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Chapter 9

GENERAL DISCUSSION
Allergen immunotherapy (AIT) has the unique capacity to modify the natural course of disease in
allergic disorders, by inducing a permanent state of tolerance to the causative allergen, resulting in
long-term disease remission1. AIT is the sole treatment regime that has the capacity to modify the Th2
immune responses underlying the allergic response, by activation of Tregs and immunosuppressive
cytokines. Through these immunological mechanisms, AIT is able to achieve successful suppression
of clinical symptoms, such as watery itchy eyes, sneezing, congestion, and coughing upon exposure
to aeroallergens2. Moreover, this treatment is capable of preventing new sensitizations, as well
as progression to asthma in patients with allergic rhinitis3. AIT is usually performed by repeated
administration of increasing dosages of allergens until a plateau phase is reached, after which
treatment is continued for three to five years. The long-term treatment is required for sustainable
success effects in patients with allergic diseases. However, the current AIT treatment is also limited
by safety concerns, including the risk of severe side-effects, the long duration of treatment resulting
in suboptimal adherence, and the lack of efficacy in some allergic disorders including allergic
asthma. To address these challenges, optimization strategies for AIT have been the focus of clinical
and translational research over the last decade. In parallel, numerous more basic studies attempting
to unravel the cellular and immunological mechanism of tolerance induction have highlighted
the importance of various subpopulations of immune cells derived from the innate as well as the
adaptive arm of our immune system in successful immunotherapy and long-term induction of
tolerance.
Clinical studies into the efficacy and mechanisms of AIT have remained largely observational. These
studies are essential to evaluate safety and treatment efficacy and routinely record a range of
outcome parameters associated with long-term tolerance induced by AIT, such as improved quality
of life, decrease in medication use, reductions in nasal symptoms (also during natural exposure),
accompanied by persistent immunological changes. However, the opportunities in clinical studies
for discovering the underlying cellular and immunological mechanisms during the treatment that
determine success of therapy, and the possibilities to explore optimizations of the therapy are
limited due to their rigorous design and the focus on very specific primary and secondary outcome
parameters needed to draw meaningful conclusions on the safety, effectivity and added value of a
novel AIT therapy. To overcome these drawbacks of observational clinical studies in patient cohorts,
an experimental mouse model for AIT was developed and published for the first time in 1998 by
van Oosterhout et al.4. In this landmark study, a semi-rush protocol with increasing allergen doses as
well as a rush high-dose protocol was evaluated. It was shown that semi-rush AIT causes a change in
serum antibody isotypes and is successful in reducing airway eosinophilia and hyper responsiveness
in a mouse model with allergic airway inflammation that was largely based on the OVA asthma
mouse model, which was the mainstream experimental model for allergic airway disease at that
time.
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In the research presented in this thesis, we developed a reproducible preclinical grass pollen (GP)
Phleum pratense (Phl p) and House dust mite (HDM) Dermatophagoides pteronissinus (Der p) mouse
model of allergic airway disease using BALBc/ByJ mice or C57Bl6 mice. These improved experimental
mouse models apply standardized treatment protocols for both SCIT and SLIT, allowing the
evaluation of the contribution of several essential immune cell populations in tolerance induction,
direct comparison of both application routes, and the testing of new formulations and adjuvants
with the overall aim to improve the efficacy of AIT and provide a proof-of-concept for the future
clinical trials. To this end, we here discuss our main findings presented in this thesis in the context
of the current literature.
In our mouse model of subcutaneous immunotherapy (SCIT), the original protocol developed by van
Oosterhout et al. 4 has been reduced to three s.c. injections containing high doses of crude extract
allergens (300kSQ GP or 250µg HDM) which results in effective suppression of most parameters of
allergic airway inflammation using the BALBc/ByJ mouse strain, with the exact dosage of the allergen
determining the effectivity of the treatment, whereas an up-dosing regimen of seven injections (25300kSQ GP) in total was developed for the C57Bl/6 anaphylaxis-sensitive mice (Chapter 2 and 8).
Both of these protocols rely on sensitization by intraperitoneal (i.p.) injections of Alum-adsorbed
allergen extracts as well as three intranasal (i.n.) allergen challenges to provoke the phenotypes
of allergic airway inflammation, using the same crude extract of allergens. Differences in disease
phenotypes, such as allergic rhinitis (upper airways) and allergic asthma (lower airways), can be
modelled in mice through differences in challenge methods. Passive inhalation of an aerosolized
allergen extract leads to 83% retention in the nasal mucosa5, whereas administering intranasal (i.n.)
droplets containing allergen extracts in anaesthetized mice leads to active deep inhalation and
much more allergen activity in the lower airways, leading to a more asthmatic phenotype6.
