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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, conges-

tion, 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 hyperre-

sponsiveness (AHR), and may be accompanied by airway remodeling including subepithelial matrix 

deposition, airway smooth muscle hyperplasia and hypertrophy and goblet cell metaplasia. Symp-

toms 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 associ-

ated 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 fac-

tors 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 al-

lergic 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 signifi-

cantly 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. Ac-

cording 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 environ-

mental 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 increas-

ing 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 increas-

ing 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 sug-

gested 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 house-

holds 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 vi-

ruses25. 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 ‘West-

ern’ 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 micro-

organisms27 (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 
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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 adap-

tive immune responses29. For instance, TSLP is considered an inflammatory biomarker and associ-

ated 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-produc-

ing 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 af-

ter infection with influenza virus in mice and administration of lung ILC-derived amphiregulin re-

stored 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 eosino-

phil 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 gran-

ule 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 spe-

cies40. In addition, eosinophils release multiple fibrogenic mediators and growth factors that stimu-

late 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, granulo-

cyte-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 activa-

tion of CD4+ T helper type 2 (Th2) lymphocytes. 

Allergic sensitization is the humoral immune response leading to production of allergen-spe-

cific IgE that sets the stage for an allergic response. Allergic sensitization requires activation of a spe-

cific class of antigen-presenting cells (APCs), the dendritic cells (DCs)43,44 (Figure 1). Dendritic cells 
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Figure 1: Allergic sensitization in the airways. Allergens initial contact with the epithelial barrier trigger an in-
nate 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 addi-
tional 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 activa-

tion 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 
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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 polariza-

tion 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 de-

pending 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 pa-

tients 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 im-

munity to helminthic parasites42, but also plays a key role in allergies49,50. In secondary lymphoid tis-

sues, 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 produc-

tion 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).
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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 af-

ter 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 ex-

pressed 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 cross-

linking of the cell surface-bound IgE (IgE-FCεRI) and degranulation of basophils and mast cells. Re-

lease of mediators contained in the granules, such as histamine, serotonin, prostaglandin D2, and 

leukotrienes, induce the acute allergic reaction and cause vasodilatation, increased vascular per-

meability, 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 in-

cluding 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 mu-

cus 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 ob-

struction. 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 intracytoplas-

mic granules, that enhance allergic inflammation. Also, arachidonic acid-derived mediators within 

the lipid membrane include sulphidopeptide leukotrienes (LTs), prostaglandin D2, and platelet-

activating 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 aller-

gen 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 inflam-

mation of the respiratory tract, characterized by epithelial shedding, airway remodeling (airway 

smooth muscle hyperplasia and hypertrophy, goblet cell hyperplasia and mucus hypersecretion, 
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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 vasoac-
tive 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 granu-
locytes. 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 hy-

perreactivity, 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.

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 Asth-

ma (GINA) provides guidelines for the diagnosis, prevention and treatment management for asth-

ma58. Asthma management aims to achieve symptom control, minimize future risk of asthma-relat-

ed 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 pa-

tients 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 identify-

ing and treating modifiable risk factors59.

 In addition to these pharmacological therapies focused on immune suppression and broncho-

dilation, specific treatments to combat the allergic component in asthma have also been devel-

oped. Allergen avoidance is the first preventive technique that may help and improve asthma con-

trol 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 sensi-

tized 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 im-

munotherapy (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, Xo-

lair) have also been applied to suppress allergen-induced symptoms and exacerbations of disease67. 
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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 pre-

scribed 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 re-

sponse, 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, mepoli-

zumab and banralizumab) showed promising results in reducing exacerbations and oral corticoste-

roid 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 con-

trol 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 Leon-

ard 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 in-

jecting a small dose of causative allergen, resulting in a protection from symptoms of hay fever dur-

ing 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 



554703-L-bw-Hesse554703-L-bw-Hesse554703-L-bw-Hesse554703-L-bw-Hesse
Processed on: 27-1-2021Processed on: 27-1-2021Processed on: 27-1-2021Processed on: 27-1-2021 PDF page: 19PDF page: 19PDF page: 19PDF page: 19

