffected by either treatment (Figure S2D, E).
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Figure 4: The eosinophilic and cytokine response after SCIT treatment. A: Differential cytospin cell counts
in BALF. M: Mononuclear cells, E: Eosinophils, N: Neutrophils. Absolute numbers are plotted in box-andWhiskers plots (min-max). B: BALF eosinophils, plotted as fold suppression (Absolute Eosinophils/ average
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***P<.001 compared to PC. NC: Negative Control, PBS challenged; PC: Positive Control, HDM challenged;
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Next, we analyzed allergen-specific Th cell activity by measuring cytokine release in the
supernatant of restimulated lung cell suspensions. Here, we observed a significantly reduced
production of IL-5 (only in HDM-SCIT) and IL-13 levels in HDM- and DerP1/2-SCIT mice compared
to controls (Figure 4D). Interestingly, in both SCIT groups we also observed an increased IL-10,
indicating the presence of regulatory T cells.
HDM and DerP1/2-SCIT suppress type-2 responses
Given the somewhat contrasting results of the type-2 cytokines in BALF and in restimulated cell
suspensions, we also analyzed the levels of the signature type-2 inflammatory cytokines in lung
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tissue of HDM, DerP1/2 and sham-SCIT treated mice. Here, we find that HDM-challenges in shamtreated mice induced a strong IL-4, IL-15 and IL-13 response compared to negative controls (Figure
5A). SCIT with DerP1/2, but not with HDM was able to suppress IL-4 and IL-5, while IL-13 was not
affected by either treatment. In contrast, we find that HDM- and DerP1/2-SCIT did not induce
increased levels of IL-10 in lung tissue (Figure 5B). We also measured IFN-γ levels to control for any
effect on Th1 cell activity and found no induction in this model.
DerP1/2-SCIT suppresses release of the epithelial chemokine CCL20
To test whether SCIT also affected the innate response to allergens, we assessed levels of proinflammatory chemokines and alarmins released by lung structural cells upon HDM exposure
(7). Here, we observe that challenges clearly induced release of eotaxin, IL-33, TARC/CCL17, and
MIP3a/CCL20 indicating activation of the innate immune system and structural cells (Figure 5B,C).
Interestingly, we observed that only DerP1/2-SCIT resulted in suppression of CCL20 levels and
showed a trend towards suppression of eotaxin, IL-33 and CCL17 levels in lung tissue. No significant
effect of SCIT on IL-17 was observed (data not shown).
Next, we asked whether the levels of the Der P1 specific neutralizing antibodies after SCIT correlated
with a decreased AHR or immunological response after HDM challenges. Here, we found a negative
correlation between DerP1-spIgG1 (Post SCIT) versus the lung cytokines IL-4, IL-5, and CCL20 and
BALF IL-5 levels (Figure 5D and E). In contrast, we did not observe a significant correlation between
the DerP1-spIgG1 levels and the more translational parameters ED3 or the EST.
DerP1/2-SCIT dose-dependently modifies the allergic immune response
Finally, we asked whether the use of purified DerP1/2 would allow use of a lower dosage of protein
for successful treatment. To this end, we used three dosages of 5, 10 and 20µg of DerP1/2-vaccine
complexed to SAINT for improved delivery, and compared the effect of DerP1/2-SCIT to SAINTonly control treatment (Figure 6A,B) (23). We find that low DerP1/2-dosages do not suppress ESR
after challenge. In contrast, the highest dose of the DerP1/2-SCIT groups did induce significant
suppression compared to SAINT-treated controls (Figure 6C). In addition, the DerP1/2-vaccine
dose-dependently modified eosinophilic inflammation and AHR (Figure 6D,E). Remarkably, lowdose DerP1/2 exaggerated eosinophilic inflammation and AHR. In contrast, 20µg DerP1/2 did show
therapeutic effect, albeit limited, in suppressing AHR, while airway eosinophilia was not suppressed.
All three doses of DerP1/2 failed to suppress IL-4, IL-5 and IL-17 levels in lung tissue. Furthermore,
only the highest dose of DerP1/2 was able to suppress IL-33 (Figure 6F).
Overall, while the lowest dose of the DerP1/2-vaccine exaggerated the allergic phenotype, the use
of 20µg was capable of suppressing some of the allergic asthma parameters, like AHR and lung
tissue IL-33. Taken together, these data indicate that DerP1/2 is able to modify the allergic immune
response, with higher levels inducing a suppression of allergic inflammation and achieving an
enhanced lung function.
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DISCUSSION
In this study, we asked whether purified Der p1 and 2 would have superior activity in DerP1/2SCIT compared to HDM extracts. A direct comparison of both treatments clearly indicates that the
DerP1/2-vaccine results in marked suppression of type-2 cytokine levels in lung and BALF, and
increased Der p1-spIgG responses. The levels of Der p1-specific IgG1 after SCIT were negatively
correlated to levels of IL-5, IL-13 and CCL20 after HDM challenge, indicating a protective role for
this neutralizing antibody response in our mouse model. Moreover, DerP1/2-SCIT was uniquely able
to prevent the HDM-challenge induced increase in CCL20/MIP3α levels, and a similar trend was
observed towards preventing the HDM-induced CCL17/TARC and eotaxin response in lung tissue.
While these immunological parameters argue in favor of DerP1/2-SCIT, we do not observe differences
in the more translational parameters of AHR, EST and eosinophilia, where both treatments have
similar efficacy in suppressing the allergic responses. Hence, we postulate that DerP1/2-SCIT is at
least as effective in suppressing the HDM-induced adaptive and innate response as whole body
extracts, warranting translational studies to evaluate whether a similar approach is also efficacious
in men.
The difference in suppression of type-2 cytokines and induction of neutralizing antibody
responses might be the result of the higher protein dose of Der p1 and 2 that is achieved by
administration of purified allergens compared to full extract, which contained 28.5mg Der p1 and
1.8mg Der p2 per gram dry weight. Of note, we only observe a spIgG response to Der p1 after
DerP1/2-SCIT. The absence of a Der p2-spIgG response after the Der P1/2-SCIT could be explained
by the use of Der p1 and 2 in a 50 to 1 molar ratio. Consequently, most of the effects in this model
might depend on modulation of the Der p1 specific response. Altering the ratio of Der p1 to Der p2
to also induce a Der p2-spIgG response might further improve the efficacy of the vaccine. Moreover,
addition of Der p23 into the mixture might further increase the value of a vaccine, as in adults,
sensitization to Der p1, 2 and 23 allergens has the highest prevalence, and sensitization to these
allergens precedes that of other major Der p-allergens, indicating their critical role in HDM allergy10.
Another potential advantage of the use of purified proteins over an extract for SIT is the lack
of non-protein constituents of the extracts, including chitin, beta-glucans and endotoxins. These
contaminants might activate a pro-inflammatory innate response upon injection of the vaccine. We
observe a reduction in HDM-induced CCL20 levels and a trend towards reduction in CCL11/eotaxin,
CCL17/TARC and IL-33 levels in DerP1/2-SCIT mice, which might reflect a reduced activation status of
the innate immune system. In agreement herewith, it has been reported that full extract-challenges
in allergic asthma patients induced a stronger late allergic response compared to challenges with
Der p1 and 2, while early responses were identical, which was attributed to non-protein constituents
of the HDM extract24.
Pro-inflammatory activation of the antigen-presenting cell during SCIT might also negatively
influence the induction of a tolerogenic T cell response25. However, some studies have reported
successful use of TLR agonists as adjuvants for allergen immunotherapy, including monophosphoryl
lipid A26 or bacterial DNA rich in CpG motifs27, indicating that activation of specific PRRs may in fact
be beneficial in SIT. Notwithstanding, using biochemically and pharmacologically defined products
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for SIT will increase quality of the treatment.
Other approaches to develop novel therapeutic allergy vaccines for use in SIT for HDM include
the generation of recombinant hypoallergenic combination vaccines of Der p1 and 2, which were
shown to have limited IgE reactivity, whilst retaining its T cell epitopes and the ability to induce
neutralizing antibody response in experimental models that could block IgE binding11,28. The use of
these hypoallergenic recombinant vaccines holds the promise of inducing fewer side effects during
therapy. Der p1 peptides have also been delivered on virus-like particles, inducing IgG responses
within 4 weeks after a single injection in healthy subjects29. Both of these approaches involve the
use of recombinant hypoallergenic proteins or peptides, while we use purified natural proteins, with
high purity and pharmacologically well defined, but retaining the activity to crosslink IgE. Although
hypoallergenic proteins are considered to have a better safety profile during treatment, is currently
unknown whether hypoallergenic vaccines have a comparable therapeutic efficacy compared to
IgE-activating allergens. Initial studies show that hypoallergenic proteins can induce neutralizing
antibodies that inhibit allergen-mediated crosslinking of IgE11,31. IgE crosslinking vaccines might
have some additional therapeutic efficacy due to so-called piecemeal degranulation of mast cells
and basophils, which is thought to contribute to protection against allergic responses especially
during the early phase of treatment due to inactivation or exhaustion of these effector cells31.
Further research will need to establish whether purified natural allergens, that can be produced
in relatively high quantities under strictly controlled conditions at relatively low costs and address
both effector cell responses, B and T cell activity, or recombinant hypoallergenic or peptide vaccines
that require far higher productions costs and mainly address the T cell response, will be the most
optimal treatment for SIT.
We provide evidence that Der p1 and 2 can be used as a pharmacologically well-defined SIT in
the HDM-sensitized host to suppress allergic responses, with superior activity compared to HDMextract with regard to Th2 cell cytokines as well as the chemokines and alarmins released by the
lung structural cells upon HDM exposure. HDM extract and purified allergens were equally effective
in suppressing eosinophilic airway inflammation and AHR. These data warrant clinical studies to
explore the safety and efficacy of the use of these purified natural allergens as a novel vaccine for
HDM induced allergic disease, including rhinitis and allergic asthma.
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Supplemental Figure 1: Overview of immunoglobulin response after SCIT treatment.
A: Fold induction plotted as
ratio of HDM-spIgE (Post challenge)/ HDM-spIgE (Post SCIT).
B: Panel presented in ratios of
spIgG/ spIgE levels measured
after SCIT (left column) and after challenges (right column).
The neutralizing activities are
expressed in box-and-Whiskers
plots (min-max). NC: Negative
Control, PBS challenged; PC:
Positive Control, HDM challenged; HDM and DerP1/2: different SCIT treated mice, HDM
challenged.
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Supplemental Table 1: Overview of Immunoglobulin ELISA antibodies.
Table S1
Overview of immunoglobulin ELISA antibodies
ELISA

Layer
Capture
Block
Sample
Standard
Detection
Capture
Block
Sample
Standard
Detection
Capture
Block
Sample
Standard
Detection
Capture
Block
Sample
Standard
Detection
Capture
Block
Sample
Standard
Detection
Capture
Block
Sample
Standard
Detection
Capture
Block
Sample
Standard

Antibody
Stock
Puriﬁed Rat Anti-Mouse IgE (R35-72)
0.5 mg/ml
ELISA buﬀer containing 1%BSA (pH 7.2)
pure
Total IgE
Mice Sera samples (Pre- and Post-sera)
pure
Puriﬁed Mouse IgE κ Isotype Control (C38-2)
0.5 mg/ml
Biotin Rat Anti-Mouse IgE (R35-118)
0.5 mg/ml
Puriﬁed Rat Anti-Mouse IgG1 (A85-3)
0.5 mg/ml
ELISA buﬀer containing 1%BSA
pure
Total IgG1
Mice Sera samples (Pre- and Post-sera)
pure
Puriﬁed Mouse IgG1, κ Isotype Control (MOPC-31C) 0.5 mg/ml
Biotin Rat Anti-Mouse IgG1 (A85-1)
0.5 mg/ml
Puriﬁed Rat Anti-Mouse IgG2a (R11-89)
0.5 mg/ml
ELISA buﬀer containing 1%BSA
pure
Total IgG2a
Mice Sera samples (Pre- and Post-sera)
pure
Puriﬁed Mouse IgG2a κ Isotype Control (G155-178) 0.5 mg/ml
Biotin Rat Anti-Mouse IgG2a (R19-15)
0.5 mg/ml
Puriﬁed Rat Anti-Mouse IgE (R35-72)
0.5 mg/ml
3% BSA in PBS
pure
HDM-spIgE
Mice Sera samples (Pre- and Post-sera)
pure
Pooled reference serum positive
pure
Biotinylated HDM
3.9 mg/ml
Crude extract HDM
1 mg/ml
3% BSA in PBS
pure
HDM-spIgG1
Mice Sera samples (Pre- and Post-sera)
pure
Pooled reference serum positive
pure
Biotin Rat Anti-Mouse IgG1 (A85-1)
0.5 mg/ml
Crude extract HDM
1 mg/ml
3% BSA in PBS
pure
HDM-spIgG2a
Mice Sera samples (Pre- and Post-sera)
pure
Pooled reference serum positive
pure
Biotin Rat Anti-Mouse IgG2a (R19-15)
0.5 mg/ml
Puriﬁed Rat Anti-Mouse IgE (R35-72)
0.5 mg/ml
3% BSA in PBS
pure
Mice Sera samples (Pre- and Post-sera)
pure
Der p1/p2-spIgE
Pooled reference serum positive
pure
19.6 mg/ml Der p1
Detection Biotinylated Derp1/p2
27.3 mg/ml Der p2
Capture
Puriﬁed Der p1/p2
both 1 mg/ml
Block
3% BSA in PBS
pure
Der p1/p2-spIgG1 Sample
Mice Sera samples (Pre- and Post-sera)
pure
Standard Pooled reference serum positive
pure
Detection Biotin Rat Anti-Mouse IgG1 (A85-1)
0.5 mg/ml
Capture
Puriﬁed Der p1/p2
both 1 mg/ml
Block
3% BSA in PBS
pure
Der p1/p2-spIgG2a Sample
Mice Sera samples (Pre- and Post-sera)
pure
Standard Pooled reference serum positive
pure
Detection Biotin Rat Anti-Mouse IgG2a (R19-15)
0.5 mg/ml

Dilution
1:500 in PBS
300 µl
Pre 1:30, Post 1:60 in ELISA buﬀer
Start 2500 ng/ml, two-fold dilution steps
1:500 in ELISA buﬀer
1:200 in PBS
300 µl
1:300,000 diluted in ELISA buﬀer
Start 750 ng/ml, three-fold dilution steps
1:500 in ELISA buﬀer
1:200 in PBS
300 µl
1:50 diluted in ELISA buﬀer
Start 500 ng/ml, two-fold dilution steps
1:500 in ELISA buﬀer
1:500 in Carbonate buﬀer (pH 9.2)
300 µl
Pre 1:10, Post 1:20 diluted in PBS
Start 1:4, two-fold dilution steps
1:50 in PBS 1% BSA
1:100 in Carbonate buﬀer
300 µl
1:100 in PBS 1%BSA
Start 1:50, two-fold dilution steps
1:500 in PBS
1:100 in Carbonate buﬀer
300 µl
1:50
Start 1:25, two-fold dilution steps
1:200 in PBS
1:500 in Carbonate buﬀer
300 µl
Pre 1:10, Post 1:20 diluted in PBS 1%BSA
Start 1:4, two-fold dilution steps

Incubation time
over night
1hr
2hrs
2hrs
1hr
over night
1hr
2hrs
2hrs
1hr
over night
1hr
2hrs
2hrs
1hr
over night
1.5hrs
2hrs
2hrs
1hr
over night
1hr
2hrs
2hrs
1hr
over night
1hr
2hrs
2hrs
1hr
over night
1.5hrs
2hrs
2hrs

Supplier
BD Bioscience
Lab EXPIRE
Animal Centre
BD Bioscience
BD Bioscience
BD Bioscience
Lab EXPIRE
Animal Centre
BD Bioscience
BD Bioscience
BD Bioscience
Lab EXPIRE
Animal Centre
BD Bioscience
BD Bioscience
BD Bioscience
Lab EXPIRE
Animal Centre
Animal Centre
Lab EXPIRE
Citeq Biologics
Lab EXPIRE
Animal Centre
Animal Centre
BD Bioscience
Citeq Biologics
Lab EXPIRE
Animal Centre
Animal Centre
BD Bioscience
BD Bioscience
Campina
Animal Centre
Animal Centre

1:200 in PBS 1% BSA

1hr

Lab EXPIRE

1:100 in Carbonate buﬀer
300 µl
1:100 in PBS 1%BSA
Start 1:50, two-fold dilution steps
1:500 in PBS
1:100 in Carbonate buﬀer
300 µl
Pre 1:10, Post 1:20 diluted in PBS 1%BSA
Start 1:10, two-fold dilution steps
1:200 in PBS

over night
1hr
2hrs
2hrs
1hr
over night
1hr
2hrs
2hrs
1hr

Citeq Biologics
Lab EXPIRE
Animal Centre
Animal Centre
BD Bioscience
Citeq Biologics
Lab EXPIRE
Animal Centre
Animal Centre
BD Bioscience
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ABSTRACT
Allergic asthma is characterized by airway hyperresponsiveness, remodeling and reversible
airway obstruction. This is associated with an eosinophilic inflammation of the airways, caused by
inhaled allergens such as house dust mite or grass pollen. The inhaled allergens trigger a type-2
inflammatory response with involvement of innate lymphoid cells (ILC2) and Th2 cells, resulting
in high immunoglobulin E (IgE) antibody production by B cells and mucus production by airway
epithelial cells. As a consequence of the IgE production, subsequent allergen re-exposure results in
a classic allergic response with distinct early and late phases, both resulting in bronchoconstriction
and shortness of breath. Allergen specific immunotherapy (AIT) is the only treatment that is capable
of modifying the immunological process underlying allergic responses including allergic asthma.
Both subcutaneous AIT (SCIT) as well as sublingual AIT (SLIT) have shown clinical efficacy in longterm suppression of the allergic response. Although AIT treatments are very successful for rhinitis,
application in asthma is hampered by variable efficacy, long duration of treatment and risk of severe
side effects. A more profound understanding of the mechanisms by which AIT induces tolerance to
allergens in sensitized individuals is needed to be able to improve its efficacy. Mouse models have
been very valuable in preclinical research for characterizing the mechanisms of desensitization in
AIT and evaluating novel approaches to improve its efficacy.
Here, we present a rapid and reproducible mouse model for allergen-specific immunotherapy.
In this model, mice are sensitized with two injections of allergen adsorbed to aluminum hydroxide,
followed by subcutaneous injections (SCIT) or sublingual administrations (SLIT) of allergen extracts
as immunotherapy treatment. Finally, mice are challenged by intranasal allergen administrations.
We will also describe the protocols as well as the most important readout parameters for the
measurements of invasive lung function, serum immunoglobulin levels, isolation of bronchoalveolar
lavage fluid (BALF), and preparation of cytospin slides. Moreover, we describe how to perform ex
vivo restimulation of lung single cell suspensions with allergens, flow cytometry for identification of
relevant immune cell populations, and ELISAs and Luminex assays for assessment of the cytokine
concentrations in BALF and lung tissue.
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INTRODUCTION
Asthma is the result of a complex interaction between genetic susceptibility and environmental
factors. The most common asthma phenotype is allergic asthma, which is caused by inhaled
allergens such as grass pollen (GP), ragweed, cat and dog allergens, and house dust mites
(HDM)1,2. Patients suffering from allergic asthma have reversible airway obstruction associated
with eosinophilic inflammation, as well as airway hyperresponsiveness (AHR) and remodeling. The
worldwide prevalence of allergic asthma has dramatically increased over the last 25 years, currently
affecting over 300 million people3.
The inflammatory responses in allergic asthma is characterized by the presence of high levels
of cytokines such as IL-4, IL-5 and IL-13, produced by both innate lymphoid cells (ILCs) and T helper
2 (Th2) cells4. These cytokines contribute to the pathological changes of the airways observed in
allergic asthma, including influx of eosinophils, mucus hypersecretion, airway hyperresponsiveness
and airway wall remodeling. In addition, the Th2-dominated adaptive immune response to inhaled
allergens results in the presence of allergen-specific IgE. Allergen-induced crosslinking of IgE, that is
bound to the cell surface of mast cells and basophils through the high affinity IgE receptor, triggers
degranulation of these cells resulting in acute allergic responses, leading to bronchoconstriction
and vasodilation. The subsequent influx of inflammatory cells, including Th2 cells, into the tissue
will result in activation of these cells and late-phase responses. Upon recurrent exposures to the
allergen, chronic and poorly resolving inflammation around the small airways is induced, resulting
in permanent structural changes to the airway wall.
Currently available asthma therapies are focused on controlling the chronic inflammatory
process, mainly using inhaled corticosteroids in combination with long-acting beta agonists
or leukotriene receptor antagonists5. Notwithstanding the clinical success in achieving asthma
control, current asthma treatment regimens fail to cure the disease. This lack of a cure is evidenced
by ongoing airway wall remodelling even in well-controlled asthma patients6,7. Moreover, a subset
of patients with severe asthma does not respond to steroid treatment8,9. These shortcomings of
current mainstream asthma therapy indicate that this therapeutic approach fails to address the
underlying, causative immune mechanisms, achieving merely a transient suppression of symptoms
of asthma in most patients.
The only treatment known to date that is capable of modifying the immunological process
underlying allergic asthma is allergen-specific immunotherapy (AIT)10. AIT provides long-term
protection against asthma attacks, which is even maintained upon cessation of therapy and
reduces medication use in allergic asthma. AIT involves the administration of gradually increasing
amounts of allergen for a period of three to five years, aiming to achieve a state of immunological
tolerance and a subsequent reduction of clinical manifestations of the disease11. Although the
immune mechanisms behind successful immunotherapy remain unknown, the beneficial effects
of AIT associated with a shift from Th2 activity towards a T regulatory (Treg) profile that suppresses
allergen-specific responses12. Successful AIT is characterized by increased levels of neutralizing
antibodies, production of IL-10 and TGF-β, and increased CD4+FoxP3+ Treg numbers15-18.
While subcutaneous immunotherapy (SCIT) and sublingual immunotherapy (SLIT) have been
201
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widely accepted as effective therapeutic alternatives for allergic rhinoconjunctivitis, application
in asthma is hampered by the long duration of treatment, the variable efficacy in allergic asthma,
and concerns regarding the safety of treatment. SCIT injections of allergen extracts have a risk of
inducing anaphylactic reactions, with an incidence of severe anaphylactic responses at around 1
in a million injections15. Therefore, outpatient clinic visits are required for the administration and
monitoring of the therapy16. In developing more convenient alternatives, SLIT has been developed
as a less invasive alternative with proven clinical effects for patients suffering from allergic rhinitis17.
Herein, uptake of the allergen involves the oral mucosa, where mucosal Langerhans cells in humans
and oral macrophage-like cells in mice have been implicated to be important18. Although the
exact mechanism of action remains to be elucidated, advantages of SLIT include the ease of use
(droplets or fast dissolving tablets), the application in a home setting, and relative costs. A better
understanding of the mechanisms by which AIT suppresses allergen-induced asthma phenotypes is
needed to improve efficacy and safety of AIT, in particular in asthmatic patients.
Previously, animal models have proven to be valuable as a preclinical model to improve
AIT by unraveling the immune mechanisms of allergen desensitization. The development of a
predictive and reproducible AIT protocol was based on the classic OVA-driven mouse model of
allergic asthma19. In this study, mice were sensitized to OVA in seven intraperitoneal injections. Two
weeks later, SCIT treatment was performed using 3 injections of OVA (1 mg), followed by allergen
challenges after another 2 weeks by OVA (2 mg/mL) inhalation once a day (5 min) for 8 consecutive
days. In these initial studies, no adverse events of SCIT treatment were recorded in the BALB/c
strain of mice, while the experimental SCIT treatment effectively suppressed airway inflammation
and AHR and induced serum levels of antigen-specific immunoglobulin (spIg)G1 and spIgG2a. In
addition, spIgE levels were increased, which matches the initial rise of spIgE in human subjects
treated with SCIT. Importantly, SCIT treatment in the OVA mouse model prevented the increase of
spIgE levels after allergen challenges, which readily occurs in control-treated mice20. After several
improvements, the protocol for sensitization was reduced to two intraperitoneal injections of OVA
using a sensitizing adjuvant, Alum (mixture of aluminum hydroxide and magnesium hydroxide) and
3 intranasal challenges containing a high dose of aerosolized OVA. Importantly, OVA SCIT treatment
was shown to be also effective in sensitized mice that were challenged by OVA inhalation prior to
SCIT treatment, indicating the ability of SCIT treatment to suppress an established allergic airway
inflammatory response21
Throughout the years, this mouse model for SCIT has been used to characterize the mechanisms
of desensitization19,22–24, including the relevance of the neutralizing antibody responses21, the role of
IL-10 in the induction of tolerance, and the contribution of CD4+FoxP3+ T regulatory cells (Treg). In
addition, the role of dendritic cells (DCs) and their phenotypic modulation has been investigated
extensively. DCs play a key role in the generation of adaptive T cell subsets and can respond in
either immunogenic or in a tolerogenic fashion25. Tolerogenic DCs have a semi-mature or immature
phenotype, characterized by high expression of major histocompatibility complex class II (MHC-II)
and B7-2, low expression of CD40 and lack of proinflammatory cytokine expression (IL-6 and TNFα).
Studies have shown that incubation of immature DCs with CD4+ T cells induces antigen specific
Tregs26,27, indicating that immature DCs can play a critical role in Treg cell generation and peripheral
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tolerance. Based on these findings, it has been studied whether AIT can be improved when allergen
administration is accompanied by inhibition of DC maturation or prevention of DC-dependent
co-stimulation. One approach is the use of 1,25(OH)2Vitamin D3 (VitD3), the active metabolite of
vitamin D, which suppresses DC differentiation and maturation. Indeed, using the OVA-SCIT mouse
model, administration of 1,25(OH)2VitD3 has been shown to potentiate AIT22. In addition, CTLA4-Ig
(Abatacept) was found to enhance efficacy of SCIT in the OVA model, most likely by affecting DC
function28.
Although using this mouse model of immunotherapy has provided insight into the immunological mechanisms of AIT, its value as experimental preclinical model is limited by the use of a
purified protein (OVA) that lacks the properties of natural allergens, and induces tolerance when
inhaled by naïve mice29. Therefore, the classical model allergen OVA was more recently replaced
with a natural allergen extract that is also used in human SCIT, such as GP and HDM. The GP and
HDM SCIT protocols for allergic asthma have been optimized first with regard to allergen dosage
needed to achieve suppression of phenotypes of allergic asthma30–32. Second, other administrative
routes were optimized, based on a SLIT mouse model of allergic rhinitis30,33. SCIT and SLIT have been
validated and standardized allowing a head-to-head comparison30. This model therefore allows indepth characterization of the mechanisms of SCIT and SLIT treatment for allergic asthma, as well as
their optimization using novel approaches including peptide SCIT treatment or use of alternative
formulations and adjuvantia. Herein, we found that, while SLIT suppresses mainly AHR, GP SCIT suppresses Th2 profile and induces neutralizing antibodies. Furthermore, we showed that using purified allergens derived from crude extracts of HDM, like Dermatophagoides pteronyssinus (Der p) Der
p1 and Der p2, allows suppression of AHR and inflammation, but also has superior activity towards
suppression of type 2 cytokines31.
The use of crude allergen extracts with IgE-crosslinking capacity have safety concerns, and although occurring in very low frequency, there is a risk of anaphylaxis34,35. When studying mechanisms of allergen induced tolerance induction in murine models, the same risk should be taken
into consideration36–38. BALB/c mice have traditionally been considered an appropriate strain for
developing allergy mouse models39,37. The allergic phenotype of these mice has led this strain to
be widely used for characterizing classic (IgE-FcεRI-mast cell-histamine) and alternative dependent
pathways (IgG-FcγRIII-macrophage-platelet-activating factor) and for establishing the immunoregulatory mechanism underlying tolerance, which suppresses both Th 1 and Th 2 responses. Smit et al.
demonstrate that in three different mouse strains (BALB/c, C3H/HeOuJ, and C57BL/6), components
of the classic and alternative anaphylactic cascade are differently expressed, leading to different
outcomes in parameters of allergic disease and food-induced systemic anaphylaxis. To overcome
strain-dependent differences in optimizing allergen immunotherapy for allergic asthma, we performed our GP SCIT protocol in C57BL/6J mice and found that these mice are more prone towards
anaphylaxis than BALBc/ByJ mice (unpublished data).
In the protocol provided here, we explain how subcutaneous and sublingual routes of allergenspecific immunotherapy can be applied in both BALBc/ByJ and C57BL6 mouse models of allergic
asthma using natural allergen extracts. We provide detailed methods to obtain the most important
outcome parameters for translational studies, including invasive lung function measurements for
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AHR, specific IgE and IgG levels in serum, ear swelling tests for the early phase response, and inflammation of lung tissue and airways. Moreover, we describe how to re-stimulate lung cells with allergen extracts, perform flow cytometric measurements to identify populations of relevant immune
cells, and perform ELISAs and Luminex assays to measure the cytokine concentrations in bronchoalveolar lavage fluid (BALF) and lung tissue. In C57BL/6 mice, we included an adapted SCIT treatment
protocol, including monitoring of immediate responses like severity of shock and body temperature
after the first injections, to avoid anaphylaxis in this mouse strain.
MATERIALS
Subcutaneous and Sublingual Immunotherapy in a Mouse Model of Allergic Asthma
1.