The first experimental studies on the (buccal) sublingual application and allergen uptake via the
oral mucosal layer were published around the same time, in 19947,8, however the first sublingual
immunotherapy (SLIT) protocol in a mouse model for allergic rhinitis was published in 2006 by
Brimnes et al. In this study, the authors established a mouse model of allergic rhinitis using a crude
GP allergen extract and demonstrated that SLIT using 25-125kSQ five days per week for 6-9 weeks,
was able to reduce allergic symptoms in a time- and dose dependent manner9. To induce allergic
rhinitis in their murine model, mice were challenged i.n. daily with 5µL GP (0,1 - 0,5kSQ GP) for one
or two weeks and the allergen distribution was confirmed to remain in the nasal cavity, leaving the
lower airways completely clean. The protocol for SLIT in a mouse model of allergic asthma used in
this dissertation was based on their protocol, with minor adaptations to introduce a more asthmatic
phenotype. SLIT in our mouse model also relies on sensitization by two i.p. injections with Alum
adsorbed allergens and induction of allergic airway inflammation by three i.n. allergen challenges
(25kSQ GP) every other day, which is exactly the same as in our SCIT protocol. The SLIT treatment
phase consists of five sublingual administrations of allergen per week for a total of eight weeks,
totalling up to 40 administrations using high doses of allergen extracts (300kSQ GP) directly placed
under the tongue for a minimum of 30 seconds (Chapter 3). This means that the individual dose of
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allergen in the optimal protocol in SCIT per application is exactly the same of that in SLIT, whereas
SCIT is administered three times and SLIT is given 40 times (Chapter 3, Figure 1).
In fact, the dose of allergen used in AIT treatment as well as the total cumulative dose achieved
in the total treatment period, are critical parameters for successful AIT. Based on the conclusions
drawn from a double blind placebo controlled (DBPC)-study in ragweed pollen hay fever patients
performed by Van Metre et al. during the pollen season in 198010, the WHO considered low-dose
SCIT was inadequate in the consensus study in 1998 on AIT, with high doses achieving a therapeutic
effect but likely also resulting in a higher degree of systemic reactions11. Moreover, the EAACI
taskforce compared immunological and clinical data on treatment efficacy and safety in studies
where with multiple doses were tested12. Herein, only 15 out of the 1379 clinical studies that were
screened used multiple allergen-doses of which only nine were SCIT for respiratory allergies, four
SLIT and two venom-SCIT. Out of the nine SCIT studies for respiratory allergies, almost all reported
a clear dose dependent efficacy. Herein, one of the best examples included was a RDBPC SCIT study
using Alutard SQ® Phl p (ALK) by Frew et al. in the UK amongst 26 centres in adult patients with
allergic rhinitis13. Of the two doses (10kSQ-U and 100KSQ-U) used throughout the whole pollen
season, both were found to be effective in improving quality of life, and reducing symptom and
medication scores, although the highest dose overall performed better. In contrast, using the lower
dose fever local and systemic allergic side effects and other adverse events within an hour after
injection were reported13.
Although treatment efficacy of SCIT for both rhinitis and asthma has been proven numerous
times, major recent systematic studies show a broad variance in the study results can be seen14,15.
For instance, the RDBPC phase II/III study on two dosages of AVANZ® (Phl p, ALK) did not reveal
any significant effects of GP-SCIT over placebo treatment in the primary and secondary outcome
parameters16. Herein, primary outcome parameters included daily symptoms and medication scores
and reports of adverse events, and the secondary endpoints were calculated as the sum of all scores
during the entire pollen season divided by the numbers of score entries. This outcome was at odds
with previous studies that report a clear efficacy of GP-SCIT, using other products with higher or
lower allergen content17,18. For instance, Zenner et al. reported lowered symptoms scores in allergic
patients after a successful short 10week-SCIT course using rye and grass extracts in increasing doses
(up to 1000 standard units, equals ~ 1-2 µg for individual grasses)18. Moreover, with only a few mild
local responses reported at the injection site reported, this study was considered efficient and
completely safe.
In clinical studies, only very rarely is an adverse effect with actual worsening of symptoms
reported. One notable exception is a Phase II RDBPC study using intradermal GP injections in
patients with allergic rhinitis, that led to the suppression of late phase skin reactions, while there
was no difference between GP and placebo treatment in the primary endpoint and Th2 and spIgE
responses were both increased19. Moreover, amongst the secondary endpoints, daily scored
nasal symptoms worsened with 44% in the AIT treatment group, when compared to controls.
The heterogeneity in safety and clinical efficacy in these study results underscore the scientific
importance of a reproducible model that allows a more detailed analyses of all parameters of AIT.