19

1

Introduction

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 im-

munization’ 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 

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

tions 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 hyposen-

sitization was effective for treating hay fever using a whole GP extract as well as purified pollen pro-

teins (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 be-

fore 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 aller-

gen 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 success-

ful 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, high-

lighting 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 im-

proved 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 sub-

sets, 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 ef-

ficacy 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 al-

lergen 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 con-

sidered 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 ex-

tracts 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 toler-

ance. Apart from some reported stomach aches, SLIT is considered a safe treatment for allergic rhi-

nitis 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 inflamma-

tion122. Besides, the introduction of fast-dissolving tablets for SLIT, rather than using droplets con-

taining 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 tri-

als124. 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. Al-

though 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), Grazax-

Grastek™ (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 real-

life 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 stud-

ies 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, gastrointes-

tinal 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 per-

formed using HDM extracts, the first showing no significant clinical improvement140 and the sec-

ond 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 bron-

chodilator therapy due to experiencing bronchospasms141. These findings show that the clinical ef-

fectiveness 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 mu-

cosal 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, avoid-

ing the lower airways143–145. LNIT was used for the delivery of pollen allergens as well as HDM. Sev-

eral formulations were tested: natural extracts, allergoids, micronized powders, and extract-coated 

strips146–150. Allergic rhinitis patients treated with LNIT showed long-lasting protection from symp-

toms upon allergen re-exposure. In 1993, Andri et al. evaluated the efficacy of LNIT with Derma-

tophagoides 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 absorp-

tion 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 exacerba-

tion (increased non-specific bronchial reactivity or ‘nasal priming’). Moreover, LNIT's particular ad-
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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 treat-

ment of pollen allergy152. Phillips et al. began intradermal injections using pollen in 1923, and dem-

onstrated 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 de-

sensitize patients with allergic asthma was proposed154. EPIT may mitigate adverse side effects ob-

served 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 admin-

istration 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 neutral-

izing antibody production against purified proteins157. To avoid severe reactions, nanogram quanti-

ties 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 im-

munological 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 neutral-

izing antibody response and induction of peripheral and local allergen-specific regulatory T-cells 
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(Tregs) and regulatory B-cells (Bregs). As such, successful AIT is associated with a change from al-

lergic 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 suc-

cessful 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 pro-

liferation. 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. 

Figure 3. Overview of the effects of Allergen-specific immunotherapy (AIT) in chronic inflammation. Subcuta-
neous 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 func-
tion 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.
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Basophils and Mast cells: early responders

Detailed knowledge of the mechanisms involved in the allergen desensitization achieved shortly af-

ter starting AIT is of great interest in improving therapeutic approaches in AIT and to overcome un-

wanted 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 informa-

tion 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 mem-

brane164.

Successful AIT accomplishes early desensitization of both mast cells and basophils, as demon-

strated 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 desensitiza-

tion 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 crosslink-

ing166. Moreover, Novak et al. proposed two pathways that would be responsible for early suppres-

sion 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 activa-

tion and mediator release of basophils after selective H2R stimulation, which suggests that H2R ex-

erts 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 toler-

ance induction is currently considered to be essential for successful AIT168. The generation of adap-

tive immunity comprises antigen-specific activation, clonal expansion, differentiation and acquisi-

tion 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 periph-

eral T cells might also be induced by AIT as a marked decrease in allergen-induced T cell prolifera-
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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 protec-

tive 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 allergen-

specific 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 evi-

dence that allergen-specific Th2 cells play an essential role in allergic inflammation176. Immune de-

viation 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 coun-

terbalancing 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 rec-

ognize 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 sup-

pressive 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-bind-

ing 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 inhibit-

ing 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 experi-

ments 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 aller-

gen-specific IgE levels, which promotes long-term clinical tolerance192. In addition, overwhelm-

ing 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 sub-
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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 re-