BALB/cByJ mice or C57Bl6 mice: 7 to 9-week-old females housed in individually ventilated
cages (IVC).

2.

Syringes (1 mL) and 25G needles.

3.

P20 pipet and tips.

4.

15-mL tubes.

5.

Sterile phosphate buffered saline (PBS), pH 7.4, containing 144 mg/L Potassium Phosphate
monobasic (KH2PO4), 9000 mg/L Sodium Chloride (NaCl), 795 mg/L Sodium Phosphate
dibasic (Na2HPO4-7H2O).

6.

Rough extract of grass pollen (GP, Phleum pratense; Phl p): Dissolve 204 mg of dry matter of
Phleum pratense, 225 (MP225PHLpra, 1006674 or 1031225) in 2.125 mL sterile PBS to obtain
a solution containing 60 kSQ/µL (~ 96 µg/µL). Aliquot this stock in 100-µL portions and store
at -20 °C.

7.

Crude extract of house dust mite (HDM, Dermatophagoides pteronyssinus; Der p): Dissolve
25.0 mg of DP extract FD 12C27 in 500 µL of sterile PBS to get a solution containing 50 µg/
µL HDM and aliquot this stock in 25-µL portions and store at -20 °C.

8.

Imject® Alum or equivalent aluminum hydroxide adjuvant: 20% Al(OH)3.

9.

Isoflurane: Used for anesthesia at 4.5% with 1 mL/min O2.

10. Heating mats with temperature control.
Blood Withdrawal via Orbital Puncture
1.

Small animal anesthesia device compatible with isoflurane and a connected induction
chamber.

2.

Isoflurane:

2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane.

Used

for

inhalation

anesthesia at 4.5% with: 1 mL/min O2.
3.

Sterile phosphate buffered saline (PBS): See Section 2.1, Item 5.

4.

30G Insulin syringes: 0.3 mL, needle 0.30 mm x 8 mm (BD Micro-FineTM 0.3mL 324826).

5.

1-mL MiniCollect® serum tubes (Greiner Bio-One) or equivalent.

6.

Glass micro-capillary tubes: Micro haematocrit tubes (Na-Heparinized 80 IU/mL).

7.

1.5-mL microfuge tubes.

8.

Centrifuge.
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Ear Swelling Test
1.

Positive allergen test solutions: Prepare either 1 µg Phl p or 0.5 µg Der p in 10 µL of sterile PBS
per mouse as positive allergen test solutions for GP or HDM sensitivity, respectively.

2.

Negative allergen test solution: Sterile PBS, pH 7.4.

3.

Digimatic Micrometer or equivalent: 0.5 ± 0.15 N (e.g. Mitutoyo). Used for measuring ear
thickness.

4.

Regular hand tissues, hand gloves and sterile tissues.

Lung Function Measurement
1.

SCIREQ® FlexiVent (SCIREQ Scientific Respiratory Equipment Inc.).

2.

A computer installed with FlexiWare software (SCIREQ Scientific Respiratory Equipment Inc.).

3.

Silicon tubing: 0.28 mm and OD. 0.61 mm.

4.

Syringes: 1 mL and 5 mL.

5.

Anesthesia: Combine 100 mg/mL ketamine and 1 mg/kg Domitor as shown in Table 1.

6.

Manometer with syringe and closing valves.

7.

Weighing scale (precision > 0.1 g).

8.

Surgical microscope (40x).

9.

Dissection instrument set.

10. Ligatures: 6/0 and 3/0.
11. 25G needles.
12. 20G intravenous cannula: For tracheal cannulation and calibration (pink, 20GA 1.16IN 1.1 x
30 mm BD Insyte-W TM or equivalent).
13. Bulldog clamp.
14. Sterile PBS.
15. Rocuronium bromide: Prepare a working solution of 0.125 mg/mL from a 10-μg/mL stock
in sterile PBS.
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16. Sterile methacholine solutions: For concentrations and dosage, see Tables 2 and 3.
17. Micro pulse-oximeter for small animals.
18. Heating mats for small animals.
19. Supplemented PBS: 3% (w/v) bovine serum albumin (BSA, heat shock fraction, protease free,
low endotoxin, suitable for cell culture, ≥98%) with protease inhibitor prepared in PBS, pH
7.4. Dissolve 0.3 g of BSA and 1 tablet of commercially available protease inhibitor cocktail
tablet in 10 mL of sterile PBS.
20. Sterile RPMI 1640: Supplemented with 10% fetal calf serum (FCS), L-glutamine (200 mM in
0.85% NaCl stock solution), 100 U/mL penicillin, 100 µg/mL streptomycin. To make 500 mL,
add 50 mL of FCS (complement inactivated) and 0.5 mL of 2 mM L-glutamine in 0.85% NaCl
working solution (freshly diluted from stock), and 5 mL of PenStrep (10,000 U/mL penicillin
and 10,000 µg/mL streptomycin). (see Note 1).
21. 1.5-mL microfuge tubes.
22. 15- mL tubes.
23. 24-well cell culture plates.
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24. 1-mL MiniCollect® serum gel tubes or equivalent (Greiner Bio-One).
25. 2-mL cryogenic vials.
Analysis of the Infiltration of Inflammatory Cells in BALF
1.

Microscope slides: 76 x 26 mm.

2.

Shandon filter cards.

3.

Cytospin cuvette.

4.

Cytospin metal slide holder and its driver.

5.

Cytocentrifuge (e.g., Shandon Cytospin 3)

6.

Temperature-controlled centrifuge.

7.

Aspirator.

8.

70% ethanol: to make a 100 mL, mix 70 mL of absolute ethanol with 30 mL of ultrapure
water.

9.

Micropipettes with associated pipet tips.

10. Automated cell counter or hemocytometer (e.g., Coulter Counter Z1, single-threshold
model, Beckman Coulter).
11. Red blood cell (RBC) lysis buffer: Commercially available (e.g., Lyzerglobin, Avantor B.V.
Deventer).
12. Sterile PBS.
13. 5% bovine serum albumin (BSA): Dissolve in PBS. pH 7. Use heat shock fraction, protease
free, low endotoxin, suitable for cell culture, ≥98%.
14. Sterile lysis buffer: 155 mM NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA.
15. Diff-Quick staining set: Commercially available.
16. Light microscope with 20x, 40x, and 100x objective lenses.
17. Immersion oil.
18. Differential cell counter.
Preparation of Single Cell Suspensions of Lung Tissue, Spleen, and Draining Lymph Nodes
(DLNs)
1.

Ice in a bucket.

2.

24-well culture plates.

3.

Petri dishes.

4.

Sterile scalpels and scalpel blades.

5.

Micropipettes with associated pipet tips.

6.

50-mL Conical tubes.

7.

70-µm Nylon cell strainers.

8.

5-mL syringe.

9.

Biosafety cabinet: Down-flow cabinet with a closed suction system.

10. Temperature-controlled centrifuge.
11. Sterile RPMI 1640: Supplemented with 10% fetal calf serum (FCS), L-glutamine (200 mM in
0.85% NaCl stock solution), 100 U/mL penicillin, 100 µg/mL streptomycin. To make 500 mL,
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add 50 mL of FCS (complement inactivated) and 0.5 mL of 2 mM L-glutamine in 0.85% NaCl
working solution (freshly diluted from stock), and 5 mL of PenStrep (10,000 U/mL penicillin
and 10,000 µg/mL streptomycin). (see Note 1).
12. Collagenase A: 4 mg/mL.
13. DNase I: 0.1 mg/mL.
14. Cell counter.
15. 10-mL Coulter counter cups.
16. Flow cytometry diluent reagent: ISOTON® II Diluent (Beckman Coulter) or equivalent.
17.

Red blood cell (RBC) lysis buffer: Commercially available (e.g., Lyzerglobin, Avantor B.V.
Deventer).

18. Cryogenic vials.
19. Benchtop cooler or ice bucket.
20. -80 °C Freezer.
21. Liquid nitrogen storage.
22. Hanks’ Balanced Salt solution (HBSS): 140 mM NaCl, 5.0 mM KCl, 1.0 mM CaCl2, 0.4 mM
MgSO4·7H2O, 0.5 mM MgCl2·6H2O, 0.3 mM Na2HPO4·2H2O, 0.4 mM KH2PO4, 6.0 mM D-glucose,
and 4.0 mM NaHCO3, pH 7.4. To make 1000 mL, dissolve 8.0 g of NaCl, 0.4 g of KCl, 140 mg
of CaCl2, 100 mg of MgSO4·7H2O, 100 mg of MgCl2·6H2O, 60 mg of Na2HPO4·2H2O, 60 mg of
KH2PO4, 1 g of D-glucose, and 350 mg of NaHCO3 in about 800 mL of ultrapure water. Adjust
pH to 7.4 and bring the volume up to 1000 mL. Sterilize with 0.25 µm filter. Store at 4 °C.
23. Storage medium for cells in liquid nitrogen: 40% FCS and 10% DMSO in HBSS.
Restimulation of Lung Cells and Draining Lymph Node (DLN) Cells
1.

Biosafety cabinet: Down-flow cabinet with a closed suction system.

2.

Single cell suspension resulted from Section 3.10.

3.

Temperature-controlled centrifuge.

4.

CO2 incubator.

5.

Petri dishes.

6.

Sterile scalpels and scalpel blades.

7.

Micropipettes with associated pipet tips.

8.

Supplemented RPMI 1640: See Section 2.6, Item 11.

9.

Sterile U-bottom 96-well cell culture plate.
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10. GP rough extract or HDM crude extract: See Section 2.1, Item 6 (GP) and 7 (HDM).
Quantification of Lung Single-Cell Suspensions using Flow Cytometry
1.

FACS tubes (polystyrene) for samples and singles during staining.

2.

30-µm filter top FACS tubes.

3.

Temperature-controlled centrifuge.

4.

Three-laser flow cytometer (e.g., FacsVerse).

5.

FACS buffer: 1% BSA in PBS.

6.

Block buffer for extracellular blocking: 2% normal rat serum (NRS) and 5% FcBlock (purified
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and unlabeled CD16/32 antibody) in FACS buffer.
7.

Block buffer for intracellular blocking: 2% NRS and 5% FcBlock in PERM buffer (see Item 10
in this section).

8.

Extracellular staining antibodies: Diluted in FACS buffer according to suppliers’
recommendations (see Table 2 and Table 3). In some cases, the dilution of every antibody
can be adjusted depending on the intensity of the fluorescence signal.

9.

Fixable live/dead (L/D) V450 cell stain: Pre-dilute to 1:1,000 in PBS prior to use.

10. Foxp3/transcription factor staining buffer set: A commercial kit containing the following
components:
a.

Fixation/permeabilization concentrate

b.

Fixation/permeabilization diluent (FIX)

c.

Permeabilization buffer (PERM buffer)

Homogenization of Lung Tissue for Total Protein and Cytokine Analysis
1.

Homogenizer (e.g. IKA Werke T10 basic Ultra-Turrax, Germany).

2.

1.5-mL microfuge tubes.

3.

96-well flat bottom ELISA plates.

4.

Cryogenic vials.

5.

ELISA plate reader.

6.

BCA protein assay kit; Commercially available.

7.

Demineralized water.

8.

Tween-20.

9.

70% ethanol.

10. Luminex buffer: 50 mM Tris-HCl, 150 mM NaCl, 0.002% Tween-20, pH 7.5. To make 100
mL, add 0.6 g Tris-HCl, 0.9 g NaCl, 2.0 µL Tween-20. Optionally, add 1 tablet of complete
protease inhibitor cocktail (e.g., cOmplete Mini) per 100 mL buffer and 1 tablet of PhosSTOP
phosphatase inhibitor cocktail per100 mL buffer. Luminex buffer can be aliquoted and
stored at -20 °C.
Biotinylation of Allergens for spIgE ELISA
We use a ‘home-made’ biotinylated allergen for the detection of allergen-specific IgE using ELISA.
Biotinylation of GP and HDM is performed using a commercially available biotinylation reagent.
1.

Biotinylation reagent (e.g. EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific) Commercially
available.

2.

Sterile phosphate buffered saline (PBS), pH 7.4, containing 144.0 mg/L Potassium Phosphate
monobasic (KH2PO4), 9000.0 mg/L Sodium Chloride (NaCl), 795.0 mg/L Sodium Phosphate
dibasic (Na2HPO4-7H2O). pH 7.4. Used as reaction buffer.

3.

Desalting columns or dialysis units: Slide-A-Lyzer Dialysis Cassettes 0.1-0.5mL (10-pk) with a
molecular-weight cutoff of 3500 kDa. For buffer exchange.
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Analysis of Immunoglobulin Levels in Serum with ELISA
For total IgE, IgA, IgG1, IgG2a and spIgE, unconjugated rat monoclonal antibodies against respective
mouse immunoglobulins are used as the capture antibodies. For spIgG1 and spIgG2a ELISA, the
allergen extracts are used to coat ELISA plates. For spIgE ELISA, biotinylated antigens are used for
detection (see Sections 2.10 and 3.13.1). See Table 6 for an overview of all antibodies, reagents, and
sample types used for these ELISAs.
1.

NUNC Maxisorp 96-well flat bottom ELISA plates or equivalent.

2.

Multichannel pipettes and associated tips.

3.

ELISA plate washer (optional).

4.

Plate shaker.

5.

Spectrophotometric microplate reader.

6.

ELISA buffer: 50 mM Tris-HCl, 136.9 mM NaCl, 0.05% Tween-20, 2 mM EDTA, 1% BSA. To make
1000 mL, dissolve 6.06 g of Tris, 8 g of NaCl, 0.744 g of EDTA, and 10 g of BSA in ultrapure
water. Adjust pH to 7.2.

7.

Wash buffer: 0.05% Tween-20 in PBS.

8.

Capture antibody: Rat anti-mouse IgE (R35-72), rat anti-mouse IgG1 (A85-3), rat anti-mouse
IgG2a (R11-89), or rat anti-mouse IgA Antibody (RMA-1).

9.

Coating antigen: GP rough extract or HDM crude extract. See Items 6 and 7 in Section 2.1.

10. Immunoglobulin standards: Mouse IgE κ isotype control (C38-2), mouse IgG1 κ isotype
control (MOPC-31C), mouse IgG2a κ isotype control (G155-178), mouse IgA, or pooled
positive reference serum.
11. Samples: Mouse sera collected at different time points (see Figure1).
12. Detection antibody/antigen: biotinylated rat anti-mouse IgE, (R35-118), biotinylated rat
anti-mouse IgG1 (A85-1), biotinylated rat anti-mouse IgG2a (R19-15), biotinylated rat antimouse IgA (C10-1), biotinylated GP rough extract, or HDM crude extract (see Sections 2.10
and 3.13.1).
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13. Avidin horseradish peroxidase (Avidin-HRP).
14. Peroxidase substrate: o-phenylenediamine dihydrochloride (OPD).
15. Stop solution: 4 M H2SO4.
Analysis of Cytokine Levels in BALF, Supernatant of Restimulated Single Cell Suspensions
and Lung Tissue Homogenates
1.

Commercially available ELISA kits for cytokines of interest, such as IL-4, IL-5, IL-10, IL-13, and
IFNγ.

2.

Multiplex mouse cytokine Luminex assay for mouse cytokines: Choose your cytokines of
interest and combine them in a single Mouse Magnetic Luminex Screening Assay [LXSAMSM].

3.

Multichannel pipettes and associated tips.

4.

ELISA plate washer (optional, e.g. BioTek Microplate washer 405 LS).

5.

Plate shaker (e.g. Heidolph Titramax 101 Microplate Shaker).

6.

Spectrophotometric microplate reader (e.g. BioTek, Agilent).
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METHODS
Sensitization
For allergen sensitization, both BALBc/ByJ and C57BL/6 mice are given either GP or HDM allergen by
intraperitoneal injections on Days 1 and 14, using alum-adsorbed allergen extracts.
1.

Before preparing the sensitization solution, thaw the aliquoted stocks of grass pollen (GP,
Phleum pratense; Phl p) or house dust mite (HDM, Dermatophagoides pteronyssinus; Der p)
and mix Imject Alum (or an equivalent aluminum hydroxide adjuvant) well by shaking or
vortexing until thoroughly emulsified.

2.

Prepare fresh and under a sterile condition, add 20 µL of the alum adjuvant to 80 µL of each
allergen stock. The final concentration of allergens will be 8 µg of Phl p5a for GP sensitization,
and 5 µg of Der p for HDM sensitization, in the total 100 µL of allergen-alum solution per
mouse.

3.

Randomly assign mice to GP or HDM sensitization groups.

4.

Using 1-mL syringes with 25G needles, intraperitoneally inject 100 µL of the appropriate
sensitization solution to each mouse assigned for the allergen (see Note 2).

5.

Repeat Steps 1-4 again on Day 14.

SCIT Treatments
SCIT Treatment of BALBc/ByJ Mice
For SCIT treatment of BALBc/ByJ mice, subcutaneous allergen injections are given on Days
29, 31, and 33. See Figure. 1A for the timeline of the treatment schedule.
1.

Randomly assign the allergen-sensitized mice to SCIT or control groups to start the
treatments on Day 29.

2.

On Day 29, thaw the aliquoted stocks of grass pollen (GP) or house dust mite (HDM) to
prepare allergen solutions for SCIT injections. Dilute each allergen stock in sterile PBS to
achieve the final concentrations of SCIT solutions below (100 µL/mouse).
a.

For GP: Dilute 5.2 µL of the Phl p stock (96 µg/µL) in 94.8 µL of sterile PBS to the final
concentration of 500 µg Phl p in 100 µL of PBS.

b.

For HDM: Dilute 5 µL the Der p stock (50 µg/µL) in 95 µL of sterile PBS to the final
concentration of 250 µg Der p in 100 µL of PBS.

3.

Subcutaneously inject 100 µL of the appropriate SCIT solution to each mouse using 1-mL
syringes with 25G needles (see Note 3). Use sterile PBS to inject SCIT control mice.

4.

Repeat Steps 1-3 again on Days 31 and 33.
SCIT Treatment of C57BL/6 Mice
For SCIT treatment of C57BL/6 mice, subcutaneous allergen injections are given on Days 29,
31, 33, 35, 37, 39, and 41. See Figure. 1B for the timeline of the treatment schedule. Given
the sensitivity of C57BL/6 for anaphylactic responses, we use an incremental updosing
scheme for SCIT treatments (see Step 2 below). In addition, the mice should be monitored for
potential adverse responses during the first injections. For this reason, we routinely measure

210

Methods for experimental allergen immunotherapy

A

SCIT (s.c.)
Sensitization
GP or HDM on alum (i.p.) Saline, GP or HDM
1
15
29 31
33

Challenge (i.n.)
Saline, GP or HDM
45 47 49
BALBc/ByJ mice

22
serum (Pre1)
ear swelling test

43
serum (Pre2)
ear swelling test

51
postserum
analysis

B
Sensitization
GP on alum (i.p.)
1
15

29

31

SCIT (s.c.)
Saline or GP
35
33
37

39

Challenge (i.n.)
Saline or GP
53 55 57

41

C57BL/6 mice
22
serum (Pre1)
ear swelling test

C

Sensitization
GP or HDM on alum (i.p.)
15
29 - 33
1

36 - 40

51
serum (Pre2)
ear swelling test

43 - 47

SLIT ( s.l.)
Saline, GP or HDM
50 - 54 57 - 61 64 - 68

71 - 75

59
postserum
analysis

78 - 82

Challenge (i.n.)
Saline, GP or HDM
94 96 98
BALBc/ByJ mice

22

serum (Pre1)
ear swelling test

47

serum (Pre2)

68

serum (Pre3)

92

serum (Pre4)
ear swelling test

100

postserum
analysis

Figure 1. Overview of AIT-treatment protocols in BALBcByJ and C57BL/6 mice. (A, B) Outline of the SCIT
protocols in both mouse strains. (C) Outline of the SLIT protocol. Serum is taken before SCIT (Pre1), before challenge (Pre2 in case of SCIT and Pre4 in case of SLIT), and after challenges (Post). In case of SLIT,
we include two extra serum-time points (Pre2 and Pre3) during SLIT. Ear swelling tests (EST) are performed before AIT (to confirm sensitization) as well as after AIT (to confirm effect of AIT).

body temperature and score shock symptoms after each injection (see Note 4, Figure 2).
1.

Randomly assign the allergen-sensitized mice to SCIT or control groups to start the
treatments on Day 29.

2.

Thaw the aliquoted stocks of GP or HDM to prepare allergen solutions for SCIT injections (see
Note 4). Dilute each allergen stock in sterile PBS to achieve the final concentrations of SCIT
solutions below (100 µL/mouse).
a.

For GP: Dilute 0.5 µL of the GP stock (96 µg/µL) in 99.5 µL of sterile PBS to the final
concentration of 50 µg Phl p in 100 µL of PBS.

b.

For HDM: Dilute 5.0 µL the HDM stock (50 µg/µL) in 95.0 µL of sterile PBS to the final
concentration of 250 µg Der p in 100 µL of PBS.

3.

Subcutaneously inject 100 µL of the appropriate SCIT solution to each mouse using 1-mL
syringes with 25G needles (see Note 3). Use sterile PBS to inject SCIT control mice.

4.

Measure body temperature at 20, 40, and 60 min after the SCIT injection using a rectal
thermometer (see Figure 2). Observe mice and record shock symptom scores according to
the scoring criteria listed in Note 4.
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B

37

4

36
Symptom score

Body Temperature ( οC)

A

35

34

NC
PC
SCIT

0

20

Time (min)

40

60

3

2

1

0

NC

PC

SCIT

Figure 2. Monitoring symptoms of anaphylaxis in sensitized mice following the first subcutaneous
GP injections. (A) Changes in rectal temperature following SCIT at the indicated time points. (B) Peak
anaphylactic symptom score of each individual mouse within 40 min after the first SCIT. Absolute values
are expressed as mean ± SEM (n=8). *P<0.05, **P<0.01, and ***P<0.005 compared to positive control.
NC: negative control, PBS challenged; PC: positive control, GP challenged; SCIT treated mice (50 µg GP),
GP challenged.

5.

Repeat Steps 1-4 again on Days 31, 33, 35, 37, 39, and 41, except change the concentrations
of GP SCIT solution by appropriately diluting the GP stock as follows (100 µL/mouse):
a.

Day 31: Dilute 1.0 µL of the GP stock in 99.0 µL of sterile PBS to the final concentration
of 100 µg Phl p in 100 µL of PBS.

b.

Day 33: Dilute 2.1 µL the GP stock in 97.9 µL of sterile PBS to the final concentration of
200 µg Phl p in 100 µL of PBS.

c.

Day 35: Dilute 4.2 µL of the GP stock in 95.8 µL of sterile PBS to the final concentration
of 400 µg Phl p in 100 µL of PBS.

d.

Days 37, 39, and 41: Dilute 5.2 µL of the GP stock in 94.8 µL of sterile PBS to the final
concentration of 500 µg Phl p in 100 µL of PBS.

For HDM SCIT in C57Bl/6 mice, simply recalculate a similar updosing scheme as described above.
SLIT Treatments
SLIT treatment is applied 5 days a week for a total of 8 consecutive weeks from day 29 through day
82 by sublingual administration (see Note 5) of the allergen in PBS. See Figure. 1C for the timeline
of the treatment schedule.
1.

Randomly assign the allergen-sensitized mice to SLIT or control groups to start the
treatments on Day 29.

2.

Thaw the aliquoted stocks GP) or HDM to prepare allergen solutions for SLIT applications.
Dilute each allergen stock in sterile PBS to achieve the final concentrations of SLIT solutions
below (5 µL/mouse).
a.

For GP: Dilute 5.2 µL of the GP stock in 94.8 µL of sterile PBS to the final concentration of
500 µg Phl p in 100 µL of PBS.
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b.

For HDM: Dilute 5 µL the HDM stock in 95 µL of sterile PBS to the final concentration of
250 µg Der p in 100 µL of PBS.

3.

Sublingually apply 5 µL of the appropriate SLIT solution to each mouse using a P20 pipet
(see Note 5). Use sterile PBS for SLIT control mice.

4.

Repeat Steps 1-3 again 5 days a week for 8 consecutive weeks until Day 82 (see Figure. 1C).

Allergen Challenges
Allergen challenges are performed by intranasal administration (see Note 6; Figure 1) 2 weeks after
the cessation of SCIT or SLIT treatments. For SCIT-treated BALBc/ByJ mice, the challenge days are
Days 45, 47, and 49, while SCIT-treated C57BL/6 mice are challenged on Days 53, 55, and 57. For SLIT
treatment, BALB/cByJ mice are challenged on Days 94, 96, and 98.
1.

Thaw the aliquoted stocks of GP or HDM to prepare allergen solutions for intranasal
challenge. Dilute each allergen stock in sterile PBS to achieve the final concentrations of
allergen solutions below (25 µL/mouse).
a.

For GP: Dilute 1 µL of the GP stock in 59 µL of sterile PBS to the final concentration of 40
µg Phl p in 25 µL of PBS.

b.

For HDM: Dilute 1 µL the HDM stock in 50 µL of sterile PBS to the final concentration of
25 µg Der p in 25 µL of PBS.

2.

Anesthetize a mouse using 4.5% isoflurane in combination with 1 mL/min oxygen until its
breathing starts to slow down. Remove the mouse from anesthesia.

3.

Restrain a mouse by gently gripping the nape with one hand and anchoring the tail between
the small finger and the palm. Hold the mouse in a supine position with the head elevated.

4.

Right before the mouse wakes up (approximately within 1 min), position the end of a
micropipette at or in the external nares. Administer 25 µL the appropriate allergen solution
to each mouse, like a droplet on the nose and watch as the mouse strongly inhales the
droplet usually split into both nasal cavities (see Note 6).

5.

8

Repeat Steps 1-4 until all mice are challenged.

Blood Withdrawal via Retro-Orbital Puncture
To monitor the response to SLIT or SCIT treatments, blood is collected by retro-orbital puncture after
allergen challenge. The timing of blood collections for each experimental paradigm is indicated as
“Pre1 and Pre 2” for SCIT and “Pre1-4” in the SLIT protocol” in Figure. 1A-C.
1.

Anesthetize a mouse using 4.5% isoflurane in combination with 1 mL/min oxygen. Confirm
deep anesthesia with the absence of pedal reflex.

2.

Place the anesthetized mouse on a flat surface. Gently press the body to force its blood from
the thorax to the head.

3.

Using the forefinger of the same hand holding the mouse down, pull the dorsal eyelid back
to produce slight exophthalmos (bulging of the eye).

4.

Penetrate the orbital conjunctiva at the medial or lateral canthus of the eye with a glass
microcapillary tube. As soon as blood accumulates in the capillary, lift up the mouse and
hold it above the MiniCollect tube to collect 10 drops of blood (see Note 7).
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5.

Process further to collect serum. Ensure that MiniCollect® Cross-Cut Cap is properly placed
back on the tubes and the tubes are centrifuged at 3.000g for 10 minutes at room temperature.
Gel separation tubes should be centrifuged no later than 2 hours after collection.

Ear Swelling Test
To monitor modulation of the early phase response to allergen provocation by SCIT or SLIT, the
ear swelling test (EST) is performed before and after the treatments. To minimize discomfort to the
experimental animals due to repeated anesthesia, the EST is carried out at the same time as the
blood draws (Figure. 1).
1.

Prepare test solutions to inject in the ear to determine local responses. For a positive control,
use either 1 µg Phl p or 0.5 µg Der p in 10 µL of sterile PBS. For a negative control, use sterile
PBS only.

2.

Anesthetize a mouse using 4.5% isoflurane/ min O2 as described in Section 3.5, Step 1.

3.

Inject the mouse with the selected allergen test solution intradermally in the right ear
(Figure. 3).

4.
5.

Inject sterile PBS intradermally in the mouse’s left ear as a negative control reference.
After 1-2 h, anesthetize the mice again using 4.5% isoflurane/ min O2 and measure the ear
thicknesses a micrometer (see Note 8).

6.