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In line herewith, the experimental mouse models were designed to study the immunological
mechanisms of AIT in detail and help improve the treatment by finding the optimal route of
administration, dose and formulation. The importance of finding the correct dose without adverse
effects is evident from a study in a mouse model of OVA-induced allergic asthma, where SCIT using
peptides derived from an immune-dominant epitope in the OVA protein resulted in increased
AHR and eosinophilia in the lungs, indicating an exaggerated Th2 driven airway inflammation
after SCIT treatment20. Similarly, in Chapter 2, we found that in a rush SCIT protocol using three
GP injections, low dose GP-SCIT aggravated some of the allergic symptoms, resulting in elevated
GP-spIgE induction, reduced GP-spIgG-levels, increased ear swelling responses upon intradermal
GP challenge, and enhanced airway resistance and eosinophil numbers in BALF and lung after GP
inhalation challenges (Figure 1). In line with a strictly dose-dependent efficacy of SCIT, we observed
that an intermediate dose of GP (3-10kSQ GP) had very limited effects while higher dosages
(100-300kSQ GP) were able to achieve some, or even almost complete, suppression of allergic
manifestations in the experimental mouse model, indicative of successful SCIT (Chapter 3, Figure
1). These data indicate that AIT depends on a delicate balance between an aggravated immune
response versus an effective treatment as function of allergen dose, which stresses the need for
further optimizations by increasing the cumulative allergen dose, and by using safe application
routes or adjuvantia that increase therapeutic effectivity at a specific allergen dose, thereby inducing
a more dominant tolerogenic response to the allergen injections.
While the lower limit of allergen dose in AIT is determined by the ability to achieve immune
suppression, the upper limit is determined by the risk for severe side effects that increases with
allergen dose applied, including large local reactions and anaphylaxis. The experimental mouse
models again offer a great opportunity to study both sides of the coin when increasing the allergen
dose in AIT treatment. In our Balbc/ByJ experimental mouse models of AIT, IgG1 is considered to be
the main neutralizing antibody. It has been shown that the IgG produced during an antigen-specific
immune response or administrated passively can suppress IgE mediated anaphylaxis through two
mechanisms: by capturing the allergen before it can induce mast cell activation upon crosslinking
of IgE/FcεRI complexes, or by crosslinking FcεRI to FcγRIIB21. Given the strongly increased specific
IgG1 levels after treatment in our mouse models, and the suppression of phenotypes of allergic
airway inflammation such as eosinophilia and AHR after allergen challenges in the absence of any
signs of anaphylaxis in the allergen challenged mice, we feel that under these conditions these IgG1
antibodies play a protective role in suppressing allergic responses. To further support the role for
spIgG1 in preventing allergic phenotypes after allergen challenges in AIT treated mice, we have
calculated the correlation of specific IgG1 titers to the other read-out parameters in the model and
found that spIgG1 levels are significantly and inversely correlated to airway eosinophilia and lung
levels of IL-5 and IL-13 (Chapter 3). This indicates that the effect of the increased systemic spIgG1
titers on suppressing IgE dependent allergic responses are more dominant than the potential IgG1
dependent anaphylaxis in our experimental model. Such a role for IgG1 in anaphylaxis is quite
specific for the mouse, and has been shown in a number of studies that have identified two separate
pathways to contribute to anaphylaxis: the classic pathway which depends on IgE mediated
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crosslinking of FcεRI on mast cells and release of histamine and platelet activating factor (PAF),
which is also found in humans, and the alternative pathway, which depends on IgG, FcγRIII and PAF
secretion by macrophages and basophils22. The two pathways differ in their antigen dependence,
with the IgE mediated pathway requiring far less allergen compared to the IgG mediated pathway.
In the BALB/cByJ strain, we do not observe any anaphylactic responses induced by the injection
of allergens in SCIT, without the need for an updosing phase. This is in contrast to the C57Bl6/J
mouse, where anaphylaxis is readily induced by high dose allergen injections and a careful
updosing scheme is required for successful SCIT. Similarly, Smit et al. tested anaphylactic responses
upon peanut-allergen exposures in three mouse strains, C3H/HeOuJ, C57BL/6 and BALB/c23. Herein,
specific immunoglobulin responses, mast cell degranulation and specific T cell responses were
different in all three strains, with the BALBc mice the most responsive, followed by C57BL/6 mice,
and least pronounced in C3H/HeOuJ mice. Moreover, while anaphylactic responses were absent in
BALBc mice, they were notably present in both C57BL/6 mice and to an even greater extent in C3H/
HeOuJ mice demonstrating that these three strains displayed a highly divergent susceptibility to
anaphylaxis23. Next, Marco-Martín et al. performed an experiment using C3H/HeOuJ and BALB/c mice
to study both clinical and immune responses in peanut allergen-induced systemic anaphylaxis, and
found that, although BALB/c mice exhibited higher levels of Th2 cytokines, the C3H/HeOuJ strain
showed more pronounced levels of spIgE, IgG1, IgG2a, and more severe clinical symptoms 24. These
data indicate that in the mouse strain used in our current studies, the BALB/cByJ strain, anaphylaxis
is not a dominant response. In the C57BL/6 strain however, we found that injection of only 25kSQ
of GP (as compared to 300kSQ GP in BALB/cByJ mice) already induced pronounced clinical signs
of anaphylaxis as described in Chapter 2. Clearly, the BALB/cByJ model is not the optimal model
to evaluate the safety of AIT. In the C57Bl/6J strain seven s.c. injections using increasing dosages
of GP revealed marked increases in spIgE, spIgG1 and spIgG2a levels. However, we do not know
the relative contribution of IgE and IgG1 to the anaphylactic response observed in C57Bl/6J mice,
which would need experimental validation prior to employing this strain as a preclinical model
for safety screening of novel AIT treatment modalities. Overall, although the C57BL/6 strain was
shown to be more susceptible for anaphylaxis induction, we were able to adapt the treatment
schedule of AIT in such a way that it was still successful in inducing tolerance, based on lowered
numbers of eosinophilia and Th2 cytokines in lung cells. This model might be of relevance for future
experimental modelling of the safety aspects of SCIT treatment. The clinical signs of anaphylaxis
were only visible in the first two days of s.c. injections, which is similar to the early desensitization
response observed in patients with venom allergy, where venom-specific immunotherapy induced
a rapid desensitization associated with local (piecemeal) degranulation of the mast cells, requiring
monitoring of the response at the lower allergen dosages in the outpatient clinic during the
updosing scheme of the VIT treatment25 (J.N.G. Oude Elberink, personal communication).