duction of lineage negative CRTH2+CD127+ILC2s in blood from patients with allergic rhinitis under-

going SCIT during the pollen season, and concluded that it was plausible that ILC2 suppression con-

tributes 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 allergen-

specific 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 be-

come 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 pa-

tients 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 impor-

tant 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 out-

come 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 differ-

ences 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 sensi-

tizing 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 puri-

fied 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 treat-

ment. 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 treat-

ments215. 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 ac-

tion of adjuvants in AIT is to concurrently improve the immunogenicity of the allergen, whilst pre-

cipitating 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 in-

creases 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 cap-

ture 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. More-

over, 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 produc-

tion 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 ad-

juvants 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 Anza-

ghe 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 asth-

ma treated with liposome-encapsulated HDM extract showed promising results in inducing block-
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ing IgG responses and lowered eosinophil numbers, no safety data were reported in this study215. Fi-

nally, 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 en-

hanced 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 pro-

teins 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 tryp-

tophan 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 lympho-
cyte; 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 gam-
ma; Treg: Regulatory T lymphocytes; CCR5, CCR10: C-C che-
mokine 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 in-

teresting 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 tolero-

genic 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 af-

ter 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 re-

ceptors 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 immunomodula-

tory 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 plas-

macytoid 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 physi-

ological serum levels of VitD3 (40-130pM), however, are unlikely to be sufficient activate VDR signal-

ing 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 differen-

tiation238. 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 vol-

unteers, 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 produc-

tion241. 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+ T-

cells from VitD3-treated mice into OVA-sensitized mice suppressed antigen-induced airway inflam-

mation 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 as-

sociated with Th2 responses, wound healing and produce IL-10 which has anti-inflammatory prop-

erties243. VitD3 is able to stimulate the differentiation of monocytes into macrophages with an anti-

inflammatory M2 phenotype (Figure 4)244.

In B cells, which upon activation express 1-α-hydroxylase and VDR, VitD3 has anti-proliferative ef-

fects 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 



554703-L-bw-Hesse554703-L-bw-Hesse554703-L-bw-Hesse554703-L-bw-Hesse
Processed on: 27-1-2021Processed on: 27-1-2021Processed on: 27-1-2021Processed on: 27-1-2021 PDF page: 35PDF page: 35PDF page: 35PDF page: 35

35

1

Introduction

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 al-

lergen 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, peri-

natal 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 mod-

els 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 stan-

dard 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 aller-

gen 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; ex-

tracts may contain contaminations from other sources; and crude extracts always contain a mixture 
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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 treat-

ment 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 modifi-

cations, recombinant DNA engineering strategies for proteins, bacterial DNA oligomer-conjugation 

to purified allergens, or allergen multimer-production260. Already in the 1970s, Marsh et al. investi-

gated 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 diag-

nostic 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 impor-

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 aller-
gens 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.
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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 immuno-

globulin 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 Zher-

nov et al. in 2019265. 

In 2000, results obtained from allergic patients from Swedish and French populations with ge-

netically engineered hypoallergenic birch pollen allergens used in skin prick tests showed lower 

reactivity with the modified allergens266,267. Genetically modified derivates with hypoallergenic fea-

tures 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 clini-

cal 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 sensi-

tized 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 aller-

gen. 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 conforma-

tional (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 im-

mune 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 allergen-

IgE 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 cur-

rently 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 mecha-

nistic 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 rap-

id 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 Ishiza-

ka, 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 gen-

eration 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 de-

veloped 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 (buc-

cal) 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 aller-

gic 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 underly-

ing 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 deliv-

ery 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 toler-

ance 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 un-

derlying 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 out-

come 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 pre-

vention of DC-dependent co-stimulation. Use of adjuvantia in AIT aims to increase allergen deliv-

ery 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 param-

eters 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 ad-

ministered 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 aller-

gens could constitute an improved AIT treatment in the absence of non-protein constituents con-

tained 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 phe-

notype 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 mecha-

nisms 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 immu-

noglobulin 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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