Calculate the allergen-induced net increase in ear thickness (Δ, in µm) by subtracting the left
ear thickness from that of the right ear (Figure. 4A).

Lung Function Measurement
Lung functions of experimental mice are tested 2 days after the final allergen challenge. Here, we
describe the method to assess lung functions using the FlexiVent version 5.3. In this setup, we
routinely use intravenous methacholine administration in combination with use of flexible cannulas
for tracheal intubation, although the use of inhaled methacholine and rigid tracheal intubation have

Figure 3. The ear swelling test. Left: Anesthetized mice are intradermally injected with 10 µL of PBS in
the left ear as a control using a small insulin syringe. A small swelling will be visible just below the skin.
Right: after 2 h, ear thickness of both ears is measured using a micrometer. It is important to keep the
micrometer in a horizontal position.
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Figure 4. Clinical manifestations after AIT. (A) IgE-dependent allergic response performed after AIT.
Ear thickness (µm) in the right ear was measured 2 h after GP injection (1 kSQ) and differences in the
thickness were compared to the left ear, which received PBS as a control. Placebo-treated mice (NC
and PC) showed similar swelling since both had not been challenged yet. (B) Effective Dose (ED) of
methacholine, when the airway resistance reaches 3 cmH2O.s/mL. Airway hyperactivity (AHR) was
measured by FlexiVent and plotted as (C) airway resistance (R in cmH2O.s/mL) and as (D) airway compliance (C in mL/cmH2O). Absolute values are expressed as mean ± SEM (n=8). *P<0.05, **P<0.01,
and ***P<0.005 compared to positive control. NC: negative control, PBS challenged; PC: positive control, GP challenged; SCIT or SLIT treated mice (300 kSQ), GP challenged.
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also been described by others40. In our experience, invasive measurement of airway resistance affects
immunohistochemical analyses of lung tissue, including airway wall remodeling and inflammation.
Therefore, we recommend that histological analyses are performed in a separate group of mice to
make sure that lung tissue architecture is not disrupted by the prior FlexiVent analysis.
Preparation
1.

Prior to the measurement, calibrate the computer-controlled small-animal ventilator (e.g.,
FlexiVent) according to the manufacturer’s instructions (see Note 9). Perform weightadjusted calibration of both airway and cylinder pressure for each animal using a 1-mL
syringe, a manometer and a closed and an open cannula (see Note 9).
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2.

Two days after the final allergen challenge, weigh and anesthetize mice with 75 mg/kg
ketamine (100 mg/mL) and 1 mg/kg domitor (0.5 mg/mL) in sterile PBS by intraperitoneal
injection (10 µL mix per gram bodyweight). See the dilution scheme shown in Table 1.

3.

Upon confirmation of deep anesthesia with the absence of pedal reflex, place the mouse in
a supine position on an operating table for tracheal and jugular cannulations (see Note 10).

4.

For tracheal cannulation, first, make an incision in the middle of the neck and carefully
remove the underlying tissue with two sharp pairs of forceps to reveal the muscle bundles
that cover the trachea. Do not touch the glands around the trachea, as this will trigger
enhanced mucus production.

5.

Move the muscle bundles aside to reveal the trachea, which is then freed from the underlying
tissue.

6.

Place 2 ligatures under the trachea, one at more proximal to the oral cavity but still leaving a
room for making the incision to insert the cannula, and the other more distally, close to the
bifurcation leading to the primary bronchi.

7.

Open the trachea by making a small cut in between the tracheal cartilage rings, leaving the
two ligatures below the incision site. Place the cannula into the trachea and fix the tracheal
canula in an airtight fashion by carefully closing both ligatures to prevent the cannula from
sliding up or down within the trachea.

8.

Attach the tracheal cannula to the FlexiVent and ventilate using the standard breathing
program with the script running on basic breathing (see Note 11).

Table 1. Dilution scheme for anesthesia.
Solution

Administration

Dose

Ketamine

100 mg/mL

75 mg/mL

0.75 µL/g mouse

Domitor

0.5 mg/mL

1 mg/mL

1 µL/g mouse

1 mL

5 mL

10 mL

Domitor

200 µL

1000 µL

2000 µL

Ketamine

75 µL

375 µL

750 µL

Saline

725 µL

3625 µL

7250 µL

Dilution scheme (100 mg/mL)

Methacholine Challenge
1.

Prepare methacholine solutions with different concentrations for intravenous injections
according to Table 2 and 3.

2.

Methacholine will be introduced via the jugular vein. To position the jugular vein, draw an
imaginary line from the right ear and its left armpit, and between the chin and its right
armpit. The crossing point of these two lines identifies the location of incision. Make a 1.5cm vertical incision downward.

3.
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Table 2. The dosages of methacholine and the concentrations of methacholine solutions used for intravenous
injections during the lung function test.
Dose (µg/kg)

Dose mg/mL

0

0

50

0.01562

100

0.03125

200

0.0625

400

0.125

800

0.25

Table 3. Weights of mice and corresponding volumes of the methacholine solutions to be injected.
Weight (gram)

Injection volume (µL)

20

64

21

67

22

70

23

74

24

77

25

80

26

83

27

86

28

90

29

93

30

96

31

99

32

102

33

106

34

109

35

112

36

115

37

118

38

122

39

129

40

128

8

revealed, clearing any fat or surrounding connective tissue (see Note 12)
4.

Place a ligature (6/0) around the upper part of the jugular vein and close it lightly. Secure the
ligature to the operating table with a small piece of tape, in order to put some tension on it.

5.

After the tension is sufficient to stretch the jugular vein slightly, place a second ligature (6/0)
approximately 0.5 cm below the first and close it lightly but not completely, still allowing
sufficient space for the cannula to be placed into the jugular vein.

6.

Place a bulldog clamp on the lower ligature to increase the tension on the jugular vein and
217

Chapter 8

make a small cut in the vein between the two ligatures. Carefully place the cannula into the
jugular vein through this opening, and tightly close the bottom ligature (see Note 13).
7.

Once the proper placement of the cannula is confirmed, fix the it in position by tightly
closing the both upper and lower ligatures. Now, the jugular vein cannula can be used for
intravenous methacholine delivery when prompted by the FlexiVent’s protocol (see Note
11).

8.

Prior to the FlexiVent measurements, administer an intraperitoneal injection of rocuronium
bromide (1 µL/g mouse body weight).

9.

Set the Positive end-expiratory pressure (PEEP) at 20 mm H2O.

10. Administer the appropriate volume of saline (0 µg/kg methacholine) intravenously through
the jugular cannula as a blank for the subsequent methacholine injections. See Table 3 for
injection volumes.
11. Measure airway responsiveness by obtaining airway resistance (R in cmH2O.s/mL), the
Newtonian resistance (the resistance of the central or conducting airways, Rn in cmH2O.s/
mL), and lung compliance (C in mL/H2O).
12. Inject the next dose of methacholine (50 µg/kg body weight) listed in Table 3. After the
injection of methacholine solution, immediately flush the tubing of the jugular vein cannula
with 30 µL saline to make sure that all methacholine enters the body in a single bolus (see
Note 14). Measure airway responsiveness as described in Step 11.
13. Continue with 100, 200, 400, and 800 µg/kg methacholine doses (see Table 3 and 4), with
an additional administration of rocuronium bromide after the methacholine dosage of
100 μg/kg. Repeat the measurements as described in Step 11 after each methacholine
administration.
14. For the analysis of the lung function test, export all FlexiVent data as a comma separated
value (CSV) format and store the data files in an appropriate location such as a backed-up
network drive for analysis (see Note 15).
Collection of Blood, Bronchoalveolar Lavage, and Lung Tissue
1.

Immediately after the completion of FlexiVent measurements, sacrifice the mouse by
collecting a large volume of blood through the vena cava (post-serum). Under continued
anesthesia, open the abdomen and reposition the bowels to reveal the vena cava. After
removing fat, puncture the vena cava using a 25G needle on a 1-mL syringe. Up to 1 mL of
blood should be collected.

2.

For the collection of the bronchoalveolar lavage fluid (BAL) fluid, open the diaphragm to
allow the lungs to collapse. It is important to make sure not to damage (puncture) the lungs
when opening up the thoracic cavity.

3.

Using the tracheal cannula and a 1-mL syringe, lavage the lungs with 1 mL of the
supplemented PBS at room temperature. During the first drawback of this BALF, a small
volume may remain behind in the lungs. Store this first 1 mL of BALF separately in a 1.5 mL
tube and keep on ice until the cells and fluid are separated by centrifugation in Step 5 below.

4.
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Table 4. Antibodies used for FACS analysis of innate lymphocytes.
Specificity

Clone

Isotype

Staining

Brilliant Violet 605™ anti-mouse Ly-6A/E
(Sca-1) Antibody

D7

Rat IgG2a, κ

Extracellular

PerCP/Cy5.5 anti-mouse/human KLRG1
(MAFA) Antibody
Anti-Mouse CD3e PE

2F1/KLRG1

Syrian hamster IgG

Extracellular

145-2C11

Armenian Hamster IgG

Extracellular

Anti-Mouse CD5 PE

53-7.3

Rat IgG2a, κ

Extracellular

Anti-Mouse CD19 PE

eBio1D3 (1D3)

Rat IgG2a, κ

Extracellular

Anti-Mouse NK1.1 PE

PK136

Mouse IgG2a, κ

Extracellular

Anti-Mouse Fc epsilon Receptor I alpha
(FceR1) PE
Anti-Mouse CD11b PE

MAR-1

Armenian Hamster IgG

Extracellular

M1/70

Rat IgG2b, κ

Extracellular

Anti-Mouse CD11c PE

N418

Armenian Hamster IgG

Extracellular

Anti-Mouse Ly-6G (Gr-1) PE

RB6-8C5

Rat IgG2b, κ

Extracellular

Anti-Mouse TER-119 PE

TER-199

Rat IgG2b, κ

Extracellular

T1/ST2 (IL-33R) Monoclonal Antibody,
FITC
Anti-Mouse CD45 APC

DJ8

IgG1

30-F11

Rat IgG2b, κ

Extra- and
Intracellular
Extracellular

Anti-Mouse CD127 APC-eFluor® 780

A7R34

Rat IgG2a, κ

Extracellular

Anti-Human/Mouse Gata-3 PE-Cyanine7

TWAJ

Rat IgG2b, κ

Intracellular

temperature. Poole the BALF from the four lavages in a 15-mL tube and keep on ice.
5.

Spin down the initial BALF collected in Step 3 at 590 x g at 4 °C for 5 min. Transfer the
supernatant in clean microcentrifuge tubes in 100 µL aliquots and store at -80 °C until used
for cytokine ELISA in Section 3.14.

6.

Resuspend the resulting cell pellets from Step 5 in 1 mL of PBS and combine with the rest
of the BALF sample collected in a 15-mL tube in Step 4. Keep this BAL cell suspension on
ice until used for cytospin slide preparation or flow cytometry in Section 3.9.1. or 3.12,
respectively.

7.

Finally, collect individual lung lobes and any other necessary organs in 1 mL of ice-cold
RPMI1640 medium for preparation of single cell suspension in Section 3.10.

8.

Alternatively, collect individual lung lobes in cryogenic vials, snap-freeze immediately by
submerging the tubes in liquid nitrogen, and store at -80 °C until processed for ELISA in
Sections 3.13 and 3.14 (see Note 16).

Analysis of the Infiltration of Inflammatory Cells in BALF
Cell compositions of BALF or lung tissue can be analyzed either by cytospin preparations or by flow
cytometry. The cytospins require minimal time investment on the section day of the experiment, but
need to be differentially counted in the weeks thereafter, whereas the flow cytometry measurements
allow for a greater granularity of cell types included in the analysis.
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Cytological Analysis with Cytospin Preparations
1.

Label cytospin slides for identification of the samples.

2.

To coat the slides with BSA, assemble each cytospin holder by inserting a labeled slide and a
Shandon filter card and attaching a cuvette in the holder above the filter card.

3.

Place the assembled holder into the cytocentrifuge. Add 20 µL of PBS containing 1% BSA in
the cuvette and spin at 550 x g for 1 min.

4.

Centrifuge the BALF cells from Step 6 in Section 3.8 at 590 x g for 5 min at 4 °C. Discard the
supernatant.

5.

Resuspend the cell pellets in 500 µL of RBC lysis buffer and incubate for 1 min at room
temperature.

6.

Centrifuge the cells 590 x g for 5 min at 4 °C, discard the supernatant, and resuspend the
pellet in 200 µL PBS containing 1% BSA.

7.

Count the cell number in the BALF using a cell counter or hemocytometer for total BALF cell
count (Figure. 5A). Adjust the volume of the cell suspension with PBS with 1% BSA to achieve
a BALF cell density of 1x106 cells/mL.

8.

Prepare cytospins by spinning down 100 µL of the cell suspension (1x105 cells) onto the
coated slides at 550 x g for 5 min at room temperature. Carefully release the slides from the
holder and let the slides air-dry at room temperature for 10 min. Clean the cuvettes using
demineralized water and 70% ethanol solution.

9.

Stain the cytospin slides using a Diff-Quick staining set according to the manufacturer’s
protocol. Dry thoroughly and coverslip the slides.

10. Perform differential counts of 300 cells per cytospin by identifying mononuclear cells (M),
neutrophils (N), and eosinophils (E) by standard morphology using a light microscope at
100x magnification (see Note 17). The results may be graphed as shown Figure. 5B.
11. Alternatively, the BAL cell suspension from Step 7 may be used for flow cytometric analysis.
See Section 3.11 to proceed with flow-cytometry-based BALF cell analyses.
Preparation of Single Cell Suspensions of Lung Tissue, DLNs, and the Spleen
Single Cell Suspensions from Lung Tissue and DLNs
1.

After dissecting the lung tissue from the mouse in Step 7, Section 3.8, transfer the largest left
lung lobe to a Petri dish in a biosafety cabinet (see Note 18).

2.

Using a scalpel, cut the lobe into a homogenous paste and resuspended in 2 mL of RPMI1640
medium with 4 mg/mL Collagenase A, 0.1 mg/mL DNase I, and 1% BSA. Incubated the cells
for 1.5 h at 37 °C.

3.

To remove tissue fragments, run the lung cell suspension through a 70-μm cell strainer into
a 50-mL tube. Wash the cell strainer with 2-5 mL of RPMI at room temperature in order to
flush out the remaining cells.

4.

Centrifuge the cell suspension at 350 x g for 5 min at 4 °C and discard the supernatant.
Resuspend the cell pellet in 1 mL of RBC lysis buffer and incubated for 3 min at room
temperature.
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Figure 5. Eosinophilic and proinflammatory cytokine responses after AIT. (A) Total cell counts in bronchoalveolar lavage fluid (BALF). (B) Differential cytospin cell counts in BALF. M: mononuclear cells, E:
eosinophils, N: neutrophils. Absolute numbers are plotted as median and 10-90 interquartile. (C and D)
Concentrations of IL-5 and IL-13 measured in re-stimulated single cell suspensions of lung cells. Concentrations were calculated as the concentration after 5 day-re-stimulation minus unstimulated control (PBS)
and expressed as mean ± SEM (n=8). *P<0.05, **P<0.01, and ***P<0.005 compared to positive control.
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5.

Centrifuge the cell suspension again at 350 x g for 5 min at 4 °C and discard the supernatant.
Count the cells using an automated cell counter or hemocytometer.
Single Cell Suspensions from the Spleen
Single cell suspensions of spleen cells are obtained in a similar fashion as from the lung
tissue, although enzymatic digestion is only required for analysis of DC subsets.

1.

Remove the spleen from the mouse in Step 7, Section 3.8. Mince the tissue with a scalpel and
strain through a 70 μm-cell strainer in a biosafety cabinet as described in Steps 2 and 3 of
Section 3.10.1. Rinse the strainer with 5 mL of RPMI1640.

2.

Centrifuge the spleen cell suspension at 550 x g for 5 min at 4 °C and discard the supernatant.
Resuspend the cell pellet in 1 mL of RBC lysis buffer and incubate for 10 min at room
temperature.

3.

Centrifuge again at 550 x g for 5 min at 4 °C and resuspend in 1 mL RMPI1640.
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4.

Repeat Step 3 one more time, and cells are ready for further use (see Note 19).

Re-stimulation of Lung Cells and DLN Cells
To evaluate the T cell responses to allergen recall, lung and DLN cells prepared in Section 3.10 are
re-stimulated with allergens in culture.
1.

In U-bottom 96-well plates, seed 200,000 cells/well in 250 µL of RPMI1640 supplemented
with 10% FCS, pen/strep; 50 µM beta-mercaptoethanol in the presence of either 0 µg or 30
µg of GP or HDM extract in triplo (see Note 20).

2.

Culture the cells for 5 days at 37 °C and 5% CO2.

3.

Collect the culture media from all wells and store at -80 °C for analysis of cytokines (see
Section 3.14).

Quantification of DCs, T Cell Populations and Innate Lymphoid Cells in Lung Single Cell
Suspensions Using Flow Cytometry
Staining of Extracellular and Intracellular Targets
1.

Divide all lung single cell suspensions in FACS tubes, using 1 tube per mouse for each
staining. In addition, pipette approximately 5 µL out of every mouse sample and prepare
a pooled sample containing a small number of cells from each mouse for the single stains.

2.

Wash the cells using 300 µL of the FACS buffer and centrifuge the cells at 590 x g for 5 min at
4 °C to remove the supernatant.

3.

Resuspend the cells in 100 µL the FACS buffer. Add 100 µL of the block buffer (to a total of
200 µL) for extracellular blocking and incubate for 10 min at room temperature.

4.

Centrifuge at 590 x g for 5 min at 4 °C to remove the supernatant. Resuspend the cells in 100
µL of FACS buffer.

5.

Add 100 µL of an antibody cocktail containing appropriately diluted primary antibodies for
extracellular staining to a total of 200 µL (see Tables 4 and 5). Incubate for 30 min at room
temperature in the dark.

6.

Centrifuge at 590 x g for 5 min at 4 °C and wash in 1 mL of FACS buffer. Repeat the

Table 5. Antibodies used for FACS analysis of T cells and DCs.
Specificity

Clone

Isotype

Staining

Brilliant Violet 605™ anti-mouse CD4 Antibody

GK1.5

Rat IgG2b, κ

Extracellular

Anti-Mouse CD103 (Integrin alpha E) FITC

2E7

Armenian Hamster IgG

Extracellular

Anti-Mouse CD11b APC

M1/70

Rat IgG2b, κ

Extracellular

Anti-Mouse CD11c APC-eFluor® 780

N418

Armenian Hamster IgG

Extracellular

Anti-Mouse F4/80 Antigen PE-Cyanine7

BM8

Rat IgG2a, κ

Extracellular

Anti-Human/Mouse Gata-3 PerCP-eFluor® 710

TWAJ

Rat IgG2b, κ

Intracellular

Anti-Mouse/Rat Foxp3 PE

FJK-16s

Rat IgG2a, κ

Intracellular
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centrifugation and wash again in 1 mL of PBS. Centrifuge again to remove the supernatant.
7.

Resuspend the cells in 100 µL of PBS and add 75 µL of fixable L/D V450 cell stain (1:1,000 prediluted in PBS). Incubate for 15 min at room temperature in the dark.

8.

Wash once in 1 mL of PBS as described in Step 6 and resuspend the cells in 1 mL of FIX.
Incubate for 30 min at room temperature in the dark.

9.

Without washing, add 1 mL of PERM buffer. After one minute, centrifuge at 590 x g at 4 °C
and remove the supernatant. Resuspend the cells in 100 µL of intracellular block buffer and
incubate for 10 min at room temperature.

10. Centrifuge at 590 x g at 4 °C, remove the supernatant, and resuspend in 100 µL of PERM
buffer.
11. Add 100 µL of the antibody cocktail containing primary antibodies appropriately diluted
in PERM buffer for intracellular staining (see Table 4 and 5). Incubate for 30 min at room
temperature in the dark.
12. Without washing, add 1 mL of PERM buffer, centrifuge 590 x g at 4 °C, and remove the
supernatant. Wash once in 1 mL FACS buffer and remove the supernatant.
13. Resuspend the cell pellet in 200 µL of FACS buffer and transfer the cells to a FACS tube with a
35-µm cell strainer cap to remove any clumps. The samples are now ready for flow cytometry.

Flow Cytometry
Use different gating strategies depending on the cell types of interest. Here, the gating
strategy for ILC2s is described as an example.
1.
2.

Set compensation using single stain controls for the antibody panel used.
Exclude all dead cells by plotting the area of the forward scatter (FSC-A) against the fixable
L/D marker (Figure. 6A).

3.

Exclude all doublets using a small selection gate in the plot of the area of the side scatter

8

(SSC-A) against the width of the side scatter (SSC-W, Figure. 6B).
4.

ILC2s may be plotted as Lineage negative cells, CD45 positive cells (see Table 4, Figure. 6C),
followed by gating on the GATA3 and CD127 positive cells, markers that are both expressed
by ILC2s (Figure. 6D).

5.

For the identification of other cell types, use CD4 and GATA3 for Th2 cells, CD4 and FoxP3
for Treg cells, and CD11b and CD103 for subpopulations of conventional DCs (see Table 5).

Homogenization of Lung Tissue for Total Protein and Cytokine Analysis
The levels of specific cytokines, chemokines or other mediators can be measured from either freshly
dissected lung lobes or from snap-frozen lung lobes stored at -80 °C. Use the identical lung lobe for
all mice in the experimental and control groups. Keep the lung tissue on ice at all times.
1.

Weigh the cryogenic vials containing the lung lobe and correct for the empty cryogenic vial
weight to obtain the net lung lobe weight (mg lung tissue).

2.

Add Luminex buffer at a ratio of 1:5 (weight:volume). For example, to 1 mg lung tissue, add
4 µL of the buffer.
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Figure 6. Gating strategy for the identification of innate lymphoid cells type 2 (ILC2s) in the lung. (A) Gating of
live cells identified by L/D V450 stain. (B) Doublet cell exclusion. (C) Gating out the lineage negative cells and
including the CD45 positive cells. (D) Gating for only the GATA3 and CD127 double positive cells. (E) LineageCD45+GATA3+ CD127+ ILC2s plotted as % of live cells.
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3.

Homogenize the lung with a homogenizer on ice for at least 1 min, until no large pieces are
visible anymore. Clean the homogenizer with tap water and ethanol between samples.

4.

Centrifuge the lung homogenate samples at 12,000 x g for 20 min at 4 °C.

5.

Collect the supernatants in clean microcentrifuge tubes in 100-µL aliquots (see Note 21).
Store the samples at -80 °C until used for ELISA in Section 3.14. Discard the pellets.

Analysis of Immune Responses by ELISA
Immunoglobulin levels in serum and cytokine levels in BALF, culture media of restimulated single
cell suspensions, and lung tissue homogenates can be determined using ELISA (see Note 22).
Biotinylation of Allergens for spIgE ELISA
Biotinylation of Phl p and Der p is performed using a commercial biotinylation reagent such
as Thermo Scientific EZ-Link Sulfo-NHS-LC-Biotin. The biotinylated allergens are specifically
used to detect spIgE by ELISA (see Section 3.12.2, Step 7). According to the manufacturers’
protocol, we can adjust the molar ratio of Sulfo-NHS-LC-Biotin to protein to obtain the level
of incorporation desired (~ 4-6 biotin groups per allergen-particle). Since, the rough extracts
contain a mixture of proteins with a lot of different molecular weights, we make an estimate
based on SDS-Page results. For the rough extract of GP, we calculated using an average
molecular weight of 10,000 Dalton.
1.

Calculate millimoles of biotin reagent to add to the reaction for a 20-fold molar excess: mmol
biotin = mL protein x (mg protein/mL protein) x (mmol protein/mg protein) x (20 mmol
biotin/mmol protein). An example: 1000 µL GP x (3.9 mg GP/1 mL GP) x (1 mmol GP/10,000
mg GP) x (5 mmol biotin/1 mmol GP) = 1.95x10-3 mmol biotin.

2.

Calculate microliters of 10 mM biotin reagent solution (stock) to add to the reaction: µL
biotin = mmol biotin x (1,000,000 µL/L) x (l/10 mmol). An example: 1.95x10-3 mmol biotin x
(1x106 µL/L) x (l/ 10 mmol) = 195 µL biotin.

3.

For the biotinylation reaction take the following steps: add 180 µL of ultrapure water to the
1 mg microtube to prepare a 10 mM solution of the biotin reagent (stock) and take out the
calculated volume of biotin to add to your protein solution.

4.

Incubate for 2 h on ice or for 30 min on room temperature.
For optimal performance and stability, we purify the labeled proteins using a Slide-A-Lyzer™
G2 Dialysis Cassettes, 3.5K MWCO, 0.5 mL according to the manufacturers’ protocol (Thermo
Scientific).

5.

Hydrate the membrane in PBS for 2 min.

6.

Using a 1-mL syringe with 18G needle, slowly fill the cassette with your biotin-allergen
mixture and withdraw any remaining air.

7.

Perform a typical dialysis procedure: 2 h at room temperature in 2 L PBS.

8.

Refresh the 2 L PBS and dialyze for another 2 h at room temperature.

9.

Change the buffer again and dialyze overnight at 4°C.

10. The next day, you can remove the purified sample, using a 1-mL syringe with 18G needle
and store aliquoted in the -20 °C freezer.
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Detection of Analytes in Serum, BALF, Culture Media and Tissue Homogenates by
ELSIA
For the detection of immunoglobulins, ELISA is carried out using antibodies and reagents
listed in Table 6. For cytokine measurements in BALF, supernatant of re-stimulated single
cell suspensions and lung tissue homogenates, ELISA and multiplex are carried out using
kits available from a wide range of commercial suppliers according to the manufacturers’
instructions.
1.

Coat a high affinity binding 96-well flat bottom ELISA plate with 100 µL/well of an appropriate
capture antibody diluted in PBS overnight at 4 °C. (see Table 6).

2.

Wash the plate 5 times using 300 µL of the wash buffer either using an ELISA plate washer
or by hand.

3.

Block the ELISA plate using 300 µL of ELISA buffer with 1% BSA at room temperature for 1 h.

4.

Empty the plate by flicking and wash once with the wash buffer, making sure that the wells
are empty.

5.

Add the samples and standards, both in duplo, appropriately diluted in the ELISA buffer in a
total volume of 100 µL (see Note 22 and Table 6 for appropriate dilutions for serum samples
and standards). Incubate for 2 h at room temperature on a bench-top plate shaker at 300
rpm.

6.

Wash the plate 5 times with 300 µL of the wash buffer each time. In each well, add 100 µL
of a respective detection antibody, or biotinylated allergen for spIgE (see Section 3.13.1),
appropriately diluted in ELISA buffer (see Note 22 and Table 6) and incubate for 1.5 h at room
temperature on the shaker at 300 rpm.

7.

Wash the plate again 5 times with 300 µL wash buffer each time. Add 100 µL of Avidin-HRP
diluted 1:200 in ELISA buffer and incubate for 1 h at room temperature on the shaker at 300
rpm.

8.

Wash the plate again 3 times with 300 µL wash buffer each time. Add 100 µL of the OPD
peroxidase substrate to each well and incubate for 10 min in the dark until the coloring
reaction is complete, visible by the color development in the standard wells.

9.

Stop the reaction by adding 75 µL of 4 M H2SO4 to each well. Read the optical density at 490
nm on an ELISA plate reader.

10. Calculate the concentrations of analytes in the serum samples based on the standard curve,
using a 4-parameter model. The fit of the standard curve should be at least r2 = 0.95. When
performing multiple 96 well plates, each plate should contain a standard curve as well as a
few reference samples that are included on all plates for plate-plate comparisons.
NOTES
1.

The medium may be optionally supplemented with 3% BSA (w/v, cell culture grade) and 5
mL of 100x MEM Vitamin Solution, which is commercially available as a growth supplement.

2.