Allergen immunotherapy: SCIT versus SLIT
In DBPC-trials, both SCIT and SLIT have been shown to effectively suppress allergic manifestations
upon allergen exposure, providing long term relief from symptoms in allergic disorders including
allergic asthma26,27. Clinical studies directly comparing SCIT and SLIT report differences in kinetics
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and magnitude of the immunological changes induced during treatment 28–32. Both SCIT and SLIT
require regular administration of allergens for 3-5 years with the goal of desensitizing the effector
cells, and converting the adaptive immune response to a state of long-term tolerance. In general,
maintenance dosage in SCIT treatment involves ~20 µg of allergen that can be applied using various
treatment regimens (applied as a single allergen or a mixture of allergens and with a variety of
frequency of injections). SLIT is available in daily tablet (GP or 5-grass, HDM, or ragweed pollen) or
in aqueous droplets usually in higher concentrations (ORALVAC® 7,680 Therapeutic Units (TU)/ mL)
but easier to use and therefore allowing self-administration33. According to international guidelines,
both treatment routes have been considered effective, received FDA approval for general use as AIT
and achieve substantial improvement in symptom scores, most notably in adults34. Although SCIT
is traditionally considered to be more effective than SLIT, and adherence to treatment can be better
monitored, the superior safety profile and the home use are important advantages of SLIT, while
efficacy is not necessarily lower than SCIT as shown in the recent large-scale clinical trials35. The
prescribing practitioner has to consider the risks, advantages, costs and patient motivation when
deciding on the use of either SCIT or SLIT.
While SCIT and SLIT have been proven effective for both rhinitis and asthma, as shown in recent major
systematic studies, a broad variance in the study results as well as a substantial variation in the metaanalyses was described14,15. Comparing studies of different treatment routes (or different allergens)
is even more challenging, when taking variable methods, results, and outcomes into account. Based
on indirect evidence from systematic reviews and DBRPC trials, Durham and Penagos published
results on a comparison of SCIT versus SLIT for allergic rhinitis and concluded both administration
routes leave the patient and the doctor in complete equality and personal preference32.
The number of clinical studies that directly compare sublingual versus subcutaneous application in
the same patient population and using similarly sourced allergen preparations is very limited. One
hallmark study was performed in which rhinitis patients were randomly assigned to either SCIT,
SLIT or placebo treatment groups and were treated with GP for 15-24 months29,36. Although both
SCIT and SLIT prevented seasonal induction of specific IgE, SCIT was observed to induce a more
rapid and robust change in sp-IgG4, inhibition of facilitated antigen presentation and basophil
activation test29. After 15 months, however, SLIT and SCIT resulted in similar levels of inhibition
of facilitated antigen presentation and symptom scores. After 24 months, both SCIT and SLIT
resulted in a temporal increase in IL-10 producing T cells, while the numbers of IL-5 producing T
cells were significantly more decreased in the SCIT-treated patients when compared to the SLIT
treated group36. In this study, SCIT involved the use of Alum as an adjuvant, in contrast to the
adjuvant-free SLIT, which might have potentiated the neutralizing immunoglobulin responses in
SCIT. Notwithstanding this limitation and the relatively small patient numbers, it is clear that SCIT
treatment induced immunological changes with faster kinetics and greater magnitude compared
to SLIT treatment. However, on typical clinical endpoints for large clinical studies such as symptom
scores and use of other medication, the two treatments performed equal upon successful finishing
the treatment regimen32.