Sensitization with intraperitoneal injections is performed on non-anesthetized animals.
Restrain a mouse by gently gripping the nape with one hand and anchoring the tail between
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Table 6. Overview of immunoglobulin ELISA antibodies
ELISA

Layer

Antibody

Stock

Dilution

Supplier

Total IgE

Capture

Purified rat anti-mouse IgE (R35-72)

0.5 mg/mL

1:500

BD Bioscience

pure

Block

ELISA buffer containing 1% BSA

300 µL

Lab EXPIRE

Sample

Mouse serum samples (pre- and post-sera) pure

Pre 1:30, Post 1:60

Animal Centre

Standard

Purified mouse IgE κ isotype control
(C38-2)

Start 2500 ng/mL,
two-fold dilution
steps

BD Bioscience

Detection
Total IgG1 Capture

Total
IgG2a

Total IgA

spIgE

spIgG1

spIgG2a

0.5 mg/mL

Biotin rat anti-mouse IgE (R35-118)

0.5 mg/mL

1:500

BD Bioscience

Purified rat anti-mouse IgG1 (A85-3)

0.5 mg/mL

1:200

BD Bioscience

pure

Block

ELISA buffer containing 1% BSA

300 µL

Lab EXPIRE

Sample

Mouse serum samples (pre- and post-sera) pure

1:300,000

Animal Centre

Standard

Purified mouse IgG1, κ isotype control
(MOPC-31C)

Start 750 ng/mL,
BD Bioscience
three-fold dilution
steps

0.5 mg/mL

Detection

Biotin rat anti-mouse IgG1 (A85-1)

0.5 mg/mL

1:500

BD Bioscience

Capture

Purified rat anti-mouse IgG2a (R11-89)

0.5 mg/mL

1:200

BD Bioscience

pure

Block

ELISA buffer containing 1% BSA

300 µL

Lab EXPIRE

Sample

Mouse serum samples (pre- and post-sera) pure

1:50

Animal Centre

Standard

Purified mouse IgG2a κ isotype control
(G155-178)

Start 500 ng/ml,
two-fold dilution
steps

BD Bioscience

0.5 mg/mL

Detection

Biotin rat anti-mouse IgG2a (R19-15)

0.5 mg/mL

1:500

BD Bioscience

Capture

Purified rat anti-mouse IgA Antibody
(RMA-1)

0.5 mg/mL

1:100

BioLegend

Block

ELISA buffer containing 1% BSA

pure

300 µL

Lab EXPIRE

Sample

Mouse serum samples (post-sera)

pure

Post 1:50

Animal Centre

Standard

Purified mouse IgA

1000 ng

Start 1000 ng/mL, Bethyl Laborathree-fold dilution tories
steps

Detection

Biotin rat anti-mouse IgA (C10-1)

0.5 mg/mL

1:250

BD Bioscience

Capture

Purified rat anti-mouse IgE (R35-72)

0.5 mg/mL

1:500

BD Bioscience

Block

ELISA buffer containing 3% powdered
milk (ELK)

pure

300 µL

Campina

Sample

Mouse serum samples (Pre- and Post-sera) pure

Pre 1:30, Post 1:60

Animal Centre

Standard

Pooled positive reference serum

Start 1:2, two-fold
dilution steps

Animal Centre

pure

8

Detection

Biotinylated allergen

3.9 mg/mL

1:150

Lab EXPIRE

Capture

Crude or rough extract allergen

1 mg/mL

1:100

ALK Abello/ Citeq
Biologics

pure

Block

ELISA buffer containing 1% BSA

300 µL

Lab EXPIRE

Sample

Mouse serum samples (Pre- and Post-sera) pure

1:300,000

Animal Centre

Standard

Pooled positive reference serum (See
Note 14)

Start 1:50,000, two- Animal Centre
fold dilution steps

pure

Detection

Biotin rat anti-mouse IgG1 (A85-1)

0.5 mg/mL

1:500

BD Bioscience

Capture

Crude or rough extract allergen

1 mg/mL

1:100

ALK Abello/ Citeq
Biologics

pure

Block

ELISA buffer containing 1% BSA

300 µL

Lab EXPIRE

Sample

Mouse serum samples (Pre- and Post-sera) pure

1:50

Animal Centre

Standard

Pooled positive reference serum (See
Note 14)

pure

Start 1:25, two-fold Animal Centre
dilution steps

Detection

Biotin rat anti-mouse IgG2a (R19-15)

0.5 mg/mL

1:500

BD Bioscience
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the small finger and the palm to secure the lower body. Tilt the mouse head down at 3540° angle so that the intestines fall away from the injection site. The needle is inserted into
the lower right quadrant of the abdomen slightly off the midline anterior to the bladder.
Slight negative pressure is applied to the syringe. To avoid the likelihood of puncturing or
lacerating abdominal organs, a ½ inch, 27G needle or insulin syringe is recommended. This
route of administration allows for a volume of up to 1 mL be given safely to a mouse.
3.

For subcutaneous injections, a non-anesthetized mouse is held by the nape using one hand.
A syringe with a 25G needle is inserted with the other hand at the base of a skin ‐tent‐
created by the thumb and forefinger. A slight negative pressure is applied to the syringe to
ensure that the needle placement is subcutaneous and did not accidently damaged a local
vein. A total of 100 µL is injected.

4.

During the first SCIT injections in C57BL/6 mice, it is important to monitor immediate
responses like severity of shock and drop in body temperature. The severity of shock is scored
as follows: (1) mild shock (itching, ruffling of fur, dyspnea, self-isolation, and decrease in
spontaneous activity); (2) moderate shock (prostration, sluggish gait, no response to whisker
stimuli, puffiness around eyes and or mouth, and slight activity after prodding); (3) severe
shock (complete paresis and no activity following prodding with or without convulsions); (4)
death within 30 min. At the same time, body core temperature must be registered every 20
min using a rectal thermometer after the first SCIT injection.

5.

For sublingual administration, restrain a non-anesthetized mouse by gently gripping the
nape with one hand and tuck its tail between fingers to secure the lower body. Hold the
mouse up at a fully vertical position. Tighten the grip of the fir between thumb and index
finger until the mouse sticks out its tongue slightly. Using a P20 pipet, place 5 µL of the
allergen solution under the tongue, while ensuring that it stays there for 30 s minimum.
It is of paramount importance that the mouse does not swallow the allergen during the
administration. After the administration, maintain the restrained animal for 30 s vertically
to prevent swallowing before returning the mouse in the individual ventilated cage (IVC).

6.

The intranasal challenges are performed with the mouse that have been lightly anesthetized.
This method facilitates the inhalation of the allergen into the lungs as the mouse wakes up.
Check visually whether the allergen solution has been inhaled by the mouse.

7.

Retro-orbital puncture targets the venous sinus located behind the eye. When correctly
performed on these long-anesthetized mice using 4.5% isoflurane in combination with 1
mL/min O2, the eyes and health of the animal remain unaffected. The rate of blood flow
through the tube may vary significantly from mouse to mouse. When punctured properly,
act quickly. The maximum amount of blood that should be collected from a mouse is 8 mL/
kg body weight in 14 days.

8.

When measuring ear thickness using a micrometer, it is important to keep the device
perfectly horizontal. Therefore, all mice should be maintained in the same horizontal
position during the measurement. Mice receiving a light anesthesia using 4.5% isoflurane
in combination with 1 mL/min O2 can be placed in a stand, similar to that for intratracheal
administrations, to make sure the ears are in the same horizontal position every time (see
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Figure. 3 right panel).
9.

For airway pressure, the first measurement is set to zero, while the second point is the
pressure measurement after administration of 1 mL air. For the cylinder pressure, a dynamic
tubing calibration is required, using the open and closed cannula as per the manufacturer’s
instructions.

10. Maintain the anesthesia by repeating the injections every 20 min with 25% of the initial
dose. Keep the anesthetized mice warm and record the heart rate, blood pressure and O2
saturation during the entire procedure.
11. A standard script is available within the FlexiWare software, which can be adjusted to the
following format:
FlexiVent script
================
Script:

MCh IV DRC

Author:

LH

Date:

15-02-2012

Changes: LH: 8-6-2016
Adapted to new software and doses
Adapted to new doses and comments of Scireq crew
1. Added snapshot after TLC (for quality control)
2. Quick prime 3 instead of quick prime 2 (+ reduction of number of perturbations)
3. In template adaptation: addition of constant phase model for the quick prime perturbations
(c) SCIREQ Inc. 2001-04
// Start of command section
// -----------------------Start Script, Format = 3.0;
Title

8

= MCh DRC with TLC;

//Start DEFAULT ventilation (Depending on Template)
0:00 Ventilation DEFAULT;
// Perform TLC maneuver immediately after attaching the animal
0:02 Prompt MESSAGE=Attach the animal, then click OK to perform two TLC maneuvers.;
0:00 Marker TEXT=Performing two TLC maneuvers at start of the experiment.;
0:00 Ventilation MODE=CFlow; F=10 br/min; Vt=40 mL/kg; IER=1; Pmax=30 cmH2O;
0:05 Ventilation DEFAULT;
0:15 Ventilation MODE=CFlow; F=10 br/min; Vt=40 mL/kg; IER=1; Pmax=30 cmH2O;
0:05 Ventilation DEFAULT;
//Do a snapshot for quality control (check for leakage)
0:05 Perturbation NAME=Snapshot-240;
// Log the substance
0:05 Marker

TEXT=Start of MCh Dose response measurement.;

// Start loop for Baseline
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0:02 Loop Begin
// Log next dose
0:00 Marker TEXT=Next dose: Baseline ;
// Prepare to inject the mice
0:00 Prompt BEEP ;
0:00 Prompt MESSAGE=Press OK to start baseline measurement. ;
0:02 Marker TEXT=Mouse is being injected : Baseline;
// Take 6 measurements directly after each other
0:00 Loop Begin
0:00 Perturbation NAME=QPrime3;
0:00 Loop Return MAXCOUNT=6;
// Take 4 measurement for 4 times
0:00 Loop Begin
0:00 Perturbation NAME=QPrime3;
0:40 Loop Return MAXCOUNT=4
// Prompt user for next dose
0:20 Query

MESSAGE=Continue with next dose? (No to restart previous dose);

0:00 Loop Return REPLY=NO ;
// Start loop for 0 µg/kg
0:02 Loop Begin
// Log next dose
0:00 Marker TEXT=Next dose: 0 ;
// Prepare to inject the mice
0:00 Prompt BEEP ;
0:00 Prompt MESSAGE=Press OK when ready to inject mouse (0 µg/kg), and inject immediately
thereafter. ;
0:02 Marker TEXT=Mouse is being injected:0 µg/kg;
// Take 6 measurements directly after each other
0:00 Loop Begin
0:00 Perturbation NAME=QPrime3;
0:00 Loop Return MAXCOUNT=6;
// Take 4 measurement for 4 times
0:00 Loop Begin
0:00 Perturbation NAME=QPrime3;
0:40 Loop Return MAXCOUNT=4;
// Prompt user for next dose
0:20 Query

MESSAGE=Continue with next dose? (No to restart previous dose);

0:00 Loop Return REPLY=NO;
// Start loop for 50 µg/ kg à repeat for the dosages 100, 200, 400 and 800 µg/ kg
// End of script
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12. Any fat or surrounding connective tissue needs to be cleared from the jugular vein, allowing
sufficient space for a curved surgical tweezer to maneuver underneath the jugular vein.
13. To test whether the cannula is correctly in place, slightly pull the plunger of the syringe
connected to the cannula. A properly cannulated jugular vein will allow blood to flow into
the cannula upon the application of negative pressure.
14. Before putting a new syringe on the IV-line, make sure there is no air remaining in the syringe
and cannula (use 5-mL syringe with saline to fill the 1-mL syringe).
15. Analysis of resistance and compliance data can be performed with the exported files using any
spreadsheet or statistical program and plotted against the methacholine doses (Figure. 4C and D).
In short, highlight the values of interest (resistance and compliance), the COD, and the PEEP.
Every dose of methacholine gives a peak value in resistance (cmH2O.s/mL) and a minimum
value in compliance (mL/H2O). Select these values for every dose of methacholine and for
every mouse, and plot them. To ensure high quality data use the coefficient of determination
(COD)-value with a cutoff of 8.0. This is a quality control parameter measuring the quality of
the single compartment model fit. Next, check whether the PEEP was registered as ~ 20 mm
H2O or ~ 2 cm H2O. Alternatively, all values that are measured with sufficient technical quality
(use COD value as a cut-off ) can be plotted to calculate an area under the curve for each
individual methacholine dose. Another relevant variable is the effective dose (ED) of MCh
necessary to increase AHR to an R of 3 cmH2O.s/mL (ED3) (see Figure. 4B). As the data are not
normally distributed, but represent linked measurements in a dose-range of methacholine
challenges, an appropriate statistical evaluation is ANOVA, or in case of missing values, a GEE
analysis [41].
16. For quantification of net weight of lung tissue collected it is imperative to weigh the empty
cryogenic vials prior to dissection, and again after collecting the lung lobes.
17. Differential counting of BALF cells should be performed by an observer who is blinded to
the experimental groups.
18. Cells originating from the lung DLN can be processed in an identical fashion as the lung
tissue cells.
19. For long-term storage of the cells in liquid nitrogen, resuspend the cell pellet in 50% HBSS,
40% FCS, and dropwise add 10% DMSO, then divide the cell suspension over cryogenic vials,
and place the vials in a Stratagene® box in the -80 °C overnight. The day thereafter, transfer
the vials to the liquid nitrogen.
20. Since DLNs do not usually yield as many cells as the lung, DLN cell cultures may only be
performed in duplo.
21. Protein concentrations retrieved from homogenization of lung lobes vary considerably
between individual mice. Therefore, a BCA protein assay should be performed to quantify
protein content of the lung tissue homogenates. The protein concentration for each sample
is used to normalize cytokine levels detected by ELISA when evaluating cytokine responses
between experimental groups.
22. The serum samples taken at the three (in SCIT) or five (in SLIT) different time points (pre1-
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4 and post-serum; see Figure. 1A-C) will be used to measure the total as well as allergenspecific IgG1, IgG2a, and IgE. Usually, pre-sera samples will be diluted 1:30 and post-sera
samples 1:60 in ELISA buffer, although several dilutions can be tested to determine the
optimal dilution. For accurate quantification of immunoglobulin or cytokine levels by ELISA,
samples should be stored at -80 °C until used. Samples should be processed within 3 months
from isolation.
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GENERAL DISCUSSION
Allergen immunotherapy (AIT) has the unique capacity to modify the natural course of disease in
allergic disorders, by inducing a permanent state of tolerance to the causative allergen, resulting in
long-term disease remission1. AIT is the sole treatment regime that has the capacity to modify the Th2
immune responses underlying the allergic response, by activation of Tregs and immunosuppressive
cytokines. Through these immunological mechanisms, AIT is able to achieve successful suppression
of clinical symptoms, such as watery itchy eyes, sneezing, congestion, and coughing upon exposure
to aeroallergens2. Moreover, this treatment is capable of preventing new sensitizations, as well
as progression to asthma in patients with allergic rhinitis3. AIT is usually performed by repeated
administration of increasing dosages of allergens until a plateau phase is reached, after which
treatment is continued for three to five years. The long-term treatment is required for sustainable
success effects in patients with allergic diseases. However, the current AIT treatment is also limited
by safety concerns, including the risk of severe side-effects, the long duration of treatment resulting
in suboptimal adherence, and the lack of efficacy in some allergic disorders including allergic
asthma. To address these challenges, optimization strategies for AIT have been the focus of clinical
and translational research over the last decade. In parallel, numerous more basic studies attempting
to unravel the cellular and immunological mechanism of tolerance induction have highlighted
the importance of various subpopulations of immune cells derived from the innate as well as the
adaptive arm of our immune system in successful immunotherapy and long-term induction of
tolerance.
Clinical studies into the efficacy and mechanisms of AIT have remained largely observational. These
studies are essential to evaluate safety and treatment efficacy and routinely record a range of
outcome parameters associated with long-term tolerance induced by AIT, such as improved quality
of life, decrease in medication use, reductions in nasal symptoms (also during natural exposure),
accompanied by persistent immunological changes. However, the opportunities in clinical studies
for discovering the underlying cellular and immunological mechanisms during the treatment that
determine success of therapy, and the possibilities to explore optimizations of the therapy are
limited due to their rigorous design and the focus on very specific primary and secondary outcome
parameters needed to draw meaningful conclusions on the safety, effectivity and added value of a
novel AIT therapy. To overcome these drawbacks of observational clinical studies in patient cohorts,
an experimental mouse model for AIT was developed and published for the first time in 1998 by
van Oosterhout et al.4. In this landmark study, a semi-rush protocol with increasing allergen doses as
well as a rush high-dose protocol was evaluated. It was shown that semi-rush AIT causes a change in
serum antibody isotypes and is successful in reducing airway eosinophilia and hyper responsiveness
in a mouse model with allergic airway inflammation that was largely based on the OVA asthma
mouse model, which was the mainstream experimental model for allergic airway disease at that
time.
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In the research presented in this thesis, we developed a reproducible preclinical grass pollen (GP)
Phleum pratense (Phl p) and House dust mite (HDM) Dermatophagoides pteronissinus (Der p) mouse
model of allergic airway disease using BALBc/ByJ mice or C57Bl6 mice. These improved experimental
mouse models apply standardized treatment protocols for both SCIT and SLIT, allowing the
evaluation of the contribution of several essential immune cell populations in tolerance induction,
direct comparison of both application routes, and the testing of new formulations and adjuvants
with the overall aim to improve the efficacy of AIT and provide a proof-of-concept for the future
clinical trials. To this end, we here discuss our main findings presented in this thesis in the context
of the current literature.
In our mouse model of subcutaneous immunotherapy (SCIT), the original protocol developed by van
Oosterhout et al. 4 has been reduced to three s.c. injections containing high doses of crude extract
allergens (300kSQ GP or 250µg HDM) which results in effective suppression of most parameters of
allergic airway inflammation using the BALBc/ByJ mouse strain, with the exact dosage of the allergen
determining the effectivity of the treatment, whereas an up-dosing regimen of seven injections (25300kSQ GP) in total was developed for the C57Bl/6 anaphylaxis-sensitive mice (Chapter 2 and 8).
Both of these protocols rely on sensitization by intraperitoneal (i.p.) injections of Alum-adsorbed
allergen extracts as well as three intranasal (i.n.) allergen challenges to provoke the phenotypes
of allergic airway inflammation, using the same crude extract of allergens. Differences in disease
phenotypes, such as allergic rhinitis (upper airways) and allergic asthma (lower airways), can be
modelled in mice through differences in challenge methods. Passive inhalation of an aerosolized
allergen extract leads to 83% retention in the nasal mucosa5, whereas administering intranasal (i.n.)
droplets containing allergen extracts in anaesthetized mice leads to active deep inhalation and
much more allergen activity in the lower airways, leading to a more asthmatic phenotype6.
The first experimental studies on the (buccal) sublingual application and allergen uptake via the
oral mucosal layer were published around the same time, in 19947,8, however the first sublingual
immunotherapy (SLIT) protocol in a mouse model for allergic rhinitis was published in 2006 by
Brimnes et al. In this study, the authors established a mouse model of allergic rhinitis using a crude
GP allergen extract and demonstrated that SLIT using 25-125kSQ five days per week for 6-9 weeks,
was able to reduce allergic symptoms in a time- and dose dependent manner9. To induce allergic
rhinitis in their murine model, mice were challenged i.n. daily with 5µL GP (0,1 - 0,5kSQ GP) for one
or two weeks and the allergen distribution was confirmed to remain in the nasal cavity, leaving the
lower airways completely clean. The protocol for SLIT in a mouse model of allergic asthma used in
this dissertation was based on their protocol, with minor adaptations to introduce a more asthmatic
phenotype. SLIT in our mouse model also relies on sensitization by two i.p. injections with Alum
adsorbed allergens and induction of allergic airway inflammation by three i.n. allergen challenges
(25kSQ GP) every other day, which is exactly the same as in our SCIT protocol. The SLIT treatment
phase consists of five sublingual administrations of allergen per week for a total of eight weeks,
totalling up to 40 administrations using high doses of allergen extracts (300kSQ GP) directly placed
under the tongue for a minimum of 30 seconds (Chapter 3). This means that the individual dose of
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allergen in the optimal protocol in SCIT per application is exactly the same of that in SLIT, whereas
SCIT is administered three times and SLIT is given 40 times (Chapter 3, Figure 1).
In fact, the dose of allergen used in AIT treatment as well as the total cumulative dose achieved
in the total treatment period, are critical parameters for successful AIT. Based on the conclusions
drawn from a double blind placebo controlled (DBPC)-study in ragweed pollen hay fever patients
performed by Van Metre et al. during the pollen season in 198010, the WHO considered low-dose
SCIT was inadequate in the consensus study in 1998 on AIT, with high doses achieving a therapeutic
effect but likely also resulting in a higher degree of systemic reactions11. Moreover, the EAACI
taskforce compared immunological and clinical data on treatment efficacy and safety in studies
where with multiple doses were tested12. Herein, only 15 out of the 1379 clinical studies that were
screened used multiple allergen-doses of which only nine were SCIT for respiratory allergies, four
SLIT and two venom-SCIT. Out of the nine SCIT studies for respiratory allergies, almost all reported
a clear dose dependent efficacy. Herein, one of the best examples included was a RDBPC SCIT study
using Alutard SQ® Phl p (ALK) by Frew et al. in the UK amongst 26 centres in adult patients with
allergic rhinitis13. Of the two doses (10kSQ-U and 100KSQ-U) used throughout the whole pollen
season, both were found to be effective in improving quality of life, and reducing symptom and
medication scores, although the highest dose overall performed better. In contrast, using the lower
dose fever local and systemic allergic side effects and other adverse events within an hour after
injection were reported13.
Although treatment efficacy of SCIT for both rhinitis and asthma has been proven numerous
times, major recent systematic studies show a broad variance in the study results can be seen14,15.
For instance, the RDBPC phase II/III study on two dosages of AVANZ® (Phl p, ALK) did not reveal
any significant effects of GP-SCIT over placebo treatment in the primary and secondary outcome
parameters16. Herein, primary outcome parameters included daily symptoms and medication scores
and reports of adverse events, and the secondary endpoints were calculated as the sum of all scores
during the entire pollen season divided by the numbers of score entries. This outcome was at odds
with previous studies that report a clear efficacy of GP-SCIT, using other products with higher or
lower allergen content17,18. For instance, Zenner et al. reported lowered symptoms scores in allergic
patients after a successful short 10week-SCIT course using rye and grass extracts in increasing doses
(up to 1000 standard units, equals ~ 1-2 µg for individual grasses)18. Moreover, with only a few mild
local responses reported at the injection site reported, this study was considered efficient and
completely safe.
In clinical studies, only very rarely is an adverse effect with actual worsening of symptoms
reported. One notable exception is a Phase II RDBPC study using intradermal GP injections in
patients with allergic rhinitis, that led to the suppression of late phase skin reactions, while there
was no difference between GP and placebo treatment in the primary endpoint and Th2 and spIgE
responses were both increased19. Moreover, amongst the secondary endpoints, daily scored
nasal symptoms worsened with 44% in the AIT treatment group, when compared to controls.
The heterogeneity in safety and clinical efficacy in these study results underscore the scientific
importance of a reproducible model that allows a more detailed analyses of all parameters of AIT.
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In line herewith, the experimental mouse models were designed to study the immunological
mechanisms of AIT in detail and help improve the treatment by finding the optimal route of
administration, dose and formulation. The importance of finding the correct dose without adverse
effects is evident from a study in a mouse model of OVA-induced allergic asthma, where SCIT using
peptides derived from an immune-dominant epitope in the OVA protein resulted in increased
AHR and eosinophilia in the lungs, indicating an exaggerated Th2 driven airway inflammation
after SCIT treatment20. Similarly, in Chapter 2, we found that in a rush SCIT protocol using three
GP injections, low dose GP-SCIT aggravated some of the allergic symptoms, resulting in elevated
GP-spIgE induction, reduced GP-spIgG-levels, increased ear swelling responses upon intradermal
GP challenge, and enhanced airway resistance and eosinophil numbers in BALF and lung after GP
inhalation challenges (Figure 1). In line with a strictly dose-dependent efficacy of SCIT, we observed
that an intermediate dose of GP (3-10kSQ GP) had very limited effects while higher dosages
(100-300kSQ GP) were able to achieve some, or even almost complete, suppression of allergic
manifestations in the experimental mouse model, indicative of successful SCIT (Chapter 3, Figure
1). These data indicate that AIT depends on a delicate balance between an aggravated immune
response versus an effective treatment as function of allergen dose, which stresses the need for
further optimizations by increasing the cumulative allergen dose, and by using safe application
routes or adjuvantia that increase therapeutic effectivity at a specific allergen dose, thereby inducing
a more dominant tolerogenic response to the allergen injections.
While the lower limit of allergen dose in AIT is determined by the ability to achieve immune
suppression, the upper limit is determined by the risk for severe side effects that increases with
allergen dose applied, including large local reactions and anaphylaxis. The experimental mouse
models again offer a great opportunity to study both sides of the coin when increasing the allergen
dose in AIT treatment. In our Balbc/ByJ experimental mouse models of AIT, IgG1 is considered to be
the main neutralizing antibody. It has been shown that the IgG produced during an antigen-specific
immune response or administrated passively can suppress IgE mediated anaphylaxis through two
mechanisms: by capturing the allergen before it can induce mast cell activation upon crosslinking
of IgE/FcεRI complexes, or by crosslinking FcεRI to FcγRIIB21. Given the strongly increased specific
IgG1 levels after treatment in our mouse models, and the suppression of phenotypes of allergic
airway inflammation such as eosinophilia and AHR after allergen challenges in the absence of any
signs of anaphylaxis in the allergen challenged mice, we feel that under these conditions these IgG1
antibodies play a protective role in suppressing allergic responses. To further support the role for
spIgG1 in preventing allergic phenotypes after allergen challenges in AIT treated mice, we have
calculated the correlation of specific IgG1 titers to the other read-out parameters in the model and
found that spIgG1 levels are significantly and inversely correlated to airway eosinophilia and lung
levels of IL-5 and IL-13 (Chapter 3). This indicates that the effect of the increased systemic spIgG1
titers on suppressing IgE dependent allergic responses are more dominant than the potential IgG1
dependent anaphylaxis in our experimental model. Such a role for IgG1 in anaphylaxis is quite
specific for the mouse, and has been shown in a number of studies that have identified two separate
pathways to contribute to anaphylaxis: the classic pathway which depends on IgE mediated
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crosslinking of FcεRI on mast cells and release of histamine and platelet activating factor (PAF),
which is also found in humans, and the alternative pathway, which depends on IgG, FcγRIII and PAF
secretion by macrophages and basophils22. The two pathways differ in their antigen dependence,
with the IgE mediated pathway requiring far less allergen compared to the IgG mediated pathway.
In the BALB/cByJ strain, we do not observe any anaphylactic responses induced by the injection
of allergens in SCIT, without the need for an updosing phase. This is in contrast to the C57Bl6/J
mouse, where anaphylaxis is readily induced by high dose allergen injections and a careful
updosing scheme is required for successful SCIT. Similarly, Smit et al. tested anaphylactic responses
upon peanut-allergen exposures in three mouse strains, C3H/HeOuJ, C57BL/6 and BALB/c23. Herein,
specific immunoglobulin responses, mast cell degranulation and specific T cell responses were
different in all three strains, with the BALBc mice the most responsive, followed by C57BL/6 mice,
and least pronounced in C3H/HeOuJ mice. Moreover, while anaphylactic responses were absent in
BALBc mice, they were notably present in both C57BL/6 mice and to an even greater extent in C3H/
HeOuJ mice demonstrating that these three strains displayed a highly divergent susceptibility to
anaphylaxis23. Next, Marco-Martín et al. performed an experiment using C3H/HeOuJ and BALB/c mice
to study both clinical and immune responses in peanut allergen-induced systemic anaphylaxis, and
found that, although BALB/c mice exhibited higher levels of Th2 cytokines, the C3H/HeOuJ strain
showed more pronounced levels of spIgE, IgG1, IgG2a, and more severe clinical symptoms 24. These
data indicate that in the mouse strain used in our current studies, the BALB/cByJ strain, anaphylaxis
is not a dominant response. In the C57BL/6 strain however, we found that injection of only 25kSQ
of GP (as compared to 300kSQ GP in BALB/cByJ mice) already induced pronounced clinical signs
of anaphylaxis as described in Chapter 2. Clearly, the BALB/cByJ model is not the optimal model
to evaluate the safety of AIT. In the C57Bl/6J strain seven s.c. injections using increasing dosages
of GP revealed marked increases in spIgE, spIgG1 and spIgG2a levels. However, we do not know
the relative contribution of IgE and IgG1 to the anaphylactic response observed in C57Bl/6J mice,
which would need experimental validation prior to employing this strain as a preclinical model
for safety screening of novel AIT treatment modalities. Overall, although the C57BL/6 strain was
shown to be more susceptible for anaphylaxis induction, we were able to adapt the treatment
schedule of AIT in such a way that it was still successful in inducing tolerance, based on lowered
numbers of eosinophilia and Th2 cytokines in lung cells. This model might be of relevance for future
experimental modelling of the safety aspects of SCIT treatment. The clinical signs of anaphylaxis
were only visible in the first two days of s.c. injections, which is similar to the early desensitization
response observed in patients with venom allergy, where venom-specific immunotherapy induced
a rapid desensitization associated with local (piecemeal) degranulation of the mast cells, requiring
monitoring of the response at the lower allergen dosages in the outpatient clinic during the
updosing scheme of the VIT treatment25 (J.N.G. Oude Elberink, personal communication).
Allergen immunotherapy: SCIT versus SLIT
In DBPC-trials, both SCIT and SLIT have been shown to effectively suppress allergic manifestations
upon allergen exposure, providing long term relief from symptoms in allergic disorders including
allergic asthma26,27. Clinical studies directly comparing SCIT and SLIT report differences in kinetics
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and magnitude of the immunological changes induced during treatment 28–32. Both SCIT and SLIT
require regular administration of allergens for 3-5 years with the goal of desensitizing the effector
cells, and converting the adaptive immune response to a state of long-term tolerance. In general,
maintenance dosage in SCIT treatment involves ~20 µg of allergen that can be applied using various
treatment regimens (applied as a single allergen or a mixture of allergens and with a variety of
frequency of injections). SLIT is available in daily tablet (GP or 5-grass, HDM, or ragweed pollen) or
in aqueous droplets usually in higher concentrations (ORALVAC® 7,680 Therapeutic Units (TU)/ mL)
but easier to use and therefore allowing self-administration33. According to international guidelines,
both treatment routes have been considered effective, received FDA approval for general use as AIT
and achieve substantial improvement in symptom scores, most notably in adults34. Although SCIT
is traditionally considered to be more effective than SLIT, and adherence to treatment can be better
monitored, the superior safety profile and the home use are important advantages of SLIT, while
efficacy is not necessarily lower than SCIT as shown in the recent large-scale clinical trials35. The
prescribing practitioner has to consider the risks, advantages, costs and patient motivation when
deciding on the use of either SCIT or SLIT.
While SCIT and SLIT have been proven effective for both rhinitis and asthma, as shown in recent major
systematic studies, a broad variance in the study results as well as a substantial variation in the metaanalyses was described14,15. Comparing studies of different treatment routes (or different allergens)
is even more challenging, when taking variable methods, results, and outcomes into account. Based
on indirect evidence from systematic reviews and DBRPC trials, Durham and Penagos published
results on a comparison of SCIT versus SLIT for allergic rhinitis and concluded both administration
routes leave the patient and the doctor in complete equality and personal preference32.
The number of clinical studies that directly compare sublingual versus subcutaneous application in
the same patient population and using similarly sourced allergen preparations is very limited. One
hallmark study was performed in which rhinitis patients were randomly assigned to either SCIT,
SLIT or placebo treatment groups and were treated with GP for 15-24 months29,36. Although both
SCIT and SLIT prevented seasonal induction of specific IgE, SCIT was observed to induce a more
rapid and robust change in sp-IgG4, inhibition of facilitated antigen presentation and basophil
activation test29. After 15 months, however, SLIT and SCIT resulted in similar levels of inhibition
of facilitated antigen presentation and symptom scores. After 24 months, both SCIT and SLIT
resulted in a temporal increase in IL-10 producing T cells, while the numbers of IL-5 producing T
cells were significantly more decreased in the SCIT-treated patients when compared to the SLIT
treated group36. In this study, SCIT involved the use of Alum as an adjuvant, in contrast to the
adjuvant-free SLIT, which might have potentiated the neutralizing immunoglobulin responses in
SCIT. Notwithstanding this limitation and the relatively small patient numbers, it is clear that SCIT
treatment induced immunological changes with faster kinetics and greater magnitude compared
to SLIT treatment. However, on typical clinical endpoints for large clinical studies such as symptom
scores and use of other medication, the two treatments performed equal upon successful finishing
the treatment regimen32.
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Experimental studies dissecting the mechanisms of AIT or attempting to enhance its efficacy have
often focused on a single route of application, precluding direct comparison of the efficacy of
sublingual versus subcutaneous administration of allergen extracts for induction of neutralizing
antibodies and suppression of allergic inflammation or lung function parameters. In Chapter 3, we
presented the first study directly comparing SCIT and SLIT treatments in a mouse model for allergic
airways disease using clinically relevant allergens. We performed a direct comparison of GP-SCIT
and GP-SLIT treatments in the experimental mouse model using a standardized protocol and on the
basis of immunological and translational outcome parameters (Chapter 3). We uniquely treat the
mice with either SCIT or SLIT after parenteral immunization with the allergen, which means in the
presence of an immunological memory population. Altogether, both administrative routes rendered
suppression of certain phenotypes of the experimental mouse model of GP-driven allergic asthma.
To allow qualitative evaluation of the relative efficacy of either administration route of GP-AIT on the
various parameters of the allergic asthma mouse model, we provide an overview of all parameters
and their dose-dependence (Figure 1). GP-SCIT treatment regimens using 3, 10 and 30kSQ GP, were
unable to reduce symptoms of allergic airway disease, but in fact resulted in a more inflammatory
profile, as outlined by strong GP-spIgE induction, low GP-spIgG-levels, increased swelling responses
and airway resistance, and enhanced/exaggerated eosinophil numbers in BALF and lung. Both SCIT
and SLIT using 100kSQ GP resulted in suppression of a subset of the parameters of allergic airway
inflammation only, and this dose was considered suboptimal in later experiments. At the highest
dose of 300kSQ, the immunoglobulin responses showed marked differences between SCIT and SLIT.
The total and specific IgE responses measured after GP challenges were in the same range in SCIT
and SLIT. The induction of IgE after GP challenges, however, was far more effectively suppressed by
GP-SLIT. The blocking immunoglobulins differ based on isotype: GP-spIgG1 is superior in the (faster)
SCIT protocol, while the IgG2a levels are higher after SLIT treatment. Consequently, the neutralizing
capacity by IgG1 was much better in SCIT than in SLIT, while the opposite is true for IgG2a (Figure
1). When comparing airway hyperresponsiveness to methacholine after GP challenges, GPSLIT achieved a stronger inhibition, while GP-SCIT merely achieved a trend towards suppression
compared to Sham-treated controls. Moreover, only SLIT treatment was able to increase lung
compliance. In contrast, marked suppression of eosinophilic inflammation in BALF and lung was
achieved in the SCIT protocol, while in SLIT these findings were less profound and only significant
in the lung cells. Interestingly, SCIT was able to suppress IL-13 production by lung cells, while SLIT
failed to do so, while both treatments resulted in reduced levels of IL-5 in lung tissue homogenates.
Apparently, suppression of Th2 cell activity was slightly more effective in GP-SCIT.
Although there are no experimental studies available that provide results on a similar comparison of
both treatment routes in a mouse model for allergic asthma, SCIT treatment with allergen extracts
of birch pollen (BP) or recombinant phospholipase A2 (PLA2) in mice was shown to induce strong
neutralizing antibody responses37. Interestingly, in the BP-SCIT mouse model, a higher number
of allergen injections (eight s.c. injections) was needed to achieve suppression of AHR than to
induce a neutralizing antibody response, which might be relevant for our GP-SCIT mouse model
as well. Experimental mouse models of Japanese cedar (JC)-SLIT treatment have rendered variable
244