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Experimental studies dissecting the mechanisms of AIT or attempting to enhance its efficacy have
often focused on a single route of application, precluding direct comparison of the efficacy of
sublingual versus subcutaneous administration of allergen extracts for induction of neutralizing
antibodies and suppression of allergic inflammation or lung function parameters. In Chapter 3, we
presented the first study directly comparing SCIT and SLIT treatments in a mouse model for allergic
airways disease using clinically relevant allergens. We performed a direct comparison of GP-SCIT
and GP-SLIT treatments in the experimental mouse model using a standardized protocol and on the
basis of immunological and translational outcome parameters (Chapter 3). We uniquely treat the
mice with either SCIT or SLIT after parenteral immunization with the allergen, which means in the
presence of an immunological memory population. Altogether, both administrative routes rendered
suppression of certain phenotypes of the experimental mouse model of GP-driven allergic asthma.
To allow qualitative evaluation of the relative efficacy of either administration route of GP-AIT on the
various parameters of the allergic asthma mouse model, we provide an overview of all parameters
and their dose-dependence (Figure 1). GP-SCIT treatment regimens using 3, 10 and 30kSQ GP, were
unable to reduce symptoms of allergic airway disease, but in fact resulted in a more inflammatory
profile, as outlined by strong GP-spIgE induction, low GP-spIgG-levels, increased swelling responses
and airway resistance, and enhanced/exaggerated eosinophil numbers in BALF and lung. Both SCIT
and SLIT using 100kSQ GP resulted in suppression of a subset of the parameters of allergic airway
inflammation only, and this dose was considered suboptimal in later experiments. At the highest
dose of 300kSQ, the immunoglobulin responses showed marked differences between SCIT and SLIT.
The total and specific IgE responses measured after GP challenges were in the same range in SCIT
and SLIT. The induction of IgE after GP challenges, however, was far more effectively suppressed by
GP-SLIT. The blocking immunoglobulins differ based on isotype: GP-spIgG1 is superior in the (faster)
SCIT protocol, while the IgG2a levels are higher after SLIT treatment. Consequently, the neutralizing
capacity by IgG1 was much better in SCIT than in SLIT, while the opposite is true for IgG2a (Figure
1). When comparing airway hyperresponsiveness to methacholine after GP challenges, GPSLIT achieved a stronger inhibition, while GP-SCIT merely achieved a trend towards suppression
compared to Sham-treated controls. Moreover, only SLIT treatment was able to increase lung
compliance. In contrast, marked suppression of eosinophilic inflammation in BALF and lung was
achieved in the SCIT protocol, while in SLIT these findings were less profound and only significant
in the lung cells. Interestingly, SCIT was able to suppress IL-13 production by lung cells, while SLIT
failed to do so, while both treatments resulted in reduced levels of IL-5 in lung tissue homogenates.
Apparently, suppression of Th2 cell activity was slightly more effective in GP-SCIT.
Although there are no experimental studies available that provide results on a similar comparison of
both treatment routes in a mouse model for allergic asthma, SCIT treatment with allergen extracts
of birch pollen (BP) or recombinant phospholipase A2 (PLA2) in mice was shown to induce strong
neutralizing antibody responses37. Interestingly, in the BP-SCIT mouse model, a higher number
of allergen injections (eight s.c. injections) was needed to achieve suppression of AHR than to
induce a neutralizing antibody response, which might be relevant for our GP-SCIT mouse model
as well. Experimental mouse models of Japanese cedar (JC)-SLIT treatment have rendered variable
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Figure 1. Overview of parameters of inflammation and tolerance induction after SCIT (upper half) and SLIT
(lower half) using increasing doses of GP to allow a qualitative comparison of both administrative routes
as well as allergen dose used per administration (kSQ). The doses in SCIT include 3, 10, 30, 100, 300kSQ
whereas the SLIT doses include only 30, 100, 300kSQ. Please note that SCIT is administered three times
whereas SLIT is given 40 times. Th2, T helper 2 lymphocytes; EO, Eosinophils; MC, Mast cells (representative
for the EST); AHR, Airway hyperresponsiveness (representative for the Resistance, ED3, and compliance
levels); spIgE, specific immunoglobulin E; spIgG1, specific immunoglobulin G1; Treg, T regulatory cells;
spIgG2a, specific Immunoglobulin G2a. Figure was created using BioRender.com.

9

results regarding the efficiency of suppressing the different parameters of allergic airway disease,
but generally show limited induction of neutralizing antibody responses, in line with our own
results38. Furthermore, in one experimental study using Dermatophagoides farinae (Der f ) extracts,
SLIT treatment had a more pronounced effect on AHR than on Th2-driven, eosinophilic airway
inflammation39. In mouse models of GP-SLIT, induction of a neutralizing antibody response by GP245
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SLIT treatment was also limited, although daily application of lower amounts of GP extract were able
to induce a modest spIgG1 and IgG2a response in comparison to less frequent application of higher
doses of GP extract9,40.
In contrast, in clinical studies SLIT treatment was reported to be able to induce a significant
antibody response. For instance, in a sub-study of the GRAZAX® asthma prevention study, a 3-year
course of GRAZAX® SLIT in children with allergic rhinitis revealed increased levels of specific IgA in
saliva accompanied by significantly increased serum spIgG4 measured after 3 years of treatment
as well as two year after cessation thereof41. The increased levels of spIgG4 are considered to be
immunomodulatory, as it competes with other Ig isotypes for binding allergen and does not
activate complement42. In our findings, GP-SLIT only significantly induced GP-spIgG1 levels directly
during and after SLIT, whereas GP challenges were unable to increase these blocking antibodies any
further. Of note, we were only able to detect serum IgGs directly after challenges (48hrs) and did not
measure the long-term immunoglobulin responses after SLIT or SCIT at later time point after these
or repeated allergen challenges. In the GRAZAX® asthma prevention study, a significant reduction
of the ratio of IL-5/IL-13 over IFN-γ was found to be indicative of lowered Th2 cell responses and
increased levels of Th1 chemokines, CXCL10 and CXCL11. In, our mouse model of GP-SLIT we only
observed modestly decreased levels of Th2 cytokines, and we were unable to detect any increase
of Th1 cytokines. The effect size of SCIT on suppression of Th2 cytokines and eosinophilic airway
inflammation was stronger than that of SLIT, indicating that a higher allergen dose in SLIT, or a
modified delivery method, might be warranted for full efficacy.
Overall, the results in other models for AIT seem to confirm our observations described in Chapter
3, with regard to the modulation of adaptive immune responses by SCIT, as evidenced by induction
of neutralizing antibody responses and suppression of Th2 driven eosinophilia, whilst SLIT has
more of an effect on lung function parameters, but not so much on specific antibodies or Th2 cells.
Moreover, the wide variety of allergen extracts used, the differences in treatment schemes and the
resulting variable outcomes of SCIT or SLIT treatment on the clinically relevant parameters of airway
inflammation and lung function underscore the added value of our approach in combining the
two application routes in a single mouse model using the identical allergen extract for efficient
comparison on immunological and translational parameters.
Use of adjuvants: successful preclinical validation of VitD3
Strategies to improve AIT regimens include alternative administration routes to achieve optimal
antigen presentation at low levels of applied allergens43,44, use of purified or recombinant allergens
and or peptides45,46, or addition of an adjuvant to enhance tolerance induction47. Use of adjuvantia in
AIT aims to increase allergen delivery to and uptake by antigen presenting dendritic cells (DCs), and
to enhance their tolerogenic capacity. One such candidate adjuvant for AIT, 1,25-dihydroxy-vitamin
D3 (VitD3), binds to its nuclear hormone VitD3 receptor (VDR), and provides immune regulatory
properties through induction of tolerogenic DCs 48. VitD3 prevents DC-maturation leading to downregulation of costimulatory molecules (CD40, CD80, CD86) and enhanced IL-10 production
246
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facilitating the generation of adaptive Treg cells50.
Vitamin D insufficiency is widespread, and is thought to contribute to asthma susceptibility51.
Childhood VitD deficiency is associated with increased risk for asthma, through increased
susceptibility for allergic sensitization52. In some cases, supplementation of VitD3 in clinical studies
has resulted in reduced risk for allergic disease or improved outcomes of treatment53. For instance,
VitD3 supplementation during pregnancy reduced the risk of recurrent wheeze and acute respiratory
tract infections in early life51,54. Moreover, VitD3 supplementation in asthma patients has been shown
to reduce the rate of asthma exacerbations requiring treatment with systemic corticosteroids55. The
mechanism of action of VitD3 is thought to include both steering of the immune system towards a
more tolerogenic response, as well as reinforcing the barrier and antiviral properties of the bronchial
epithelium51,56,57.
In allergic rhinitis patients, clinical efficacy of SCIT was evaluated based on their VitD3 status
throughout treatment, and when VitD serum levels were sufficient effects were more pronounced58.
However, conflicting data have been obtained in clinical studies on a role for VitD3 in allergen-based
SCIT and SLIT treatment protocols59,60. These recent studies report that VitD3 supplementation
had limited positive effects on HDM-SCIT treatment, with asthma symptom score as the only
improvement compared to control HDM-SCIT treatment59. In contrast, VitD3 supplementation of
GP-SLIT was reported to suppress nasal and asthmatic symptoms in comparison to the control GPSLIT treated group60. The discrepancy between these studies might be due to differences in allergen
used (HDM versus GP), duration of treatment (12 versus 5 months) or the route of application of the
allergen.
Based on the tolerogenic properties of VitD3, we previously showed that injection of VitD3 enhanced
the therapeutic effects of SCIT in the OVA-driven mouse model for allergic airway inflammation61. To
resolve whether VitD3 supplementation has the potential to enhance efficacy of both SCIT and SLIT,
we aimed to perform a side-by-side comparison of VitD3 supplementation in SCIT versus SLIT using
the same allergen extract in a mouse model of GP-driven allergic airway inflammation in Chapter
4. We found that the use of VitD3 supplementation augments induction of neutralizing antibody
responses, and leads to enhanced suppression of eosinophilic inflammation and production of IL-10
in lung tissue in both SCIT and SLIT treatments, while an additional effect on AHR was observed in
SLIT treatment only (Figure 2).