General discussion and future perspectives

Figure 1. Overview of parameters of inflammation and tolerance induction after SCIT (upper half) and SLIT
(lower half) using increasing doses of GP to allow a qualitative comparison of both administrative routes
as well as allergen dose used per administration (kSQ). The doses in SCIT include 3, 10, 30, 100, 300kSQ
whereas the SLIT doses include only 30, 100, 300kSQ. Please note that SCIT is administered three times
whereas SLIT is given 40 times. Th2, T helper 2 lymphocytes; EO, Eosinophils; MC, Mast cells (representative
for the EST); AHR, Airway hyperresponsiveness (representative for the Resistance, ED3, and compliance
levels); spIgE, specific immunoglobulin E; spIgG1, specific immunoglobulin G1; Treg, T regulatory cells;
spIgG2a, specific Immunoglobulin G2a. Figure was created using BioRender.com.
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results regarding the efficiency of suppressing the different parameters of allergic airway disease,
but generally show limited induction of neutralizing antibody responses, in line with our own
results38. Furthermore, in one experimental study using Dermatophagoides farinae (Der f ) extracts,
SLIT treatment had a more pronounced effect on AHR than on Th2-driven, eosinophilic airway
inflammation39. In mouse models of GP-SLIT, induction of a neutralizing antibody response by GP245
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SLIT treatment was also limited, although daily application of lower amounts of GP extract were able
to induce a modest spIgG1 and IgG2a response in comparison to less frequent application of higher
doses of GP extract9,40.
In contrast, in clinical studies SLIT treatment was reported to be able to induce a significant
antibody response. For instance, in a sub-study of the GRAZAX® asthma prevention study, a 3-year
course of GRAZAX® SLIT in children with allergic rhinitis revealed increased levels of specific IgA in
saliva accompanied by significantly increased serum spIgG4 measured after 3 years of treatment
as well as two year after cessation thereof41. The increased levels of spIgG4 are considered to be
immunomodulatory, as it competes with other Ig isotypes for binding allergen and does not
activate complement42. In our findings, GP-SLIT only significantly induced GP-spIgG1 levels directly
during and after SLIT, whereas GP challenges were unable to increase these blocking antibodies any
further. Of note, we were only able to detect serum IgGs directly after challenges (48hrs) and did not
measure the long-term immunoglobulin responses after SLIT or SCIT at later time point after these
or repeated allergen challenges. In the GRAZAX® asthma prevention study, a significant reduction
of the ratio of IL-5/IL-13 over IFN-γ was found to be indicative of lowered Th2 cell responses and
increased levels of Th1 chemokines, CXCL10 and CXCL11. In, our mouse model of GP-SLIT we only
observed modestly decreased levels of Th2 cytokines, and we were unable to detect any increase
of Th1 cytokines. The effect size of SCIT on suppression of Th2 cytokines and eosinophilic airway
inflammation was stronger than that of SLIT, indicating that a higher allergen dose in SLIT, or a
modified delivery method, might be warranted for full efficacy.
Overall, the results in other models for AIT seem to confirm our observations described in Chapter
3, with regard to the modulation of adaptive immune responses by SCIT, as evidenced by induction
of neutralizing antibody responses and suppression of Th2 driven eosinophilia, whilst SLIT has
more of an effect on lung function parameters, but not so much on specific antibodies or Th2 cells.
Moreover, the wide variety of allergen extracts used, the differences in treatment schemes and the
resulting variable outcomes of SCIT or SLIT treatment on the clinically relevant parameters of airway
inflammation and lung function underscore the added value of our approach in combining the
two application routes in a single mouse model using the identical allergen extract for efficient
comparison on immunological and translational parameters.
Use of adjuvants: successful preclinical validation of VitD3
Strategies to improve AIT regimens include alternative administration routes to achieve optimal
antigen presentation at low levels of applied allergens43,44, use of purified or recombinant allergens
and or peptides45,46, or addition of an adjuvant to enhance tolerance induction47. Use of adjuvantia in
AIT aims to increase allergen delivery to and uptake by antigen presenting dendritic cells (DCs), and
to enhance their tolerogenic capacity. One such candidate adjuvant for AIT, 1,25-dihydroxy-vitamin
D3 (VitD3), binds to its nuclear hormone VitD3 receptor (VDR), and provides immune regulatory
properties through induction of tolerogenic DCs 48. VitD3 prevents DC-maturation leading to downregulation of costimulatory molecules (CD40, CD80, CD86) and enhanced IL-10 production
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facilitating the generation of adaptive Treg cells50.
Vitamin D insufficiency is widespread, and is thought to contribute to asthma susceptibility51.
Childhood VitD deficiency is associated with increased risk for asthma, through increased
susceptibility for allergic sensitization52. In some cases, supplementation of VitD3 in clinical studies
has resulted in reduced risk for allergic disease or improved outcomes of treatment53. For instance,
VitD3 supplementation during pregnancy reduced the risk of recurrent wheeze and acute respiratory
tract infections in early life51,54. Moreover, VitD3 supplementation in asthma patients has been shown
to reduce the rate of asthma exacerbations requiring treatment with systemic corticosteroids55. The
mechanism of action of VitD3 is thought to include both steering of the immune system towards a
more tolerogenic response, as well as reinforcing the barrier and antiviral properties of the bronchial
epithelium51,56,57.
In allergic rhinitis patients, clinical efficacy of SCIT was evaluated based on their VitD3 status
throughout treatment, and when VitD serum levels were sufficient effects were more pronounced58.
However, conflicting data have been obtained in clinical studies on a role for VitD3 in allergen-based
SCIT and SLIT treatment protocols59,60. These recent studies report that VitD3 supplementation
had limited positive effects on HDM-SCIT treatment, with asthma symptom score as the only
improvement compared to control HDM-SCIT treatment59. In contrast, VitD3 supplementation of
GP-SLIT was reported to suppress nasal and asthmatic symptoms in comparison to the control GPSLIT treated group60. The discrepancy between these studies might be due to differences in allergen
used (HDM versus GP), duration of treatment (12 versus 5 months) or the route of application of the
allergen.
Based on the tolerogenic properties of VitD3, we previously showed that injection of VitD3 enhanced
the therapeutic effects of SCIT in the OVA-driven mouse model for allergic airway inflammation61. To
resolve whether VitD3 supplementation has the potential to enhance efficacy of both SCIT and SLIT,
we aimed to perform a side-by-side comparison of VitD3 supplementation in SCIT versus SLIT using
the same allergen extract in a mouse model of GP-driven allergic airway inflammation in Chapter
4. We found that the use of VitD3 supplementation augments induction of neutralizing antibody
responses, and leads to enhanced suppression of eosinophilic inflammation and production of IL-10
in lung tissue in both SCIT and SLIT treatments, while an additional effect on AHR was observed in
SLIT treatment only (Figure 2).
To our knowledge, Chapter 4 describes the first study comparing the adjuvant effects of VitD3
supplementation in GP-SCIT and GP-SLIT treatments in an experimental model for allergic airway
disease. Strikingly, and in contrast to our previous results using unsupplemented AIT62, we report
a prominent Treg cytokine profile in lung tissue after VitD3 supplemented GP-SCIT or GP-SLIT, as
demonstrated by the increased levels of IL-10 and in SLIT also of TGF-β1 (Figure 2). These results
are in line with the previously reported biological effects of VitD3 on DCs, which was shown to
result in enhanced generation of adaptive Treg cells and increased IL-10 and TGF-β1 production63,64.
Subsequently, in Chapter 5, we aimed to find the optimal VitD3 dose in our GP-SCIT model and
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Figure 2. Overview of parameters of inflammation and tolerance induction after SCIT (upper half) and
SLIT (lower half) using GP to allow a qualitative comparison of both administrative routes as well as
VitD3 adjuvanted GP-SCIT and GP-SLIT (on the right half). Th2, T helper 2 lymphocytes; EO, Eosinophils;
MC, Mast cells; AHR, Airway hyperresponsiveness; spIgE, specific immunoglobulin E; spIgG1, specific
immunoglobulin G1; Treg, T regulatory cells; spIgG2a, specific Immunoglobulin G2a. Figure was
created using BioRender.com.

report a clear dose-dependent effect of VitD3 in GP-SCIT with remarkable effects of high-dose
VitD3 when compared to the unsupplemented GP-SCIT group. The difference in the dose of VitD3
between the OVA and GP models (10ng vs. 300ng VitD3 per injection) most likely stems from the use
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of a purified protein (OVA), which upon repeated administrations by inhalation even has tolerogenic
properties65 versus a GP extract, which contains multiple allergens and is immune-stimulatory. We
feel that the latter model is a better translational model for the clinical practice where treatment
depends on the use of allergen extracts or modifications thereof62. Our results strongly suggest that
AIT efficacy can be improved by monitoring and supplementing VitD3 levels, or by combining VitD3
in the allergen formulation for AIT.
Experimental mouse models of allergic airway disease have been used to study the effect of VitD3
levels on parameters of the disease 57. Perinatal VitD deficiency in mice has immunomodulatory
effects, such as increased Th2 skewing and reduced IL-10+ Tregs, which was exaggerated upon
challenges66. More importantly, when VitD-depleted neonates were placed on a diet containing
high dose VitD, recovering their VitD status during weaning, their disease severity was less profound,
as detected by lower AHR and eosinophilia, as well as reduced IgE levels. In line herewith, our
results indicated that only three injection containing a high dose VitD3 were sufficient to enhance
suppression of airway eosinophilia after challenges by GP AIT treatment (Chapter 5). Moreover,
Heine et al. showed that VitD deficiency in mice promotes sensitization, and co-administration
of 25(OH)D in OVA-SCIT resulted in lower airway inflammation, Th2 cytokines, and AHR after
challenges67. Moreover, VitD supplemented Der p2-allergoid SCIT resulted in reduced Th2 cytokines
and eosinophilia and increased Treg numbers68.
Interestingly, in addition to suppression of Th2 inflammation by VitD3 supplementation of GPSCIT, we also observed suppression of a number of innate cytokines and chemokines in lung. With
the subcutaneous VitD3 injections, we aimed for modification of the local APCs during GP-SCIT,
leading to Treg induction and Th2 effector cell suppression. The suppression of the innate responses
in the lung-resident cells might indicate a strongly augmented Treg activity, or systemic effects of
the locally applied VitD351. These data support further clinical studies on VitD3 supplementation in
allergen-specific immunotherapy treatment for patients with allergic airway diseases.
Other successful formulations and adjuvants
In addition to the use of adjuvants such as VitD3, the formulation of the allergen extract used in SCIT
or SLIT also offers opportunities to improve the delivery of the allergens in a tolerogenic fashion.
An example includes the use of virus-like particles (VLPs), nanoparticles of about 20-200 nm in size
that are biodegradable, and can be engineered or produced to carry allergens on their surface. The
use of VLPs to improve treatment efficacy has been demonstrated in many studies, as reviewed by
Anzaghe et al.69. In another approach, few studies reported on the beneficial use of liposomes in
new AIT formulations70. Lipid bilayers encapsulating allergens form liposomes, like nanoparticles,
and act as delivery vehicle, as a depot or even function as an adjuvant. One RDBPC trial in patients
with allergic asthma revealed that liposome-encapsulated HDM-extract resulted in blocking IgG
responses and reduced eosinophil numbers, but no safety data were reported in this study71. In
line herewith, a murine model of HDM allergy was used to test intranasal application of liposomeadhered major allergens (Dermatophagoides pteronyssinus, Der p) Der p1 and Der p2, and found to
be equally effective in lowering Th2 responses while being superior in increasing Treg cytokines, like
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IL-10 and TGF-β, when compared to the crude extract alone72. Due to the lipophilic nature of VitD3,
simultaneous administration of the poorly water-soluble VitD3 and a freeze-dried highly watersoluble GP-extract in an AIT mixture is not optimal. Notwithstanding, simultaneous delivery of VitD3
and the allergen extract in a single injection is desirable in order to tolerize the DCs presenting
the allergens, without otherwise influencing the host immune response. The use of liposomes to
deliver both the hydrophilic allergen extract and the lipophilic VitD3 might enhance therapeutic
efficacy. SAINT-18 (1-methyl-4-(cis-9-dioleyl)methyl-pyridinium-chlorid, SAINT) is a synthetic biocompatible lipid which can form liposomal structures, and might be able to act as a carrier for VitD3
while encapsulating the GP extract73. In Chapter 5, we tested whether use of the synthetic lipid
SAINT to establish a more stable mixture of GP-SCIT extracts and VitD3 could enhance suppression
of parameters of allergic inflammation in our mouse model of GP-SCIT. Addition of SAINT, however,
did not further enhance the VitD3-dependent suppression of allergic manifestations, even at
suboptimal GP-dosages.
Similar to previous findings using carrier formulations like chitosan and Poly-lactic-co-glycolic acid
(PLGA)-nano particles, SAINT-18 is thought to capture allergens, and might induce an enhanced
allergen uptake and presentation. Endmann et al. showed the successful capture of SAINT-18 with
MIDGE-Th1 DNA vectors, resulting in stable, well-tolerated formulations with high immune responses
in vivo induced by the formulated lipoplexes73. Although through a different formulation strategy
and working mechanism, Liu et al. reported beneficial effects of using chitosan as a chitosan-Der
f nano-vaccine in a mouse model of intranasal AIT74. Moreover, Saint-Lu et al. showed in a murine
model that chitosan formulations had mucoadhesive properties, induced enhanced uptake of OVA
when applied sublingually and enhanced tolerance induction via lowered AHR, eosinophils, as well
as specific Th2 responses75. More recently, PLGA-nano particles, were used to enhance efficacy of
SLIT in a murine model of allergic rhinitis 76. These PLGA-nano particles are biodegradable polymeric
nanoparticles, excellent delivery vehicles and considered nontoxic, completely biocompatible, and
improve macromolecule penetration across the mucosal layer. In the SLIT model, PLGA-formulated
rChe a3 (recombinant chenopodium album Protein/ polcalcin) SLIT reduced Th2 inflammation,
eosinophilia and increased numbers of Tregs when compared to control treated mice76.
The crucial determinant in the treatment efficacy might be the particle size of the new formulations.
The smaller the particles the better the antigen uptake and presentation, classic liposomal
formulations generally range between 50-250nm in size, and are unstable below 50nm due to
the high curvature this requires for the lipids77,78. Moreover, smaller sized particles could possess
adjuvant activity towards activation and maturation of DCs in a inducer of humoral and cellular
immunity79. Our SAINT/GP formulations were prepared freshly every time, resulting in a stable
formulation with acceptable particle sizes. In pilot stability experiments however, we did find that
the higher the dose of VitD3 used in the mixtures, the more emulsified the mixture became and
particle sizes would decrease to 78-80nm, possibly leading to more efficient phagocytosis by the
APCs. However, while we show that high dose VitD3 improves GP-SCIT, this effect was not enhanced
by use of SAINT-18 as a carrier.
250

General discussion and future perspectives

Overall, the use of liposomal carriers as a strategy to improve formulation for SCIT and SLIT has
demonstrated positive immune-modulating results and does hold the potential to improve the
efficacy of AIT. However, the use of SAINT, as such, was unsuccessful in this model and improved
techniques and formulations are required to gain more knowledge on the stability and mechanism
of immunomodulatory properties of these liposomal formulations.
From crude extracts to short peptides
Traditionally, allergologists around the world are familiar with treatment regimens based on
application of crude allergen extracts, which are easy to produce and prepare. Crude extracts
contain multiple major allergens from a specific source and are easy to combine when patients are
poly-sensitized. However, the safety of this treatment has always been a concern and standardizing
natural allergen extracts remains a major challenge. Use of crude allergen extracts has several
disadvantages: production of the crude extracts has high batch-to-batch variation; extracts
may contain contaminations from other sources; and crude extracts always contain a mixture of
allergenic and non-allergenic substances. In SCIT, the majority of the adverse events are the result of
IgE-dependent basophil and mast cell activation upon injection or administration of crude allergen
extracts80, that retain their allergenicity.
Numerous attempts have been made to reduce the allergenicity of AIT while retaining the potential
to suppress Th2 activity and restore tolerance to the allergen (Figure 3). As an alternative to crude
extracts, the use of purified proteins might be less immunogenic, since full extracts contain
impurities and a number of non-protein constituents, which might activate antigen presenting cells
through pattern recognition receptors. Consequently, use of purified proteins might increase the
treatment efficacy (Figure 3). Preclinical mouse studies already established that proteins purified
from crude extract HDM can be used in AIT 45. Native proteins retain their 3D conformation and
therefore can crosslink IgE and induce side-effects upon injection, especially in highly purified form.
However, synthetic peptides that represent the dominant T-cell epitopes of a major allergen but lack
the tertiary structure required to bind to and crosslink IgE, may have a better safety profile than the
native protein (Figure 3)81.

9

Recently, the use of peptides was successfully implemented in murine models using the major
epitopes from Fel d1 82. Furthermore, Kettner et al. presented a successful phase IIb AIT-trial based
on contiguous overlapping peptides from birch pollen Bet v1, reporting significant and persistent
clinical improvement extending to at least 2-seasons post-treatment in birch pollen allergic
subjects83. The use of purified proteins or selected peptides instead of a full allergen extract,
however, might limit the efficacy of the treatment due to incomplete coverage of the range of
potential allergens that patients can be sensitized to. Moreover, the use of peptides is limited by
differences in MHC usage between individual patients, which impacts on the identity of the T-cell
epitopes to which each individual will respond. Furthermore, peptides may have a shorter half-life
after administration, and need to be taken up by DCs in order to be presented to T-cells and exert a
putative tolerogenic activity.
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Figure 3. Overview of improvement strategies to obtain reduction in allergenicity and to increase safety and
efficacy of AIT. From Left to right: Crude allergen extracts, like pollens, house dust, animal dander, spores
of mold, cosmetics, feathers etc. can be identified as highly capable of inducing an allergic reaction upon
sensitization. Crude extracts contain major allergens that can be naturally purified or its isolated mRNA can
be used to produce recombinant allergens with reduced allergenicity. Usually, both purified and recombinant
allergens maintain T cell recognition sites as well as IgE binding sites. Shorter peptide sequences containing T
cell recognition can be identified and isolated using T cell epitope mapping from allergen specific T cell clones.
Addition of polysaccharide chains, sialylation (Sia-), is an attractive strategy to improve treatment efficacy.
Figure was created using BioRender.com.