To our knowledge, Chapter 4 describes the first study comparing the adjuvant effects of VitD3
supplementation in GP-SCIT and GP-SLIT treatments in an experimental model for allergic airway
disease. Strikingly, and in contrast to our previous results using unsupplemented AIT62, we report
a prominent Treg cytokine profile in lung tissue after VitD3 supplemented GP-SCIT or GP-SLIT, as
demonstrated by the increased levels of IL-10 and in SLIT also of TGF-β1 (Figure 2). These results
are in line with the previously reported biological effects of VitD3 on DCs, which was shown to
result in enhanced generation of adaptive Treg cells and increased IL-10 and TGF-β1 production63,64.
Subsequently, in Chapter 5, we aimed to find the optimal VitD3 dose in our GP-SCIT model and
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Figure 2. Overview of parameters of inflammation and tolerance induction after SCIT (upper half) and
SLIT (lower half) using GP to allow a qualitative comparison of both administrative routes as well as
VitD3 adjuvanted GP-SCIT and GP-SLIT (on the right half). Th2, T helper 2 lymphocytes; EO, Eosinophils;
MC, Mast cells; AHR, Airway hyperresponsiveness; spIgE, specific immunoglobulin E; spIgG1, specific
immunoglobulin G1; Treg, T regulatory cells; spIgG2a, specific Immunoglobulin G2a. Figure was
created using BioRender.com.

report a clear dose-dependent effect of VitD3 in GP-SCIT with remarkable effects of high-dose
VitD3 when compared to the unsupplemented GP-SCIT group. The difference in the dose of VitD3
between the OVA and GP models (10ng vs. 300ng VitD3 per injection) most likely stems from the use
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of a purified protein (OVA), which upon repeated administrations by inhalation even has tolerogenic
properties65 versus a GP extract, which contains multiple allergens and is immune-stimulatory. We
feel that the latter model is a better translational model for the clinical practice where treatment
depends on the use of allergen extracts or modifications thereof62. Our results strongly suggest that
AIT efficacy can be improved by monitoring and supplementing VitD3 levels, or by combining VitD3
in the allergen formulation for AIT.
Experimental mouse models of allergic airway disease have been used to study the effect of VitD3
levels on parameters of the disease 57. Perinatal VitD deficiency in mice has immunomodulatory
effects, such as increased Th2 skewing and reduced IL-10+ Tregs, which was exaggerated upon
challenges66. More importantly, when VitD-depleted neonates were placed on a diet containing
high dose VitD, recovering their VitD status during weaning, their disease severity was less profound,
as detected by lower AHR and eosinophilia, as well as reduced IgE levels. In line herewith, our
results indicated that only three injection containing a high dose VitD3 were sufficient to enhance
suppression of airway eosinophilia after challenges by GP AIT treatment (Chapter 5). Moreover,
Heine et al. showed that VitD deficiency in mice promotes sensitization, and co-administration
of 25(OH)D in OVA-SCIT resulted in lower airway inflammation, Th2 cytokines, and AHR after
challenges67. Moreover, VitD supplemented Der p2-allergoid SCIT resulted in reduced Th2 cytokines
and eosinophilia and increased Treg numbers68.
Interestingly, in addition to suppression of Th2 inflammation by VitD3 supplementation of GPSCIT, we also observed suppression of a number of innate cytokines and chemokines in lung. With
the subcutaneous VitD3 injections, we aimed for modification of the local APCs during GP-SCIT,
leading to Treg induction and Th2 effector cell suppression. The suppression of the innate responses
in the lung-resident cells might indicate a strongly augmented Treg activity, or systemic effects of
the locally applied VitD351. These data support further clinical studies on VitD3 supplementation in
allergen-specific immunotherapy treatment for patients with allergic airway diseases.
Other successful formulations and adjuvants
In addition to the use of adjuvants such as VitD3, the formulation of the allergen extract used in SCIT
or SLIT also offers opportunities to improve the delivery of the allergens in a tolerogenic fashion.