Besides suppressing Th2 cells, strategies to improve AIT using purified or modified major allergens
or peptides might include ways to promote or actively induce a tolerogenic state of the DCs. DCs
express sialic acid-binding Ig-like lectins (Siglecs), which bind sialic acids - monosaccharides on
glycan chains on proteins, peptides or lipids. Siglecs function as endocytic receptors, enhancing
phagocytosis by the DCs84. In mice, sialylation of antigens has been shown to instruct an antigenspecific tolerogenic state onto DCs via binding to Siglec-E (human Siglec 7 and 9 homologue),
enhancing generation and propagation of Treg cells while reducing the generation and function of
inflammatory T-cells85. Hence, sialylation of allergen-derived peptides might enhance the induction
of allergen-specific Treg-cells, and consequently increase the efficacy of peptide AIT. In Chapter 6,
we asked whether glycan modification of peptides derived from Phl p5a could improve the efficacy
of peptide AIT in suppressing symptoms of allergic airway inflammation. We showed that sialylation
of Phl p5a peptides resulted in increased proliferation, FoxP3 expression and TGF-β1 release by
CD4+ T-cells isolated from GP-sensitized mice. Thereafter, we compared SCIT using sialylated and
unmodified Phl p5a peptides to the use of a GP-extract (GP-SCIT). Our in vivo findings indicate that
GP-SCIT with the full extract was successful in suppressing asthmatic manifestations, whereas the
use of a mix of two Phl p5a-derived peptides was not as effective, and failed to induce neutralizing
antibody or spIgE responses. A direct comparison between unmodified and sialylated peptides
revealed a significantly increased induction of FoxP3+ T-cells, and decreased numbers of GATA3+
T-cells associated with an enhanced suppression of eosinophilia in both BALF and lung tissue by
the sialylated peptides. Herein, we concluded that the use of sialylated allergen-derived peptides
encoding T-cell epitopes is a promising approach towards efficient AIT that lacks the risk of adverse
effects associated with IgE-cross linking or inflammatory cell activation.
In line with our findings, studies unravelling the role of the Siglec-sialic acid pathway in several
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cells residing in inflamed tissues, highlighted the essential role of its activation in the induction
of tolerance as well as resolution of inflammation86,87. For example, Orgel et al. used the peanut
allergen Ara h2 in a nanoparticle formulation completely covered with a high-affinity Siglec-2
ligand (CD22) to obtain B cell receptor and Siglec-2 binding simultaneously. These so-called, Siglecengaging tolerance-inducing antigenic liposomes (STALs), were able to prevent peanut allergy
in mice88. This antigen-specific approach in improved formulations of AIT hold great potential for
future therapeutic interventions in food allergies as well as allergic asthma. However, this approach
requires a more patient-tailored diagnosis and a specific panel of antigens the patient is sensitized
to.
An easier approach to increase treatment efficacy, while avoiding use of crude extracts, would be to
include naturally purified major allergens. In contrast to crude extracts, use of purified proteins allows
for treatment with specific allergens in the absence of numerous non-protein constituents such as
chitins, β-glycans and endotoxins, all of which can act on innate immune cells in a pro-inflammatory
fashion, which might interfere with the tolerance-inducing capacity89. This is expected to enhance
efficacy by more efficiently inducing a tolerogenic response due to the absence of TLR agonists
during allergen administration, harnessing an immunoregulatory phenotype of the allergenpresenting cell upon SCIT90. Moreover, use of purified allergens in combination with a componentresolved diagnosis of sensitization patterns holds the promise of personalized intervention
strategies89. HDM is the most prominent source of indoor exposure to allergens, and is a cause for
allergic rhinitis and asthma91. The HDM species Der p has at least 23 major allergens that are thought
to contribute to allergic sensitization through their proteolytic activity, activating cells of the innate
immune system and priming an adaptive type-2 immune response91,92. In the MAS prospective birth
cohort, sensitization patterns for HDM-allergens were studied into detail by component-resolved
analysis93. Herein, spIgE for Der p1, 2 and 23 can be detected before sensitization to any of the other
major allergens. Treatment options for HDM-allergy include allergen avoidance and AIT94. However,
HDM extracts are variable in content of95,96 and stability is limited97. Given the fact that sensitization
to Der p1 and 2 identifies more than 95% of HDM-allergic individuals91,96 and their causal role in early
sensitization93, SCIT with purified Der p1 and 2 might be a more attractive therapeutic approach
compared to the use of HDM extracts.
In Chapter 7, we provide evidence that Der p1 and 2 can be used as a pharmacologically well-defined
AIT in the HDM-sensitized host to suppress allergic responses, with superior activity compared to
HDM-extract with regard to Th2 cell cytokines as well as the chemokines and alarmins released
by the lung structural cells upon HDM exposure. HDM extract and purified allergens were equally
effective in suppressing eosinophilic airway inflammation and AHR. We observed a reduction in
HDM-induced CCL20 levels and a trend towards reduction in eotaxin, TARC and IL-33 levels in
DerP1/2-SCIT mice, which might reflect a reduced activation status of the innate immune system.
In agreement herewith, it has been reported that full extract-challenges in allergic asthma patients
induced a stronger late allergic response compared to challenges with Der p1 and 2, while early
responses were identical, which was attributed to non-protein constituents of the HDM extract 98.
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Notwithstanding, using biochemically and pharmacologically defined products for AIT will increase
quality of the treatment. Hence, we postulate that naturally purified antigen-formulations are at
least as effective in suppressing the HDM-induced adaptive and innate response as whole body
extracts, warranting translational studies to evaluate whether a similar approach is also efficacious
in patients. These data warrant clinical studies to explore the safety and efficacy of the use of these
purified natural allergens as a novel vaccine for HDM induced allergic disease, including rhinitis and
allergic asthma.
CONCLUSIONS
Most clinical studied are observational by nature and the cellular and immunological mechanisms
of AIT have often been investigated using preclinical murine models of allergic diseases. Animal
models of allergic asthma should resemble to the human pathophysiology of allergic airway disease
as close as possible, so that mechanistic insights obtained in the experimental models can be easily
translated to the human situation. The aim of the research described in this thesis was to optimize
and validate the use of a standardized animal model for allergic airway inflammation and therein
test improved treatment regimens for AIT. This thesis describes findings based on a scientifically
well-defined animal model with high translational value. Not only are we able to correctly interpret
the readout parameters of inflammation, airway resistance and serological responses using crude
allergen extracts in AIT treatment regimens, but also adjust formulations in two mouse models for
allergic asthma (chapter 2). Moreover, we can directly compare the administration routes (chapter
3), test the use an adjuvant in both SCIT and SLIT (chapter 4 and 5), make new formulations (chapter
5), optimize peptide-AIT (chapter 6), and make the model completely allergen-independent to test
naturally purified major allergens or any other AIT composition (chapter 7). Moreover, the book
chapter on the experimental methods used (chapter 8) also gives other researchers the opportunity
to apply this model for their specific research purposes. Despite the new insights described in this
thesis, further research is needed to increase the treatment efficiency of AIT for allergic diseases.
FUTURE PERSPECTIVES
Although AIT has been used successfully for more than a century, patients with allergic airway
diseases still have a lot to gain from improvements in AIT treatment, not only through a better quality
of life and cheaper treatments with increased efficacy or safety and shorter treatment duration, but
also from an earlier diagnosis and start of treatment. Current strategies to improve the treatment
of allergic disorders using AIT are focused on several aspects including: (i) prevention strategies,
allergen vaccination strategies to prevent progression from rhinitis to asthma or from monosensitization to multi-sensitization; (ii) strategies for selection of patients that will benefit most
from AIT through the (identification of the) right biomarkers; (v) strategies to increase the safety
profile and thereby the tolerability of the treatment regimens, that can be increased via purification,
use of recombinant allergens and or allergen-derived peptides; (v) to improve treatment efficacy
that can be enhanced via the use of adjuvantia, like CTLA-4 and VitD3; or via antigen-targeting, like
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Figure 4. Perspectives on precise diagnostics and inclusion, possibilities and strategies in the broad field
of allergen immunotherapy. Abbreviations: SPT: Skin prick test; B: Basophil, Treg: T regulatory cell; Breg: B
regulatory cell; spIgE: Specific Immunoglobulin E; spIgG4: specific Immunoglobulin 4; Alum: Aluminium
hydroxide; MCT: microcrystalline tyrosine; MPLA: monophosphoryl lipid A; Vit D3: Vitamin D3; CTLA4 Ig: Cytotoxic T lymphocyte-associated antigen-4-Ig; VLP: Virus like particles. Figure was created using
BioRender.com.

9
the use of glycated products; or via improved treatment formulation by using carriers, like liposomal
formulated depots, that encapsulate allergens, whether or not supplemented with an adjuvants
(Figure 4).
Before starting AIT, allergen avoidance is the most commonly used preventive approach that may
help to prevent progression from rhinitis to asthma and multi-sensitization in mono-sensitized
patients, and that can improve asthma control in patients with allergic asthma, including sending
children to holiday homes and admission to a hospital. Although this strategy will allow relief
of symptoms temporarily, studies showed that complete avoidance of allergenic triggers was
impractical and unsuccessful in maintaining asthma control 99. Besides, the main pollination period
for the different tree and grass species spans over 6 months, from spring to autumn in Europe,
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making allergen avoidance not a realistic approach to prevent progression to asthma or to multisensitization. An improved AIT treatment should therefore offer a realistic alternative to the ‘allergen
avoidance strategy’.
An improved AIT would be safe and efficacious. While technological advanced such as use of
adjuvantia, formulations and targeted delivery can improve the efficacy of AIT, another approach to
optimization of AIT treatment is patient selection and development of a precision AIT, with multiple
possible treatment regimens that depend on the individual patient profile. Treatment of monosensitized patients suffering from upper airway symptoms versus multi-sensitized patients and/or
those that have involvement of the lower airways likely requires different AIT treatment protocols
(Figure 4). One approach would be to combine component-resolved diagnostics with a ‘toolbox’
of AIT peptides with decreased allergenicity and improved immunogenicity. In addition, other
biomarkers than allergen-specific IgE are urgently needed that predict treatment response to AIT,
further allowing an improved patient selection for AIT treatment.
Other approaches to develop novel, safe therapeutic allergy vaccines for use in AIT for HDM, GP, or
any other allergen include the generation of recombinant hypoallergenic combination vaccines,
which were shown to have limited IgE reactivity, whilst retaining its T cell epitopes and the ability to
induce neutralizing antibody response in experimental models that could block IgE94,100. The use of
these hypoallergenic recombinant vaccines holds the promise of inducing fewer side effects during
therapy. For example, Der p1 peptides have also been delivered on virus-like particles, inducing IgG
responses within 4 weeks after a single injection in healthy subjects101. These approaches involve the
use of recombinant hypoallergenic proteins or peptides, while the use of purified natural proteins,
with high purity and pharmacologically well defined, retains the capacity to crosslink IgE. Although
hypoallergenic proteins are considered to have a better safety profile during treatment, is currently
unknown whether hypoallergenic vaccines have a comparable therapeutic efficacy compared to
IgE-activating allergens. Initial studies show that hypoallergenic proteins can induce neutralizing
antibodies that inhibit allergen-mediated crosslinking of IgE94,102. IgE crosslinking vaccines might
have some additional therapeutic efficacy due to so-called piecemeal degranulation of mast cells
and basophils, which is thought to contribute to the immediate desensitization and protection
against allergic responses especially during the early phase of treatment due to inactivation or
exhaustion of these effector cells102. Further research will need to establish whether purified natural
allergens, that can be produced in relatively high quantities under strictly controlled conditions at
relatively low costs and address both effector cell responses, B and T cell activity, or recombinant
hypoallergenic or peptide vaccines that require far higher productions costs and mainly address the
T cell response, will be the most optimal treatment for AIT.
Prioritize on preventive strategies
The global increased prevalence of allergic airway diseases is, at least in part, explained by
changes in our environment and lifestyle. Environmental changes that contribute to the increasing
prevalence of allergic airway diseases may include greater international travel (air pollution) and
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climate change103. Moreover in the last years, new adaptations to the hygiene hypothesis have placed
emphasis on the potential depletion or reduction of our microbiome diversity (lung, gut and skin),
which causes susceptibility to chronic inflammatory disease104. Such effects are thought to be
enhanced by our ‘Western’ way of living, characterized by a decline in physical exercise, increased
numbers of caesarian sections, increased use of antibiotics and structural changes in diet. Restoring
the natural balance within our environment and actively combating climate change might, at least
in part, actively curtail the allergic epidemic to aerosolized allergens. In line herewith, lifestyle
changes could be tailored much more towards a more natural microbial exposure, including preand probiotic dietary supplements, like Vitamin D, antioxidants, folate as well as polyunsaturated
fatty acids105.
Especially in pediatrics, early onset allergic reactions, to for example cow milk and foods, can be
the start of a natural progression of sensitizations and an important indicator for allergic disease
progression in later life stages106–110. Identification of this susceptible group at an early stage of
the so-called atopic march, might be an interesting strategy to select the right patient population
suitable for prophylactic allergen vaccinations.
Despite all the optimization strategies currently in place for AIT treatment regimens, prevention
of sensitization as well as progression of the disease remains the best strategy in the long term to reduce the ever increasing burden of the allergy epidemic. In theory, if prevention strategies worked,
the remaining group with a specific sensitization pattern would be the ideal starting point for the
development of well-designed, prospective, longitudinal studies with the ultimate goal of precision
medicine for every unique patient.
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Allergen-specific immunotherapy (AIT) is the only treatment for allergic disorders that is able to
achieve prolonged suppression of symptoms of disease, despite re-exposure to the allergen.
However, AIT is not effective for all allergic disorders, and treatment for several years is required to
obtain long-term protection. Moreover, some forms of AIT have safety concerns, with risk of mild
to severe allergic reactions. To improve safety and efficacy of AIT, we have studied the underlying
immunological mechanisms in experimental models of allergic airway inflammation. These studies
indicate that different parameters of allergic airway inflammation such as airway hyperresponsiveness
(AHR), numbers of eosinophils and other inflammatory cells and serum immunoglobulin (spIgE)
responses can all be suppressed by AIT, yet they differ in the exact regulatory mechanisms that
they respond to. AIT induces desensitization of innate effector cells, neutralizing antibodies
(spIgGs) and increased numbers of regulatory T-cells (Treg) as well as changes in the phenotype of
allergen-presenting dendritic cells (DCs), all of which appear to play a role in suppressing allergic
manifestations upon allergen re-exposure. Experimental models of AIT can be used to increase the
safety and effectiveness of AIT on all or specific parameters of allergic inflammation by comparing
different routes of delivery of the allergen, or by comparing use of natural extracts, purified major
allergens, recombinant allergens or allergen-derived peptides. Moreover, experimental models
can be used to improve the effectiveness of AIT by using adjuvants that enhance the tolerogenic
phenotype of the allergen- presenting DCs or that disrupt the co-stimulatory interaction between
DC and allergen-specific T-cell during treatment. Further research into increasing therapeutic
efficiency of AIT to achieve a wider clinical application should therefore focus on obtaining a safe
treatment, that is able to efficiently induce tolerance through Treg cell activity and/or a tolerogenic
phenotype of the allergen-presenting DC. The optimal treatment modality for AIT, however, is not
known, in part due to lack of systematic comparisons of application routes, the most effective form
in which the allergen (or its derivatives) should be introduced, and the most optimal adjuvans for
use in AIT.
The aim of this thesis research project was to compare the use of natural extracts, recombinant
allergens and allergen-derived peptides of grass pollen allergens for immunotherapy treatment,
to compare delivery via either sublingual or subcutaneous administration, and to evaluate the use
of VitaminD3 as an adjuvans. To this end, we first developed a reproducible preclinical grass pollen
(GP) Phleum pratense (Phl p) mouse model of asthma using BALBc/ByJ mice and tested whether
low dosages of GP could provide symptom relief (Chapter 2). Furthermore, we performed an updosing experiment for subcutaneous immunotherapy (SCIT) for the more anaphylaxis sensitive
strain, C57Bl6/J mice. Results clearly demonstrated that a natural allergen extract of GP can be
used in our experimental mouse model of allergic airway inflammation, wherein sensitization using
GP extracts resulted in specific serological responses, and increased ear swelling upon intradermal
challenges. Moreover, GP challenges resulted in increased airway resistance and reduced
compliance in response to methacholine challenges, induced a clear Th2 cytokine-profile, and led
to increased numbers of eosinophilic granulocytes in both BALF and lung cell suspensions. GP-SCIT
treatment using low dosages of GP were unable to reduce symptoms of allergic airway disease,
but in fact resulted in exaggeration of allergic symptoms, as outlined by strong GP-spIgE induction,
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low GP-spIgG-levels, increased ear swelling responses to intradermal allergen challenges as well
as increased airway resistance, and enhanced eosinophil numbers in BALF and lung in response
to inhalation challenges. However, using an updosing treatment regimen for GP-SCIT in C57BL/6J
mice, SCIT resulted in successful suppression of allergic inflammation, increased neutralizing
antibody responses accompanied by decreased levels of spIgE, and decreased ear swelling and
Th2 cell cytokine responses. In his model, signs of systemic anaphylaxis were observed during the
initial allergen injections. In chapter 2, we concluded that these experimental mouse models can
be used to test improved formulations, adjuvantia and regimens with reduced allergenicity in SCIT
treatment using a validated treatment protocol as a reference, making these models a valuable
translational research tool for improvement of AIT efficacy and safety in the future.
Clinical studies directly comparing SCIT and SLIT report differences in kinetics and magnitude
of immunological changes induced during treatment, with SCIT achieving faster and stronger suppression. Comparative studies into the mechanisms underlying immune suppression in SCIT and
SLIT are by and large lacking. In Chapter 3, we therefore compared GP-SCIT and GP-SLIT treatments
in three dosages in the BALB/cBYJ mouse model, and found both treatments to be effective at these
dosages on specific parameters of allergic airway inflammation. We did, however, observe differences in the parameters suppressed by the two treatments: GP-SCIT suppressed Th2 inflammation
and induced neutralizing antibodies, while GP-SLIT suppressed the clinically relevant lung function
parameters in an asthma mouse model, indicating that the two application routes depend on partially divergent mechanisms of tolerance induction.
To overcome the urgent need for improved AIT efficacy, ideally at lower allergen doses, several
strategies have been explored, including the use of adjuvants. Use of 1,25-dihydroxy-vitamin D3
(VitD3) as an adjuvant for SCIT in the classical mouse model of OVA-induced allergic airway inflammation resulted in suppression of airway inflammation. VitD3 exerts its immunoregulatory properties through induction of tolerogenic DCs and prevents DC maturation via downregulation of costimulatory molecules and increased production of IL-10, facilitating the generation of adaptive Treg
cells. However, the use of VitD3 as an adjuvans has not yet been tested in GP-driven mouse models
of AIT. Chapter 4 described the first study comparing the adjuvant effects of VitD3 supplementation in GP-SCIT and GP-SLIT treatments in an experimental model for allergic airway disease. Strikingly, and in contrast to previous results using unsupplemented AIT (chapters 2 and 3), we found
a prominent Treg cytokine profile in lung tissue after VitD3 supplemented GP-SCIT and GP-SLIT, as
demonstrated by increased levels of IL10, and in SLIT also of TGF-β1. In contrast, clear suppression
of Th2 cytokine responses by VitD3 supplementation was not observed. On other parameters, we
find remarkable similarity in the effects of VitD3 supplemented GP-SCIT and GP-SLIT; an enhanced
GP-spIgG2a antibody response and suppression of lung tissue eosinophils. In GP-SLIT, we additionally observed an effect of VitD3 supplementation on GP-spIgG1 levels and GP-spIgA levels, as well as
on suppression of ear swelling responses and methacholine-induced airway resistance. These data
show that VitD3 increases efficacy of both SCIT and SLIT underscoring the relevance of proficient
VitD3 levels for successful AIT.
Next, we aimed to find the optimal VitD3 dose in our GP-SCIT model for optimal suppression
of all parameters of allergic airway disease and tested whether use of the synthetic lipid SAINT in
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the mixture of GP-SCIT extracts and VitD3 enhances suppression of parameters of allergic inflammation in an experimental mouse model of GP-SCIT (Chapter 5). Here, we show that increasing dosages of VitD3 could enhance the efficacy of GP-SCIT treatments in suppressing asthmatic manifestations upon GP challenges in our experimental mouse model and found remarkable effects of high
dose VitD3 supplementation in these GP-SCIT treatments when compared to the unsupplemented
GP-SCIT group: reduced total IgE and GP-spIgE levels in sera after challenges, an overall enhanced
GP-specific IgG1 antibody response, an increased neutralizing activity, suppression of ear swelling
responses and airway resistance and compliance, suppression of Th2 cytokine levels after ex vivo
restimulation, reduced numbers of eosinophils in BALF and lung tissue, reduced type-2 cytokines
and levels of eotaxin, GM-CSF, IL-33, and KC in lung tissue homogenates. Addition of SAINT, however, did not provide an improved efficiency of VitD3-GP-SCIT on suppression of the experimental
parameters of inflammation and airway hyper responsiveness, even though allergen dosage and
adjuvant dosage were optimal. These studies underscore the relevance of VitD3 as an adjuvant to
improve clinical efficacy of SCIT treatment regimens.
Currently, most AIT formulations are based on crude allergen extracts, which can induce IgEcrosslinking and sometimes induce mild to severe side effects. Allergen-derived peptides are considered to be a safe alternative, but efficacy of peptide AIT is suboptimal. In Chapter 6, we describe
experiments that test whether peptide AIT using conjugation of sialic-acid glycans to peptides
derived from the major grass pollen allergen Phleum pratense P5a (Phl p5a)can enhance efficacy
of SCIT in a GP-driven mouse model of allergic asthma. Sialylation has been shown to increase uptake and processing of the peptides by DCs, whilst instructing a tolerogenic phenotype onto the
DC. Sialylated Phl p5a peptides used for T cell stimulation by bone-marrow derived DCs resulted
in increased proliferation, FoxP3 expression and TGF-β1 release by CD4+ T-cells isolated from GPsensitized mice. Thereafter, we compared SCIT treatment using sialylated and unmodified Phl p5aderived peptides to the use of a GP extract or a sham treatment in GP-sensitized mice. Our in vivo
findings indicate that the use of a mix of two peptides of the major allergen Phl p5a was also able to
reduce most parameters of allergic airway inflammation after GP challenges, although the suppression on eosinophilic inflammation was not as prominent as with the full GP extract. A direct comparison between unmodified and sialylated peptides used for SCIT revealed a significantly increased
induction of FoxP3+ T-cells, and decreased numbers of GATA3+ T-cells associated with an enhanced
suppression of eosinophilia in both BALF and lung tissue by the sialylated peptides, as compared to
the unmodified peptide-SCIT. In conclusion, sialylation of Phl p5a peptides was shown to enhance
efficacy of peptide-SCIT in a GP driven mouse model of allergic asthma.
Similar to GP allergic patients, treatment options for house dust mite (HDM)-allergy include allergen avoidance and AIT. However, HDM extracts (Dermatophagoides pteronissinus (Der p)) are
proteolytically active, resulting in variable allergen content, and limited stability. Given the fact that
sensitization to Der p 1 and 2 identifies more than 95% of HDM-allergic individuals, and considering
the causal role of these two major allergens in initial sensitization to this ubiquitous allergen, we hypothesized that AIT with purified Der p1 and p2 might be a more attractive therapeutic approach
compared to the use of HDM extracts. In Chapter 7, we tested the hypothesis that treatment with
natural purified Der p 1 and 2 can be an effective treatment in inducing a protective neutralizing
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antibody response and in suppressing allergic inflammation in a mouse model of HDM-driven allergic asthma. In a direct comparison of DerP1/2-SCIT to HDM extracts we show that the DerP1/2vaccine results in marked suppression of type-2 cytokine levels in lung and BALF, and increased Der
p 1-spIgG responses. The levels of Der p 1-spIgG1 after SCIT were negatively correlated to levels
of IL-5, IL-13 and CCL20 after HDM challenge, indicating a protective role for this neutralizing antibody response in our mouse model. Moreover, DerP1/2-SCIT was uniquely able to prevent the
HDM-challenge induced increase in CCL20/MIP3α levels, and a similar trend was observed towards
preventing the HDM-induced CCL17/TARC and eotaxin response in lung tissue. While these immunological parameters argue in favour of DerP1/2-SCIT, we do not observe differences in the more
translational parameters of AHR, ear swelling tests and eosinophilia, where both treatments have
similar efficacy in suppressing the allergic responses. Hence, we postulate that DerP1/2-SCIT is at
least as effective in suppressing the HDM-induced adaptive and innate response as crude allergen
(whole body) extracts. These data warrant clinical studies to explore the safety and efficacy of the
use of these purified natural allergens as a novel vaccine for HDM induced allergic disease, including
rhinitis and allergic asthma.
Finally, we use our extensive experience with experimental models for allergic airway disease to
provide the research community with well-developed protocols for SCIT and SLIT in both BALBc/ByJ
and C57BL6 mouse models of allergic asthma using natural allergen extracts (Chapter 8). We provided detailed methods to obtain the most important outcome parameters for translational studies,
including invasive lung function measurements for AHR, spIgE and spIgG levels in serum, ear swelling tests for the early phase response, and inflammation of lung tissue and airways. Moreover, we
described how to re-stimulate lung cells with allergen extracts, perform flow cytometric measurements to identify populations of relevant immune cells, and perform ELISAs and Luminex assays
to measure the cytokine concentrations in bronchoalveolar lavage fluid (BALF) and lung tissue. In
C57BL/6 mice, we included an adapted SCIT treatment protocol, including monitoring of immediate responses like severity of shock and loss of body temperature after the first injections, to avoid
anaphylaxis in this mouse strain.
In conclusion, we show that experimental models of allergic airway disease can be used to test
modifications of allergen-specific immunotherapy treatment with the aim of developing allergen
vaccines with improved safety and efficacy, thereby increasing the therapeutic potential with the
long-term goal of a curative treatment for allergic disease.
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het belang van het verhogen van de effectiviteit.
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SUBCUTANE EN SUBLINGUALE ALLERGEEN SPECIFIEKE IMMUNOTHERAPIE VOOR
INHALATIEALLERGENEN IN EEN PREKLINISCH MODEL VAN ALLERGISCH ASTMA
Allergisch astma
Hooikoorts is een allergische ziekte van de neus, oftewel van de bovenste luchtwegen. Allergisch
astma is een aandoening van de lagere luchtwegen. Deze allergische luchtwegaandoeningen zijn
chronische ontstekingsziekten met klachten zoals tranende ogen, niezen en benauwdheid. Deze
klachten worden veroorzaakt door het inademen van een allergeen zoals bijvoorbeeld pollen van
grassen of bomen, huisstofmijt of huidschilfers van katten. Bij mensen met een allergie heeft een
eerdere blootstelling aan het allergeen geleid tot de productie van specifieke immuunglobuline E
(IgE)-antilichamen. Deze IgE antilichamen binden vervolgens aan specifieke receptoren op mestcellen
en basofiele granulocyten. Als er opnieuw blootstelling aan het allergeen plaatsvindt zal dit door de
IgE antilichamen worden gebonden, wat leidt tot IgE cross-linking en degranulatie van mestcellen
en basofielen. De vrijgekomen mediatoren, zoals histamine, prostaglandine D2 en leukotriënen,
induceren de acute allergische reactie. Deze acute allergische reactie vindt plaats binnen enkele
minuten na blootstelling, en kan enkele uren duren. De acute allergische respons veroorzaakt
bronchoconstrictie en mucusproductie in de luchtwegen, wat leidt tot benauwdheid. Tevens draagt
de acute allergische respons bij aan zwelling doordat er vasodilatatie en verhoogde vasculaire
permeabiliteit optreedt. Dit leidt tot influx van verschillende witte bloedcellen in het aangedane
weefsel. De CD4+ T-helper 2 (Th2)-cellen activeren door productie van cytokines als IL-4, IL-5 en IL-13
de andere witte bloedcellen, zoals eosinofiele granulocyten, mestcellen en basofiele granulocyten.
Dit veroorzaakt vervolgens de late allergische reactie, die ook weer tot bronchoconstrictie en
benauwdheid kan leiden. Daarnaast veroorzaakt een langdurige blootstelling (bijvoorbeeld een
geheel pollenseizoen) een chronische ontsteking van de luchtwegen, gekarakteriseerd door
hyperreactiviteit, oedeem, huiderytheem en grote aantallen eosinofiele granulocyten.
Niet alle mensen die zijn blootgesteld aan allergenen ontwikkelen een IgE-respons. Ook
ontwikkelen niet alle individuen mét specifiek IgE ook daadwerkelijk klachten bij hernieuwde
allergeen blootstelling. Dit wordt deels verklaard doordat de gevoeligheid voor het ontwikkelen
van allergische rinoconjunctivitis of allergisch astma genetisch bepaald wordt. Op immunologisch
niveau is dit het verschil tussen de inductie van Th2-gedreven immuniteit versus de inductie van
tolerantie.
Allergeen specifieke immunotherapie
Gezien het grote ongemak voor patiënten, de wereldwijd stijgende prevalentie en het gebrek aan
reële preventieve mogelijkheden is een therapie die allergische aandoeningen kan genezen hard
nodig. Om een allergie werkelijk te genezen moet de ongewenste immuunreactie permanent
worden omgebogen in een algehele tolerantie voor het allergeen. De huidige medicatie is echter
gericht op het onderdrukken van de symptomen en is in geen van de gevallen genezend. Een
mogelijke uitzondering hierop is de allergeen specifieke immunotherapie (AIT, hyposensibilisatie
of allergeenvaccinatie genoemd), die ruim een eeuw geleden voor het eerst werd toegepast voor
de behandeling van hooikoorts. Het principe van AIT is sindsdien niet echt veranderd: uit een ruwe
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grondstof (bijvoorbeeld graspollen) wordt een extract gemaakt, het AIT-preparaat. Behandeling
bestaat uit een opdoseer-fase van wekelijkse, onderhuidse injecties (subcutane immunotherapie,
SCIT) met een toenemende dosis van het allergeen, tot een maximale dosis wordt bereikt na
twee maanden. Hierna volgt een onderhoudsfase met maandelijkse toedieningen op de hoogste
dosering, gedurende drie tot vijf jaar. Ook toediening onder de tong in de vorm van druppels of
tabletten (sublinguale immunotherapie, SLIT) wordt steeds meer toegepast, waarbij de opdoseerfase korter is, er in de onderhoudsfase dagelijks een tablet of druppels worden gebruikt, en de
totale duur van de behandeling ongewijzigd blijft. Na het stopzetten van de behandeling hebben
patiënten met allergische rinoconjunctivitis of allergisch astma langdurige vermindering van de
allergische klachten (tot meer dan tien jaar). Deze onderdrukking wordt veroorzaakt door de inductie
van immunologische tolerantie tegen het allergeen. Daarnaast vermindert de AIT-behandeling de
kans op het ontwikkelen van astma bij kinderen die al een allergie hebben en vermindert het de
kans op (nieuwe) sensitisaties voor andere allergenen. AIT kent echter ook belangrijke nadelen,
zoals de variabele effectiviteit, zeker bij astma, de duur van de behandeling en de vereiste klinische
monitoring tijdens de opdoserings-fase om in te kunnen grijpen bij ernstige allergische reacties.
Deze nadelen hebben ertoe geleid dat AIT nog steeds niet op grote schaal wordt toegepast voor
hooikoorts en astma. AIT zou als profylaxe kunnen worden gebruikt, maar dat is tot op heden bij
hoog-risico kinderen nog niet effectief gebleken. Om deze redenen is het erg belangrijk om AIT te
verbeteren wat betreft effectiviteit, veiligheid én de duur van de behandeling, om deze behandeling
effectief in te kunnen zetten bij meerdere allergische aandoeningen.
In dit promotieonderzoek zijn verschillende mogelijkheden getest om allergeen
immunotherapie te verbeteren, waarbij ik gebruik maak van een gestandaardiseerd experimenteel
model in muizen. Er wordt een overzicht gegeven van de nieuwe inzichten in de werking van AIT
en de mogelijkheden voor verbetering van de werkzaamheid om de symptomen van allergisch
astma en hooikoorts langdurig te kunnen onderdrukken. Tevens wordt kort ingegaan op de nieuwe
inzichten met betrekking tot de verbeterde formuleringen van de preparaten om eveneens de
werkzaamheid van sublinguale toepassingen te verbeteren.
Het werkingsmechanisme van AIT
Specifieke kennis over het werkingsmechanisme van AIT is tot op heden onvolledig. Echter, deze
kennis is noodzakelijk voor het ontwerpen van verbeteringen, die leiden tot het verhogen van
de efficiëntie van de behandeling. In de loop van de 20e eeuw zijn de rol van blokkerende IgGantilichamen, de inductie van T-celanergie, een verschuiving van een Th2-cytokinerespons naar een
Th1-respons en de inductie van regulatoire T-cellen (Treg-cellen) nader onderzocht. Klinisch zijn de
inductie van interleukine-10 (IL-10) producerende cellen, een toename van de fractie Treg-cellen
in het bloed en een neutraliserende activiteit in het serum geassocieerd met succesvolle therapie.
De meest gangbare hypothese voor het werkingsmechanisme van AIT is op dit moment dat de
vereiste immunologische tolerantie wordt bewerkstelligd door de inductie van allergeen specifieke
Treg-cellen, en het verlies van specifieke Th2 cel populaties. Daarnaast wordt er een belangrijke rol
toegewezen aan neutraliserende antilichamen, waardoor het allergeen het IgE op de mestcellen
niet meer kan activeren.
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In klinische studies is het uitdaging om een correlatie aan te tonen tussen de AIT-geïnduceerde
verbetering van klachten en veranderingen in deze specifieke immunologische parameters.
Zo is het vinden van een toename in aantal of activiteit van allergeen specifieke Treg-cellen
in het bloed technisch erg moeilijk door de lage frequentie van deze cellen. Echter, als er met
immunohistochemische technieken direct in het weefsel van de mucosa van de neus of de
mondholte wordt gekeken, wordt er wel degelijk een toename van de Treg-cellen gevonden
bij AIT-behandelde patiënten en niet bij met placebo behandelde allergische patiënten die als
controlegroep dienen in dit onderzoek. Hierbij is gekeken naar de fractie FoxP3+-cellen binnen
de T-celpopulatie, wat een marker is voor regulatoire T-cellen. Deze resultaten lijken aan te geven
dat de inductie van Treg-cellen inderdaad een belangrijke component is voor succesvolle therapie
(Figuur 1). Deze cellen zijn echter maar gedeeltelijk verantwoordelijk voor de onderdrukking van
de allergische verschijnselen na allergeenprovocatie. De dendritische cel (DC), die het allergeen
presenteert ten tijde van de allergeenprovocaties, lijkt tevens een belangrijke rol te spelen bij
het onderdrukken van de allergische verschijnselen als deze cellen een tolerantie-inducerend, of
tolerogeen, fenotype hebben. Uit literatuur blijkt dat verbetering van de effectiviteit van AIT in de
experimentele modellen vooral goed werkt met adjuvantia, die het tolerogene fenotype van de
DC versterken of de costimulatoire interactie tussen de DC en de allergeen specifieke T-cel tijdens
de behandeling voorkomen. Onderzoek naar verhoging van de therapeutische efficiëntie van AIT
voor een bredere klinische toepassing van deze behandelingsmethode dient zich dus vooral te
richten op het verkrijgen van een tolerogeen fenotype van de allergeen presenterende DC tijdens
de behandeling. In dezelfde studies wordt eveneens een verhoging van neutraliserende activiteit
(specifieke blokkerende antilichamen, IgG1) in het serum gevonden. Hiermee blijft het onduidelijk
welke immunologische verandering nu essentieel is en of we de therapie veiliger, sneller en meer
effectief kunnen maken (Figuur 1).
Om de werkingsmechanismen van AIT in detail te kunnen bestuderen en mogelijkheden
te kunnen onderzoeken om de therapie te verbeteren, is een muismodel voor allergisch astma
ontwikkeld waarin de verschillende astmatische verschijnselen door AIT onderdrukt konden
worden. Als eerste stap worden muizen gesensibiliseerd tegen een allergeen. Hierbij vindt uitrijping
van allergeen specifieke Th2-cellen en inductie van een specifieke IgE-respons plaats. De allergische
sensitisatie wordt functioneel getest door een huidtest (intradermale allergeen injectie in het
oor) waarbij de oorzwelling wordt gemeten. Vervolgens worden de luchtwegen herhaaldelijk
blootgesteld aan het allergeen (de ‘provocatie’). Bij gesensibiliseerde muizen die geen behandeling
krijgen wordt na provocatie een sterke toename van specifiek IgE in het serum gemeten, verhoogde
aantallen eosinofielen in de bronchoalveolaire lavagevloeistof en in de longen, alsmede verhoogde
hyperreactiviteit van de luchtwegen, hetgeen een goede reflectie is van de verschijnselen van
allergisch astma bij de mens. Bij muizen behandeld met SCIT of SLIT is er na provocatie geen
inductie meer van specifiek IgE, een sterk verlaagde hoeveelheid eosinofielen en verminderde
hyperreactiviteit van de longen. Door het toepassen van AIT bij gesensibiliseerde muizen is het
mogelijk deze allergische verschijnselen na een volgende provocatie te onderdrukken. Met dit
muismodel worden de mechanismen van AIT tot in detail bestudeerd (Figuur 1).
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Figuur 1. Schematische weergave van de immuunreacties na allergeen specifieke immunotherapie. AIT
leidt tot de productie van IL-10 en TGF-β door onder meer de geïnduceerde regulatoire T-cel (Treg cel) en de
tolerogene dendritische cel (DC). Immunosuppressieve reacties van DCs, mestcellen (MC), basofielen (B),
eosinofielen (EO), macrofagen (M), T- en B-cellen worden beschreven.

LESSEN UIT EXPERIMENTELE MUISMODELLEN VOOR AIT

Lage concentraties allergenen in subcutane immunotherapie verhogen inflammatoire
parameters in GP geïnduceerd allergisch astma in een muismodel
Het gebruik van diermodellen in het wetenschappelijk onderzoek wordt beschouwd als een
waardevol preklinisch model om immunotherapie te verbeteren door mechanismen van allergeen
desensitisatie te ontrafelen. Hiervoor is veel gebruik gemaakt van het eiwit ovalbumine (OVA) als
model allergeen. OVA heeft echter niet de eigenschappen van natuurlijke allergenen die bijdragen
aan respiratoire allergie, en OVA induceert zelfs tolerantie bij inademing door naïeve muizen.
Voor een translationeel model is het belangrijk gebruik te maken van echte aero-allergenen
zoals huisstofmijt of graspollen. In hoofdstuk 2 wordt daarom een reproduceerbaar preklinisch
graspollen (GP) (Phleum pratense (Phl p)) muismodel van astma beschreven gebruik makend van
BALBc/ByJ muizen. In dit model hebben we met lage doseringen GP subcutane immunotherapie
(SCIT) uitgevoerd om een optimale werkzame dosis te vinden die parameters van allergische
ontsteking kan verlagen. In de meer anafylaxie gevoelige stammen, zoals C57Bl/6J muizen, hebben
we een SCIT-protocol geoptimaliseerd met een opdoseerschema van 7 injecties.
Door OVA te vervangen met een natuurlijk allergeen zijn de resultaten en optimalisaties in
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deze modellen beter te vertalen naar de kliniek. Onze resultaten laten zien dat GP, een natuurlijk
allergeenextract, kan worden gebruikt in onze experimentele muismodel van allergische
luchtwegontsteking, waarin sensitisatie en provocaties met GP leiden tot een verhoogde
serologische IgE respons en sterkere oorzwelling na intradermale injectie met allergeen. Bovendien
leiden provocaties met GP tot een aanmerkelijk verhoogde luchtwegweerstand, verminderde long
rigiditeit en verhoogde aantallen eosinofiele granulocyten in zowel BALF als long cel-suspensies.
Echter, bij lage allergeen doseringen is GP-SCIT niet in staat om parameters van allergische
inflammatie te verlagen.
We vonden juist verergering van allergische symptomen door de lage-dosis GP-SCITbehandeling, zoals een sterkere GP-specifieke IgE inductie, lagere GP-specifieke IgG concentraties,
verhoogde zwelling van het oor, versterkte luchtwegweerstand en toegenomen eosinofiel
aantallen in BALF en longen. De GP-SCIT-injecties in C57Bl/6J muizen werden tot een hogere dosis
doorgevoerd en resulteerden wel in succesvolle desensitisatie na zeven injecties. Het leidde tot
verlaging van allergische ontsteking en eosinofiele granulocyten na GP-provocaties, verhoogde
concentraties van neutraliserende GP-specifieke IgGs, verlaagde concentraties specifiek IgE en
verminderde zwelling in het oor na intradermale allergeen injecties. Ondanks de gevoeligheid
van deze muizen om anafylaxie te ontwikkelen, hebben we een succesvol SCIT-protocol kunnen
optimaliseren, dat stam-onafhankelijk reproduceerbare resultaten oplevert en daarmee bijdraagt
aan toekomstige optimalisatiestudies binnen AIT voor allergische astma.
SCIT onderdrukt de Th2 gedreven inflammatie en induceert neutraliserende antilichamen,
maar SLIT onderdrukt luchtweg hyperreactiviteit in een GP gedreven muismodel voor
allergisch astma
Klinische studies waarin een directe vergelijking is gemaakt tussen SCIT en SLIT rapporteren
een andere kinetiek en omvang van de immunologische veranderingen tijdens de behandeling.
Vergelijkende onderzoeken naar de werkingsmechanismen van immunotherapie met
verschillende toedieningsroutes in een gestandaardiseerd experimenteel model ontbreken. In
hoofdstuk 3 werd het muismodel voor allergisch astma daarom ingezet om een GP-SCIT en GPSLIT-studie uit te voeren, dat directe vergelijking van de twee behandelingen mogelijk maakt,
om de immunologische veranderingen en onderdrukking van klinisch relevante parameters
te karakteriseren. In ons experimenteel muismodel blijkt dat GP-SLIT-behandeling allergeengeïnduceerde luchtweghyperreactiviteit kan onderdrukken, terwijl de behandeling niet geheel
effectief blijkt voor het onderdrukken van de allergische ontsteking, zelfs niet bij de hoogste GP
dosis. Daarentegen resulteert de GP-SCIT-behandeling in hogere concentraties van specifieke
neutraliserende antilichamen, terwijl GP-SLIT superieur is in het induceren van een GP-specifieke
IgG2a respons, die is geassocieerd met een verhoogde Th1 activiteit in longweefsel. Een interessante
uitkomst is dat GP-SCIT eveneens in staat is Th2-type cytokineproductie te onderdrukken. Deze
resultaten geven aan dat de twee toedieningsroutes werkzaam zijn via deels verschillende
mechanismen van tolerantie-inductie.
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Vitamine D3 als adjuvans in SCIT en SLIT verbetert de onderdrukking van GP-geïnduceerde
allergisch astma
Naast het onderzoeken van de specifieke, immunologische werkingsmechanismen van AIT, kan het
experimentele model ook gebruikt worden om de effectiviteit van AIT te verhogen, bijvoorbeeld
door het toevoegen van adjuvans aan het allergeen. Klassiek worden de meeste vaccinaties, zoals
een H1N1-influenzavaccin, gecomplementeerd met een adjuvans dat als doel heeft de gewenste
sterke immuunreactie op te wekken tegen het antigeen dat wordt toegediend. De mogelijke
voordelen van het gebruik van dergelijke adjuvantia werd al beschreven in 1927, met het gebruik
van kaliumaluin. Adjuvantia beïnvloeden het fenotype van de antigeen presenterende cel, en
daarmee de aard van de T-celrespons die wordt geïnduceerd tegen het gebruikte antigeen.
Voor AIT is het nodig een adjuvans te kiezen dat een sterke tolerogene werking heeft: de gewenste
T-celrespons is immers een regulatoire T-cel respons. Huidig onderzoek richt zich onder andere op
het gebruik van 1,25-dihydroxyvitamine D3 (VitD3) als adjuvans voor AIT. Naast zijn vitale rol in
het bot- en calciummetabolisme, staat VitD3 bekend om zijn immuun-regulerende eigenschappen.
VitD3 werkt onder meer in op de DC en leidt tot verminderde expressie van costimulatoire moleculen
als CD40, CD80 en CD86 en een verhoogde IL-10-productie. Het toevoegen van VitD3 aan AIT zou
het therapeutisch effect kunnen versterken. In het klassieke experimentele OVA-muismodel is
aangetoond dat het toevoegen van VitD3 tijdens de allergeeninjecties inderdaad de effectiviteit
van de therapie sterk vergroot. Bij de mens zijn er eveneens sterke aanwijzingen dat de effectiviteit
van AIT is gecorreleerd aan de serumwaarden van VitD3, alhoewel supplementatie van VitD3 tijdens
AIT tot nu toe nog geen grote effecten geeft in klinische studies.
Hoofdstuk 4 beschrijft het eerste onderzoek waarin de adjuvans effecten van VitD3 met GP-SCIT en
GP-SLIT-behandelingen in een experimenteel muismodel van allergische luchtwegaandoeningen
zijn onderzocht. In tegenstelling tot eerdere resultaten met behulp van GP-SCIT en GP-SLIT zonder
adjuvans (hoofdstuk 2 en 3), vinden we hier een prominente Treg activiteit in longweefsel na
VitD3-GP-SCIT en GP-SLIT, zoals blijkt uit de verhoogde concentraties van IL-10 en in GP-SLIT van
TGF-β1. Dit gaat echter niet gepaard met een duidelijke onderdrukking van Th2 cytokine responsen
bij lage doseringen VitD3 in GP-SCIT en GP-SLIT. Wel beschrijven we een selectieve reductie van
eosinofielen in VitD3-GP-SCIT behandelde muizen, wat kan wijzen op een verhoogde Treg activiteit.
In het experimentele muismodel kunnen we de effectiviteit van VitD3 als adjuvans in GP-SCIT en
GP-SLIT onderling goed vergelijken. Lage doseringen VitD3 kunnen onderdrukking geven van de
luchtwegontsteking in zowel SCIT als SLIT, maar van de hyperreactiviteit alleen in SLIT. Daarnaast
hebben we een duidelijke onderdrukking van de oorzwelling en luchtwegweerstand waargenomen
in GP-SLIT met VitD3. De overige effecten van VitD3 in GP-SCIT en GP-SLIT zijn vergelijkbaar: inductie
van blokkerende specifieke antilichamen (specifiek IgG2a) en onderdrukking van eosinofiele
granulocyten. Deze bevindingen tonen aan dat het effect van VitD3 als adjuvans in subcutane zowel
als sublinguale AIT zichtbaar is in het verbeteren van de manifestaties van allergisch astma.
In het vervolgonderzoek, zoals beschreven in Hoofdstuk 5, werd getracht de optimale VitD3dosis te vinden in ons GP-SCIT-model met de beste onderdrukking van alle parameters van allergische
luchtwegaandoeningen. Daarnaast hebben we getest of het gebruik van het synthetische lipide
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SAINT in de mix van GP-SCIT-extract en VitD3, de onderdrukking van parameters van allergische
ontsteking verder verbetert in ons experimenteel muismodel van GP-SCIT. Hierin rapporteren we
een duidelijk dosisafhankelijk effect van VitD3 in GP-SCIT met opmerkelijke effecten bij hooggedoseerde VitD3 in vergelijking met de niet-aangevulde GP-SCIT-groep: lagere totale en GP-spIgE
concentraties en een verbeterde GP-spIgG1 respons resulterend in verhoogde neutraliserende
activiteit, evenals onderdrukking van oorzwelling reacties, verlaging van de luchtwegweerstand,
Th2-cytokinen en eosinofiele granulocyten in BALF en longweefsel. Belangrijk is dat we een
duidelijke correlatie hebben gevonden tussen de VitD3 dosering tijdens GP-SCIT en de effectieve
dosis methacholine nodig om de luchtwegweerstand te doen stijgen. Deze uitkomsten identificeren
luchtwegweerstand als een van de meest gevoelige parameters voor toenemende doseringen van
VitD3. Toevoeging van het synthetische, biocompatibele lipide SAINT, als drager voor het lipofiele
VitD3, versterkte de VitD3-afhankelijke onderdrukking van allergische manifestaties echter niet
verder, zelfs niet bij suboptimale GP-doseringen. Deze onderzoeken geven aan dat het gebruik
van VitD3 als adjuvans een interessante mogelijkheid is om de klinische werkzaamheid van AIT te
verbeteren.
SCIT met gemodificeerde Phl p5a-afkomstige peptiden is effectief in het verbeteren van
allergisch astma in een muismodel
Allergeen immunotherapie wordt klassiek gegeven door ruwe allergeenextracten te gebruiken.
Het gebruik van natuurlijke allergenen in AIT kan soms leiden tot ernstige bijwerkingen, zoals
anafylaxie, als gevolg van IgE-cross-linking op mestcellen of basofielen. Deze nadelige effecten
kunnen worden voorkomen door de allergeniciteit (het vermogen om IgE te crosslinken en
een allergische reactie te induceren) te verminderen. Hierbij is het uiteraard belangrijk dat de
tolerogeniteit van de allergenen (het vermogen om tolerantie te induceren) behouden blijft. Het
verlagen van de allergeniciteit kan worden bewerkstelligd door de ruwe extracten op te zuiveren
tot zijn belangrijkste allergeen componenten of zelfs het produceren van recombinant allergenen,
en deze gezuiverde preparaten vervolgens te bewerken om allergeniciteit te verminderen. Tevens
kan gebruik worden gemaakt van korte synthetische peptiden, die dominante T-cel epitopen van
een belangrijk allergeen vertegenwoordigen, maar de tertiaire structuur missen die nodig is om
aan IgE te binden. Hierdoor hebben peptiden een beter veiligheidsprofiel dan het ruwe extract, en
daarmee een sterk verlaagde allergeniciteit.
Peptiden moeten echter efficiënt door DCs worden opgenomen om aan T-cellen te worden gepresenteerd en hun vermeende tolerogene activiteit uit te oefenen. Het specifiek laten opnemen van
deze peptiden door de DCs zou de werkzaamheid van peptide AIT kunnen verbeteren. DCs brengen
siaalzuur-bindende Ig-achtige lectines (siglecs) tot expressie. Via deze receptoren kunnen de DCs
eiwitten, die siaalzuur-groepen hebben, beter opnemen. Daarnaast verandert de opname van een
eiwit via een Siglec receptor het fenotype van de DC, dat bij sommige Siglec receptoren leidt tot
een tolerogeen fenotype. Bij muizen is aangetoond dat sialylering van antigenen opname via de
Siglec-E receptor versterkt. Bovendien instrueert opname via de Siglec-E receptor de DC om een
antigeen specifieke tolerogene toestand te induceren, wat de generatie en activatie van Treg-cellen
verbetert, terwijl de inflammatoire functie van Th2-cellen juist wordt geremd.
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In hoofdstuk 6 is de volgende hypothese geformuleerd: ‘Sialylering van allergeen-afgeleide peptiden kan de inductie van allergeenspecifieke Treg-cellen versterken en de werkzaamheid van peptide AIT verhogen in ons muismodel van allergisch astma.’ Om deze hypothese te testen in een
experimenteel proefdiermodel, hebben we geschikte peptide sequenties nodig waarvan we weten
dat ze reactief zullen zijn in GP-gesenitiseerde Balb/cByJ muizen. Daarom zijn we gestart met in vitro
celkweken van DCs, beladen met (al dan niet) gesialyleerde peptiden afgeleid van het allergeen
Phl p5a, dat aanwezig is in het ruwe extract GP. Deze beladen DCs zijn samen gekweekt met CD4+
T-cellen uit GP-gesensibiliseerde muizen. De mogelijke tolerogene functie van de DCs is onder meer
uitgelezen als verhoogde FoxP3 expressie en TGFβ1 afgifte. Op basis van de resultaten van deze T
cel kweken hebben we een selectie gemaakt van specifieke peptiden die we hebben geïncludeerd
in ons SCIT-model. In het peptide SCIT model hebben we gesialyleerde en niet-gemodificeerde Phl
p5a-afgeleide peptiden vergeleken met het gebruik van een GP-extract en met een placebobehandeling bij GP-gesensibiliseerde muizen.
Onze in vivo bevindingen geven aan dat het gebruik van een mix van twee peptiden van
het belangrijkste allergeen Phl p5a in staat is om de meeste parameters van allergische
luchtwegontsteking na GP-provocaties te verminderen, hoewel de onderdrukking van eosinofiele
ontsteking niet zo prominent was als bij gebruik van het volledige, ruwe GP-extract. Een directe
vergelijking tussen niet-gemodificeerde en gesialyleerde peptiden die voor SCIT werden gebruikt,
onthulde een significant verhoogde inductie van FoxP3+ Treg-cellen, en een verminderd aantal
GATA3+ Th2-cellen bij gebruik van gesialyleerde peptiden. Dit effect was geassocieerd met een
verhoogde onderdrukking van eosinofilie in zowel BALF als longweefsel door de gesialyleerde
peptidemix, vergeleken met het niet-gemodificeerde peptide-SCIT. In hoofdstuk 6 hebben we dus
aangetoond dat sialylering van Phl p5a-afgeleide peptiden de werkzaamheid van peptide-SCIT
verbetert in een GP-gedreven muismodel van allergisch astma.
SCIT met natuurlijk gezuiverde huisstofmijtallergenen Der p1 en p2 onderdrukken Type 2
immuniteit in een muismodel met allergisch astma
Gelijkaardig met GP-allergische patiënten, omvatten behandelingsopties voor huisstofmijt (HDM)allergie het zoveel mogelijk vermijden van inhalatie van de allergenen, of het onderdrukken van
de symptomen van de allergie. Ruwe extracten, zoals HDM (Dermatophagoides pteronissinus
(Der p)), bevatten het volledige scala van belangrijke allergenen, wat de kans op therapeutische
werkzaamheid bij gebruik van een ruw extract voor HDM-SCIT bij patiënten vergroot. HDMextracten zijn echter variabel in het gehalte aan allergenen en hebben een zeer beperkte stabiliteit.
Bovendien bevatten de ruwe allergeen extracten tal van vervuilingen zoals chitinen, β-glucanen
en endotoxinen, die alle het tolerantie-opwekkende vermogen van de DCs kunnen verstoren,
terwijl dat juist nodig is voor een succesvolle therapie. Het gebruik van gezuiverde eiwitten maakt
behandeling met specifieke allergenen mogelijk zonder de vervuilingen die in de ruwe extracten
aanwezig zijn. Meer dan 95% van de HDM-allergische personen zijn gesensibiliseerd voor Der
p1 en/of Der p2. Daarom zou het gebruik van gezuiverd Der p1 en Der p2 een aantrekkelijkere
therapeutische benadering kunnen zijn, dan het gebruik van ruwe HDM-extracten.
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In hoofdstuk 7 hebben we de hypothese getest dat behandeling met gezuiverd Der p1 en
p2 een effectieve behandeling is bij het induceren van een beschermende neutraliserende
antilichaamrespons en bij het onderdrukken van allergische ontsteking in een HDM-gedreven
muismodel voor allergisch astma. In een directe vergelijking van Der-p1/p2-SCIT met HDM-extracten
laten we zien dat het Der-p1/p2-vaccin resulteert in een duidelijke onderdrukking van type-2
cytokines in de longweefsel en BALF, en verhoogde Der p1-spIgG-responsen. De concentraties
van Der p1-spIgG1 na SCIT waren negatief gecorreleerd met pro-inflammatoire cytokines na HDMprovocaties, dat wijst op een beschermende rol voor deze neutraliserende antilichaamrespons in
ons muismodel. Hoewel deze immunologische parameters pleiten voor Der-p1/p2-SCIT, zien we
geen verschillen met HDM-SCIT in de meer translationele parameters van luchtwegweerstand,
oorzwelling testen en eosinofilie, waarbij beide behandelingen een vergelijkbare werkzaamheid
hebben bij het onderdrukken van de allergische reacties. Daarom concluderen we dat Der-p1/p2SCIT minstens even effectief is in het onderdrukken van de door HDM-geïnduceerde adaptieve
respons als HDM-extracten.
Daarnaast hebben we de toepassing van Der-p1/p2 gepatenteerd in een Nederlandse
Octrooiaanvraag: “Allergie specifieke immunotherapie-samenstellingen voor gebruik bij de behandeling
van huisstofmijtallergie”. Deze uitvinding heeft betrekking op een samenstelling die gezuiverde
natuurlijke Der p1 en p2 allergenen of gezuiverde natuurlijke (Dermatophagoides farinae) Der f1
en f2 allergenen omvat voor gebruik bij de behandeling van huisstofmijtallergie bij zoogdieren,
zoals mensen. De uitvinding heeft verder betrekking op farmaceutische samenstellingen voor AIT.
In het bijzonder beschrijft de uitvinding een verminderde respons op daaropvolgende blootstelling
aan huisstofmijtallergeen na behandeling met een farmaceutische samenstelling die gezuiverd
natuurlijk Der p1 en p2 omvat, gekenmerkt door onder meer vermindering van Th2-celactiviteit.
Deze gegevens geven voldoende onderbouwing om de veiligheid en werkzaamheid nader te
onderzoeken, door het gebruik van deze gezuiverde natuurlijke allergenen in klinische studies te
testen als een nieuw vaccin voor door HDM-geïnduceerde allergische aandoeningen, waaronder
rhinitis en allergische astma.
Experimentele muismodellen met allergisch astma zijn reproduceerbaar en bruikbaar voor
de verbetering van subcutane en sublinguale immunotherapie
Om het gebruik van het diermodel van allergisch astma goed te evalueren, reproduceren en
optimaliseren, presenteren we in hoofdstuk 8 een boekhoofdstuk waarin gedetailleerde methoden
staan omschreven om het SCIT en SLIT-muismodel van allergisch astma goed uit te voeren. In dit
model worden alle muizen tweemaal intraperitoneaal gesensibiliseerd met aluin-geadsorbeerde
allergenen, gevolgd door driemaal SCIT of 40X SLIT-toedieningen met allergeenextracten en
als laatste krijgen de muizen drie allergeen (of controle) provocaties. Dit hoofdstuk beschrijft
de protocollen en de belangrijkste parameters voor de metingen van invasieve longfunctie,
serum immunoglobulinewaarden, isolatie van BALF en cytospin preparaten van objectglaasjes.
Bovendien beschrijven we in detail hoe de ex vivo long cel restimulaties en flow cytometrische
metingen worden uitgevoerd ter identificatie van relevante cel-populaties in het immuunsysteem.
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Tot slot beschrijven we de uitvoering van allergeen specifieke enzyme-linked immunosorbent
essays (ELISAs) en cytokine metingen met behulp van multiplex bepalingen in bronchoalveolaire
lavagevloeistof en longweefsel. In de C57Bl/6J muizen worden tevens het gedetailleerde doseer
schema, temperatuur controles, en een score voor de ernst van de directe immunologische
respons (anafylaxie) uiteengezet. Dit gepubliceerde boekhoofdstuk beschrijft in groot detail het
experimenteel muismodel van allergisch astma, waardoor er allergeen-onafhankelijke vergelijking
tussen experimenten mogelijk gemaakt wordt en optimalisatie van de formuleringen kan worden
getest ter verbetering van de behandelingen.
CONCLUSIE
Klinische experimenten zijn van nature observationeel en de cellulaire en immunologische
mechanismen van AIT zijn veelal onderzocht met behulp van experimentele muismodellen van
allergische aandoeningen. Diermodellen van allergisch astma moeten zo goed mogelijk aansluiten
bij de pathofysiologie van allergische luchtwegaandoeningen in de patiënt, zodat mechanistische
inzichten verkregen in de experimentele modellen gemakkelijk kunnen worden vertaald naar de
menselijke situatie. Dit proefschrift beschrijft bevindingen gebaseerd op een wetenschappelijk
gedetailleerd proefdiermodel met hoge translationele waarde. Niet alleen zijn we in staat om
de uitleesparameters van inflammatie, luchtwegweerstand en serologische responsen juist te
interpreteren gebruikmakend van ruwe allergeenextracten, maar te induceren in twee muismodellen
voor allergisch astma. We kunnen de toedieningsvormen vergelijken, het gebruik van adjuvantia
testen, peptide-AIT optimaliseren, en het model volledig allergeen-onafhankelijk inzetten om
eveneens gezuiverde allergenen te testen. Het boekhoofdstuk geeft ook andere onderzoekers de
mogelijkheid om dit model in te zetten voor onderzoeksdoeleinden. Ondanks de inzichten die in
dit proefschrift beschreven zijn, kunnen er in de wetenschap additionele vraagstellingen worden
geformuleerd ter verbetering van de behandelingsefficiëntie van allergeen immunotherapie voor
allergische aandoeningen.
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LIST OF ABBREVIATIONS
1,25(OH)2D3
AA
AD
AHR
AIT
Alum
ANOVA
APCs
AU
AVG
BAL
BALF
BCA
Bet v1
BMDCs
BP
Bregs
BSA
C
CC
CRTH2
CCR4 and CCR8
CD
CFSE
CTLA4
CysLTR1
DCs
Der P
Der p1/ p2
Der f
E
ED3
ELISA
EMA
EPIT
ESR
EST
FcεRI
FcεRII
FCS
FDA
FOXP3
FITC
GEE
GITR
GM-CSF
GP
H2R
HDM
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1,25-dihydroxy Vitamin D3
Amino Acids
Atopic dermatitis
Airway hyperresponsiveness
Allergen immunotherapy
mixture of aluminum hydroxide and magnesium hydroxide
Analysis of Variance
Antigen-presenting cells
Arbitrary Units
Average
Broncho-alveolar lavage
Broncho-alveolar lavage fluid
Bicinchoninic acid protein assay for quantitation of total protein
major allergen in white birch pollen, Betula pendula
Bone marrow derived DCs
Birch pollen
Regulatory B-cells
Bovine serum albumin
Compliance (measured by FlexiVent in mL/ cmH2O)
in vitro Co-cultures of isolated DCs and CD4+ T cells
Chemoattractant receptor-homologous molecule on Th2 cells
C-C chemokine receptors
Cluster of differentiation
Carboxyl-fluorescein succinimidyl ester
Cytotoxic T lymphocyte-associated protein 4
Cysteinyl leukotriene receptor 1
Dendritic cells
Dermatophagoides pteronyssinus (extract)
major allergens in Dermatophagoides pteronyssinus extract
Dermatophagoides farina
Eosinophils, differentially counted on cytospins of BALF and lung cells
Effective Dose of MCh when Resistance R reaches 3 cmH2O X sec/ mL
Enzyme-linked Immunosorbent assay
European Medicines Agency
Epicutaneous immunotherapy
Ear swelling response
Ear swelling test
High-affinity receptor for IgE on mast cells and basophils
CD23, Low-affinity receptor for IgE on amongst others activated B cells
Foetal calf serum
Food and Drug Administration
Transcription factor forkhead box P3
Fluorescein isothiocyanate
Generalized estimated equations
Glucocorticoid-induced TNFR-related proteins
Granulocyte-macrophage colony-stimulating factor
Grass pollen
Histamine receptor-2
House dust mites

List of abrreviations
HRQL
IFN-y
IgA, IgE, IgG1, IgG2a
IL
ILC2s
ILIT
i.n.
i.p.
iTregs
i.v.
IVC
kSQ
LBIT
LDLNs
LN
LNIT
LTs
LTD4
M
mAb
MCh
MHC-II
N
NC
nTregs
OIT
OVA
PBMC
PBS
PC
PE
PGD2
Phl p
PLA2
PRRs
R
RCT
RDBPC
SAINT
s.c.
SCIT
SD
SEM
Siglecs
s.l.
SPT
TCR
TCS
Tfh
Tfr
TGF-β

Self-rated health-related quality of life
Interferon- y
Immunoglobulin A, E, G1, G4, G2a
Interleukin
Innate lymphoid cells type 2
Intralymphatic immunotherapy
Intransal
Intraperitoneal
Inducible Tregs, like IL-10+ Tr1 cells
Intravenous
Individually ventilated cages
Kilo Standard Quality Units (5kSQ ~ 8µg allergen extract of GP protein weight)
Local bronchial immunotherapy
Lung draining-lymph nodes
Lymph node
Local nasal immunotherapy
Leukotrienes
Leukotriene D4
Mononuclear cells, differentially counted on cytospins of BALF and lung cells
Monoclonal antibody
Metacholine
Major histocompatibility complex class II
Neutrophils, differentially counted on cytospins of BALF and lung cells
Negative Control group, sensitized only
Thymic or natural CD4+CD25+FoxP3+ Tregs for tolerance to self-antigens
Oral immunotherapy
Ovalbumin
Peripheral Blood mononuclear cells
Phosphate buffered Saline
Positive control group, sensitized and challenged
Phytoerythrin
Prostaglandin D2
Phleum pratense
Phospholipase A2
Pattern recognition receptors
Resistance (measured by FlexiVent, cmH2O X sec/ mL)
Randomized placebo-controlled trial
Randomized, double-blinded, placebo-controlled trial
Synthetic, cationic lipid structures
Subcutaneous
Subcutaneous immunotherapy
Standard deviation
Standard error of the mean
Sialic acid binding Ig-like lectins
Sublingual
Skin prick tests
T-cell receptor
Total combined score
Follicular T helper cells
Follicular regulatory T cells
Transforming growth factor-β
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Th0
Th1, Th17 or other
Th2
TMS
TNF
Tr1
Tregs
TSLP
TSS
VIT
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Naïve CD4+ T cells
T helper 1 or 17 cells
CD4+ T helper 2 cells
Total score for medication use
Tumor necrosis factor
Anti-inflammatory IL-10-producing Tregs
Regulatory T cells
Thymic stromal lymphopoietin
Total symptom score
Venom immunotherapy

Dankwoord

DANKWOORD
Goh, nu ik er zo over nadenk… Ik weet nog eind november 2010 dat ik besloot om te gaan solliciteren
op deze functie. Dat is inmiddels een decennium geleden en mijn sollicitatiegesprek met Antoon,
Martijn en Hanneke typeerde eigenlijk toen al, hoe de afgelopen jaren zijn verlopen. De Medische
Biologie van het UMCG is een goede plek om te beginnen na je Master Biomedische wetenschappen
en biedt, samen met de Graduate School of Medical Sciences (GSMS), het juiste platform om je
verder te ontwikkelen als onderzoeker maar ook te leren van andere taken, waaronder onderwijs,
management en coördinatie.
Velen zullen denken dat dit proefschrift veel te lang op zich heeft laten wachten, en op papier is
dat ook echt zo. Toch ben ik ervan overtuigd dat we allen fantastisch werk hebben verzet afgelopen
10 jaar. Dit heeft mij zodanig veel voldoening gebracht, dat ik met trots kan terugkijken op een
geweldige periode in mijn leven. Natuurlijk is het soms veel werk en hebben we eigenlijk net iets
teveel ‘hooi op de vork’, maar daar word je groot, sterk en wijs van. Het blijft toch ‘het opstaan, na
een val’ waarin je de grootste sprongen kunt maken. Daarvoor moet je per definitie goed kunnen
vallen. Met trots zou ik ook een groot aantal mensen willen bedanken, die mij, na elke ‘val’ weer,
goed hebben leren opstaan!

Te beginnen met mijn Doctor Everything. De ware terrorist achter dit werk.… eigenlijk zou hij
gestraft moeten worden voor de nachtmerries. Daar waar hij mij ooit als ware hart van het lab
bestempelde is hij het ware Brein. Van chaotische postdoc onderzoeker die op 1 April 2011 letterlijk
zei, ‘Goh, begin je nu al?! Ik heb echt geen tijd voor je… ga eerst hier maar even zitten, wie weet dat iemand
je nog terugvindt vandaag’… Naar halverwege in 2015; ‘als je nog een keer op zwangerschapsverlof
moet, krijg ik een hartaanval’. Naar het einde toe: ‘jeetje, komt dat ‘hoofdpijndossier’ weer aanlopen.
Haar mails komen echt direct in mijn spamfilter terecht. Je denkt toch zeker niet dat ik al die zooi echt
ga lezen.….. En ja, daar staan we dan; een decennium verder. En ik moet zeggen, van hem heb ik
het allermeest geleerd, ondanks dat hij waarschijnlijk de liefste maar slechtste coach is ter wereld
;). Hij heeft alle struikelblokken van de academische wereld volop in zijn gezicht gekregen en is er
sterker, beter en grootser uitgekomen. De wijsheid die daarmee groeit zal hem rijker maken dan
eender welk onderzoeker in het noorden ooit voor elkaar heeft gekregen. En dat nog wel voor een
‘import-Groninger’. Dr. Everything was PostDoc, muizenexpert, immunoloog, dagelijks begeleider,
copromotor, collega, coach, leraar, een ware big-brother en dan nu een echte promotor en (bijna)
professor. Martijn, Bedankt!
Antoon, jij gaf me het vertrouwen in de eerste jaren en het project was volledig gebaseerd op zijn
eerdere werk. Tijdens deze eerste en nogal naïeve jaren heb je me altijd goed begeleid, met veel
respect en geduld. Ontzettend bedankt daarvoor! Ondanks dat een van onze laatste besprekingen,
letterlijk op kraamvisite van Noa (Juni 2013) in Peize, een beetje chaotisch verliep, heb ik je input en
respect altijd erg gewaardeerd! Je nieuwe leven bij GSK in Engeland gaven je een kans die je niet
kon afstaan, had ik ook niet gedaan. Toch ben ik nog altijd erg trots dat je nog betrokken bleef bij
dit project.
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Hanneke, jouw energie en passie voor je werk zijn werkelijk ongekend. Ontzettend bedankt voor de
leuke momenten door de jaren heen. Ondanks, onze dagelijkse taken en werkzaamheden niet vaak
overlappen, ben ik blij dat je mijn copromotor bent!
The reading committee, Prof. Reinoud Gosens, Prof. Roy Gert van Wijk and Prof. Jürgen Schwarze
thank you for accepting to read and comment on my thesis.
Sponsors, thank you for your financial support in printing this thesis. Daarnaast zou ik graag het
Nederlands Long Fonds bedanken voor de financiële steun van het onderzoeksproject (NAF10.060)
en de Noordelijke CARA stichting (NCS) en BioBrug voor alle leuke extra projecten en experimenten
die we mochten uitvoeren en allen samen hebben bijgedragen aan dit proefschrift. Tot slot, zou ik
graag de thesis designer, Peter van der Sijde, willen bedanken voor zijn excellente bijdrage aan de
totstandkoming van dit boek.
Janette en Irene, de andere leiders van Lab EXPIRE, thank you for all patience and collaborations in
the past and future! Janette, you joining our lab came as a surprise to me but your expertise, positivity,
everlasting kindness and patience are truly a treasure for the team and the medical biology! Irene,
we kennen elkaar al vanaf begin April 2011 en zelfs toen al had je altijd een fantastische inzet; hard
werken loont! Ik heb altijd erg veel respect gehad voor je vechtlust en intrinsieke motivatie voor de
wetenschap.
De oude garde collega’s van Lab Allergologie en longziekten (LIAL), alle lieve, behulpzame,
respectvolle mensen! Jacobien, Harold, Uilke, Renee, Lisette, Marco, Janneke, Theo & Theo, Susan,
Judith, Simone, Wierd, en natuurlijk Sharon! Wat hadden we toch een geweldige tijd op het lab! En
er was ook altijd wel wat leuks te doen! En nog steeds trouwens… Velen van jullie zijn een andere
weg ingeslagen, maar ik zou jullie allemaal willen bedanken voor een toptijd. Jacobien en Harold,
dank voor de oneindige ondersteuning op het lab! Renee en Lisette, de muizenmeisjes! Die goede
oude tijd ;) wat hebben we een hoop muizen in handen gehad. Ontzettend bedankt voor de
gezelligheid! Uilke, de PCDH1-man, door de jaren heen ontzettend leuke collega en veel gezellige
sectiedagen; dank!
Maar ook natuurlijk alle PhD studenten op ons lab en eraan verbonden: Hadi en Soheila, Dries,
Roland, Jan, Eef, Henk, Dennie, Maaike, Sijranke, Néomie, Grissel, Agnieska, en Ahmad. Daarna Alen,
Emmanuel, Laura, Haitatip, Jiang, Dennis, Marlies, Mirjam, Virinchi, Roy, en Orestes (veel eigenlijk
he)…. Allen ontzettend bedankt voor jullie collegialiteit en inzet! Everyone, Thank you for all support
and fun times! Sijranke, wat lijkt die goede oude tijd toch al lang geleden hè?! Bedankt voor al
je hulp bij het opstarten van het proefdierwerk! Maaike, je bent een topper, een super collega,
een geweldige mama, en een onmisbare aanwinst voor de wetenschap en het UMCG! Alen &
Emmanuel, thank you for all the good times in the office and I wish you all the best in Australia and
Canada! Orestes, elke keer dat ik je zie, begint direct de zon te schijnen! Je energie is erg aanstekelijk
en het UMCG en de longziekten mogen hopen dat je terugkomt en dan ook echt in Groningen blijft.
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Daan, my brother-in-science and paranymph. Je bent altijd al de betere onderzoek-helft geweest en
het UMCG mag blij zijn met een onderzoeker zoals jij! Jaren lang hebben we met veel plezier een
kantoor gedeeld en zelfs toen we naar het Triade gebouw gingen, waren we onafscheidelijk. Ik weet
precies wat ik aan je heb en je bent echt een geweldige collega, vriend en natuurlijk papa! Bedankt
voor alle steun en vertrouwen! Mogen we het samen maar langer volhouden dan het Triade gebouw
kan blijven staan ;). Wat de toekomst ons ook zal brengen, het bureau naast me reserveer ik voor jou.
Natuurlijk ook de huidige lichting EXPIRE collega’s: Djoke en Marnix, zo’n beetje mam en pap
van het lab geworden! Jullie tomeloze inzet en jarenlange samenwerking zijn echt excellent! Voor
beiden groot respect en klasse! Dank voor alle drukke dagen en ondersteuning door de jaren heen!
Djoke, jij laat me dagelijks zien dat er nog steeds mensen zijn die weten wat hard werken eigenlijk
inhoudt. Eentje met de goede opvoeding en de juiste instelling (die goede oude stempel). Je bent
een topper en onmisbaar voor het lab! Marnix, we begonnen op dezelfde dag en weten precies wat
we aan elkaar hebben; je tomeloze inzet en loyaliteit zijn een belangrijke en verbindende factor voor
Lab EXPIRE. Leonie en Marissa, jullie geven het lab nieuwe jonge energie en laten mij beetje oud
voelen, hihi. Ontzettend bedankt voor jullie support en bijdrage aan de groei van het lab. Huidige
lichting PhD studenten en postdoc: Qing, Marijn, Aurore, Akshaya, Merel, Kaj, Maunick, Kingsley,
Mehmet, Nathalyia, Roderick, Mughda, Jelmer, and Mubeen; thank you all for the joy and hard work
for our lab and GRIAC! Marijn, de beste buurman en collega, bedankt voor alle lunchwandelingen
en me laten zien dat er even uit gaan bevorderlijk is voor je werk.
(Oud) collega’s binnen de Medische Biologie en pathologie: Geert, Henk, Marjan, Marianne, Marco,
Marlies, Roelof-Jan, Olaf, Peter, Jan, Annet, Susan, Hans, Carolien, en Johanna. Door de jaren heen
zoveel contact gehad voor alle klussen in onderwijs, management en administratie; bedankt voor
de gezelligheid bij het secretariaat! Ik denk oprecht dat de mensen die in de schaduw werken vaak
vergeten worden, maar in dit geval is er nog een collega die ik echt op priority heb staan: Fester! Als
ik jou toch niet had…. En daarmee natuurlijk de gehele ICT ondersteuning van de RUG. Hoe vaak
ik wel niet heb gebeld…. En hoe vaak jullie wel niet geduldig alles hebben hersteld. En nu nog! De
FlexiVent computers, de (kantoor)verhuizingen, de computerwisselingen, lieve warrige collega’s die
ineens geen functionerende computers meer hebben, of PhD studenten die per ongeluk even weer
op iets fouts hebben geklikt… dank voor jullie ondersteuning!
Alle collega’s binnen het GRIAC, zonder twijfel het beste en meest interactieve research instituut
van de Universiteit! Bedankt aan alle leden, zoals Wim, Reinoud, Gerard, Maarten, Marieke, Huib,
Dirk Jan, Barbro, Viktor, Martina, Machteld, Loes, Corry-Anke, en Sabine. Maar ook alumni zoals
Dirkje, Ewoud, Carian, Haoxiao, Anita, Patricia, en Anienke voor de waardevolle discussies tijdens de
research besprekingen en samenwerkingen tussen de verschillende labs.
Alhoewel, ik ben begonnen met het bedanken van alle mensen, verdienen ALLE muizen die
hebben bijgedragen aan dit proefschrift toch wel een ere-vermelding. Niet dat ik meedoe aan die
onzin van ‘het zijn net mijn kindertjes, zo schattig’ maar ja, eerlijk is eerlijk, als je zoveel muizen zo
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vaak behandelt ga je, of je dit nu wilt of niet, toch tegen ze praten :D Ik ken iemand die me daar
nog altijd hartelijk voor uitlacht. Maar hij behoort nog altijd tot de mensen ;). Ik heb eens zitten
rekenen…. Durf het haast niet te vermelden, maar het totaal aantal muizen die hebben bijgedragen
aan dit proefschrift (immunotherapie-projecten) komt uit op zo’n 701 muizen. Ook hun bijdrage is
essentieel voor de wetenschap. De enige die precies weet wat ik bedoel is toch wel de beste, meest
betrouwbare en onmisbare collega binnen het UMCG. Onze lieve muizenman Arjen met het beste
luisterend oor in het hele UMCG. Door de jaren heen ben je echt een rots in de branding geweest!
Vooral ook voor jou een ere-vermelding! Zo veel herinneringen in ons FlexiVent-kantoor, eigenlijk
hebben we best veel gelachen hè?! Ik denk echt dat jou ervaring en expertise erg belangrijk of zelfs
onmisbaar zijn in de medische biologie en het zou super zijn wanneer je dit kunt overdragen aan de
volgende generatie in de komende jaren.
Voordat we in discussie gaan over het wetenschappelijk verantwoord proefdierwerk verrichten en
het bewaken van het welzijn van al deze dieren, wil ik direct zeggen, daar heeft de Centrale dienst
proefdieren uitzonderlijk goed werk in geleverd! Ik durf oprecht te zeggen dat ik in sommige jaren
meer van de collega’s in het CDP heb gezien dan daarbuiten! Grote klasse voor alle leden van het
CDP. Vooral ook: Flip, Catriene, Miriam, Ronald, Juul, Alex, Annet, Annemieke, Michel, Bianca, Andre,
Minke, Hilda, Reinder, Yvonne, Corina, Magda, Maurice, Liana, Ralph, Mark, en Jessica die indirect en
direct voor deze muizen hebben gezorgd en geholpen met de experimenten! Minke, altijd gezellig
binnenkomen, wanneer jij er bent! Annemieke en Michel, jullie hebben door de jaren heen veel
muizen geopereerd en ons geweldig geholpen met alle experimenten! Catriene en Miriam, jullie
hebben zo’n beetje de moeilijkste taak binnen het CDP en houden de onderzoekers immer scherp
en bewust van wat ze eigenlijk gaan doen met de dieren. Respect! Reinder en Hilda, wat moet ik
toch zonder jullie! Als je me niet appt dat ik aan de gang moet in PRIS, vergeet ik dat er nog zoveel
muisjes rondrennen hoor.
En behalve mijn echt dochters en mijn muisjes heb ik ook nog vele andere kindjes gehad! Alle lieve
leergierige studenten; och wat heb ik veel van jullie geleerd! Vele studenten vanuit Bachelor en
Master hebben bij ons stage gelopen, zoals: Johan, Lisette, Corine, Nienke, Friso, Luuk, Nikita,
Auke, Roy, Wim, Kimberley, Bhaarti, Amber, Michelle, Quiona, Maria, Eline (shit, ik vergeet er
vast een paar) en natuurlijk onze huidige lichting Stascha en Renske! De ene is nog warriger dan de
ander, maar allemaal uniek en geweldig om te mogen begeleiden! Allen ontzettend bedankt voor
de mooie herinneringen en bijdrage aan de wetenschap en dit proefschrift!
In de afgelopen tien jaar heb ik niet alleen onderzoek en onderwijs gedaan maar ook veel
management en coördinatie. Daarom zou ik ook graag alle collega’s en samenwerkingen buiten
het onderzoek willen bedanken. Hieronder vallen bijvoorbeeld alle werkzaamheden aan de EIT
Health projecten en Summer Schools: EIT Health ABSS, E-labs, IPIM, IMIM, PERSpective, Venture
Lab, et cetera. Nieuwe collega’s zoals Martin, Gerben en Josine, dank voor de mooie afleiding van
het onderzoek en de wereld openzetten van al het werk buiten de onderzoekswereld.
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Ondanks dit proefschrift gebaseerd is op een Long Fonds Project, zijn vele hoofdstukken mogelijk
gemaakt door samenwerkingen uit de publiek-private sector en grotendeels gefinancierd door
BioBrug. Dit heeft veel leuke interacties en experimenten opgeleverd en een grote bijdrage
geleverd aan de publicaties! First of all, I would like to thank the colleagues working at ALK-Abelló
in Copenhagen, Poul, Jens, and Ulla, for hosting several company visits and providing us with all
the grass pollen for the experiments.
Daarnaast zou ik graag Citeq Biologics, Kees, Betty en Tim, en collega’s willen bedanken voor
alle tijd, huisstofmijt-potjes, goede discussies en lekkere koffie! Daarna ook indirect met het AMC,
Leonie en Ronald, dank voor het goede experiment dat jullie in Amsterdam konden uitvoeren.
En natuurlijk, Synvolux, Marcel, Susan en Edwin, voor de grote hoeveelheden SAINT en mooie
experimenten die we hebben kunnen doen!
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Later kwam er nog een mooi project bij in samenwerking met DC4U en het VUmc in Amsterdam.
Yvette, Wendy, Martino, Antoine, Henk, en Ineke bedankt voor de mooie samenwerking die zo
succesvol was dat het kon doorgaan in een nieuw project TARGIT, waarin ik als postdoc mooie
experimenten heb gedaan die we binnenkort gaan publiceren! Next, I would like to thank Helga
and Nadine at Allergopharma, for their support in TARGIT and providing us with grass pollen as
well as recombinant phl p5a for the latest experiments.
Honestly, I have to admit, writing these acknowledgements was a challenge an sich! Therefore, I
made a word cloud with all the names of the work related people: students and colleagues working
in and out of the UMCG, if you read this and I forgot to mention your name, please look for it in the
cloud. If you are not in there, mail me and I will make sure you receive a hard copy of the thesis with
your name added :D.
FAMILIE EN VRIENDEN
Behalve de vele collega’s die me hebben geholpen de afgelopen jaren, komt mijn kracht voort uit
een stabiele opvoeding van de beste ouders die een kind maar kan wensen. Beginnende met Oma
Hesse, die mijn promotietraject niet meer heeft mogen meemaken, maar wel een groot voorbeeld
is geweest voor de hele familie! Die vrouw was sterk, slim en heeft altijd super hard gewerkt!
Daarnaast onze lieve Omi (Oma Smit) die gelukkig langer bij de familie was en zelfs Noa en Zoë
heeft meegemaakt. Zij was sterk en lief en een echte oud-oma; dank voor alle goede zorgen!
Mam en Pap; de beste ouders ter wereld! Jullie hebben me altijd gesteund! Niet alleen financieel
verwend, maar ook verzorgd en opgepast en meegewerkt. Dank daarvoor! Als jullie de leeftijd
bereiken dat je zorg nodig gaat hebben, zal ik er voor jullie zijn en hoop ik dat ik net zo hard voor jullie
mag werken, als dat jullie voor mij hebben gedaan. Ronald, mijn lieve broer, ‘brother-in-business’ en
paranymf! Je bent de beste liefste broer en Ome Ronald die we ons maar kunnen wensen en ik hoop
dat we elkaar veel blijven zien! Japke, de perfecte tante voor de meiden, ontzettend bedankt voor
alle leuke bezoekjes en ik hoop dat jullie veel geluk en plezier hebben in jullie nieuwe huis! Ik ben
zo trots op jullie.
Tante Bertha, eigenlijk stiekem ook een beetje oma voor de meiden, maar voor mij de beste tante
ter wereld. Dank voor alle leuke momenten, hulp bij oppassen en goede discussies over de telefoon.
En natuurlijk het kritisch nakijken van de Nederlandse samenvatting van dit proefschrift. Ik heb nog
steeds hoop dat je terugkomt naar het noorden ;). Onze familie is best groot en daarom zou ik graag
al de rest in zijn geheel willen bedanken voor alle contacten en zorgen binnen de familie.
Pascal, mijn lieve partner alweer 15 jaar! Wat hebben we samen veel meegemaakt en opgebouwd.
En we zijn nog lang niet klaar. Ik ben je dankbaar voor al het vertrouwen door de jaren heen en klaar
voor een nieuwe fase. Grada en Henk, opa en oma, de grootouders van Heijkens Zoetwaren, het
grote voorbeeld van gedisciplineerd hard werken en lol maken, altijd op pad en mooie vakanties
in Spanje, Portugal, en Frankrijk! En natuurlijk die fantastische momenten op de camping in
290

Dankwoord

Langweer! Dank voor alles! Daarmee natuurlijk ook Stef, Wendy en ons geweldige neefje Sem!
Echte Peizernaren en super lieve familie. Dank voor de steun en gezelligheid door de jaren heen.
Lya en Miranda, Tante Ly en Mi, we hebben nog steeds niet ons 25-jarig jubileum gevierd!! Ik zei het
al eerder, dan moeten we het maar goedmaken wanneer we elkaar 26 jaar kennen! Zoveel mooie
herinneringen, zoveel meegemaakt; beide de beste vriendinnen ooit! Jullie kunnen me bellen in
nood vanaf de andere kant van de planeet en ik kom je redden ;). Peter Poel, laiverd! Ome Peter,
bedankt voor alles! Ook al woon je al 10 jaar in Amsterdam, voor mij blijf je altijd die noorderling,
mijn beste vriendje vanaf 1986…. Gerard en Daniella, Jut en Jul, wat een mooie tijden! Wat een
lekkere wijntjes en etentjes ;). Wat een prachtig gezin met zoveel liefde en energie. Dank voor alles!
Amir en Annemarieke, wat een mooie tijden en wat vliegt het snel voorbij! En dan natuurlijk nog alle
lieve vrienden en contacten uit België. Minneke en Cherish, ik kan ‘t Veurleste echt niet meer zien,
maar bedankt voor een fantastische studententijd en alle geweldige vakanties in de Ardèche! Ik ben
nog steeds wel een klein beetje francofiel. Cherish, ik ben zo blij dat je weer in Nederland woont! Nu
nog door naar Groningen ;). En natuurlijk iedereen bedankt die door de jaren heen zo goed op de
kinderen hebben opgepast en hebben gekookt, meegewerkt aan het huis, hebben gewassen, en
alle was opgevouwen klaar hebben gelegd.
Noa en Zoë
Dit proefschrift draag ik op aan jullie met een reden. Jullie beiden hebben meer met me mee
gewerkt dan wie dan ook! Ik weet nog goed dat ik hoogzwanger van Noa tien dagen voor de
uitgerekende datum een FlexiVent-dag had en in de morgen tegen mijn buik riep: “Je moet vandaag
even stilzitten, jongedame…”. Zoë, je kwam 2 weken na de uitgerekende datum en ik was bang dat
ze je gingen halen, maar gelukkig was je net op tijd. Je hebt me altijd al op mijn plek gezet en net zo
lang gewacht totdat ik er zelf helemaal klaar voor was. Jullie houden me in toom, geven me balans,
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en maken me de gelukkigste mama van de wereld! Zonder jullie was ik nooit zo bewust geworden
van het echte leven en waar het eigenlijk allemaal om gaat. Jullie zijn mijn drijfveer om harder te
werken en meer te willen bereiken.
Jullie mogen bij me op schoot zitten terwijl ik deze laatste alinea schrijf, en we bedenken samen
waar ik jullie allemaal voor zou willen bedanken. Noa en Zoë: “Alle mooie wasco-krijt tekeningen
op de muren”. “Ennnn ohwja, alle scheetjes onder ’t dekbed, waar je zo om moet lachen”. Dank voor
alle spaghetti slierten aan de lampen van de eettafel, alle overstroomde poepluiers en verkleurde
rompertjes, alle slapeloze nachten met koorts en hoestbuien, alle gillende meisje-momenten in de
supermarkt, alle valpartijen met de fiets, alle mislukte cup cakes die we aan oma opvoeren, alle
wiebeltanden die ik net iets te hard poets, alle knopen die niet uit de haren willen en ingewikkelde
Franse hartvormige oplegvlechten in het haar, alle zwem-, gym- en paardrijlessen, alle liefde, ennnn
refydygrtfghegdfwejgfwuerchegyufhygriugofsddffdedfrhjiookhhupjkghddrwesbrrghtrrrrrr4r.
Dus dat.
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