An example includes the use of virus-like particles (VLPs), nanoparticles of about 20-200 nm in size
that are biodegradable, and can be engineered or produced to carry allergens on their surface. The
use of VLPs to improve treatment efficacy has been demonstrated in many studies, as reviewed by
Anzaghe et al.69. In another approach, few studies reported on the beneficial use of liposomes in
new AIT formulations70. Lipid bilayers encapsulating allergens form liposomes, like nanoparticles,
and act as delivery vehicle, as a depot or even function as an adjuvant. One RDBPC trial in patients
with allergic asthma revealed that liposome-encapsulated HDM-extract resulted in blocking IgG
responses and reduced eosinophil numbers, but no safety data were reported in this study71. In
line herewith, a murine model of HDM allergy was used to test intranasal application of liposomeadhered major allergens (Dermatophagoides pteronyssinus, Der p) Der p1 and Der p2, and found to
be equally effective in lowering Th2 responses while being superior in increasing Treg cytokines, like
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IL-10 and TGF-β, when compared to the crude extract alone72. Due to the lipophilic nature of VitD3,
simultaneous administration of the poorly water-soluble VitD3 and a freeze-dried highly watersoluble GP-extract in an AIT mixture is not optimal. Notwithstanding, simultaneous delivery of VitD3
and the allergen extract in a single injection is desirable in order to tolerize the DCs presenting
the allergens, without otherwise influencing the host immune response. The use of liposomes to
deliver both the hydrophilic allergen extract and the lipophilic VitD3 might enhance therapeutic
efficacy. SAINT-18 (1-methyl-4-(cis-9-dioleyl)methyl-pyridinium-chlorid, SAINT) is a synthetic biocompatible lipid which can form liposomal structures, and might be able to act as a carrier for VitD3
while encapsulating the GP extract73. In Chapter 5, we tested whether use of the synthetic lipid
SAINT to establish a more stable mixture of GP-SCIT extracts and VitD3 could enhance suppression
of parameters of allergic inflammation in our mouse model of GP-SCIT. Addition of SAINT, however,
did not further enhance the VitD3-dependent suppression of allergic manifestations, even at
suboptimal GP-dosages.
Similar to previous findings using carrier formulations like chitosan and Poly-lactic-co-glycolic acid
(PLGA)-nano particles, SAINT-18 is thought to capture allergens, and might induce an enhanced
allergen uptake and presentation. Endmann et al. showed the successful capture of SAINT-18 with
MIDGE-Th1 DNA vectors, resulting in stable, well-tolerated formulations with high immune responses
in vivo induced by the formulated lipoplexes73. Although through a different formulation strategy
and working mechanism, Liu et al. reported beneficial effects of using chitosan as a chitosan-Der
f nano-vaccine in a mouse model of intranasal AIT74. Moreover, Saint-Lu et al. showed in a murine
model that chitosan formulations had mucoadhesive properties, induced enhanced uptake of OVA
when applied sublingually and enhanced tolerance induction via lowered AHR, eosinophils, as well
as specific Th2 responses75. More recently, PLGA-nano particles, were used to enhance efficacy of
SLIT in a murine model of allergic rhinitis 76. These PLGA-nano particles are biodegradable polymeric
nanoparticles, excellent delivery vehicles and considered nontoxic, completely biocompatible, and
improve macromolecule penetration across the mucosal layer. In the SLIT model, PLGA-formulated
rChe a3 (recombinant chenopodium album Protein/ polcalcin) SLIT reduced Th2 inflammation,
eosinophilia and increased numbers of Tregs when compared to control treated mice76.
The crucial determinant in the treatment efficacy might be the particle size of the new formulations.
The smaller the particles the better the antigen uptake and presentation, classic liposomal
formulations generally range between 50-250nm in size, and are unstable below 50nm due to
the high curvature this requires for the lipids77,78. Moreover, smaller sized particles could possess
adjuvant activity towards activation and maturation of DCs in a inducer of humoral and cellular
immunity79. Our SAINT/GP formulations were prepared freshly every time, resulting in a stable
formulation with acceptable particle sizes. In pilot stability experiments however, we did find that
the higher the dose of VitD3 used in the mixtures, the more emulsified the mixture became and
particle sizes would decrease to 78-80nm, possibly leading to more efficient phagocytosis by the
APCs. However, while we show that high dose VitD3 improves GP-SCIT, this effect was not enhanced
by use of SAINT-18 as a carrier.
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Overall, the use of liposomal carriers as a strategy to improve formulation for SCIT and SLIT has
demonstrated positive immune-modulating results and does hold the potential to improve the
efficacy of AIT. However, the use of SAINT, as such, was unsuccessful in this model and improved
techniques and formulations are required to gain more knowledge on the stability and mechanism
of immunomodulatory properties of these liposomal formulations.
From crude extracts to short peptides
Traditionally, allergologists around the world are familiar with treatment regimens based on
application of crude allergen extracts, which are easy to produce and prepare. Crude extracts
contain multiple major allergens from a specific source and are easy to combine when patients are
poly-sensitized. However, the safety of this treatment has always been a concern and standardizing
natural allergen extracts remains a major challenge. Use of crude allergen extracts has several
disadvantages: production of the crude extracts has high batch-to-batch variation; extracts
may contain contaminations from other sources; and crude extracts always contain a mixture of
allergenic and non-allergenic substances. In SCIT, the majority of the adverse events are the result of
IgE-dependent basophil and mast cell activation upon injection or administration of crude allergen
extracts80, that retain their allergenicity.
Numerous attempts have been made to reduce the allergenicity of AIT while retaining the potential
to suppress Th2 activity and restore tolerance to the allergen (Figure 3). As an alternative to crude
extracts, the use of purified proteins might be less immunogenic, since full extracts contain
impurities and a number of non-protein constituents, which might activate antigen presenting cells
through pattern recognition receptors. Consequently, use of purified proteins might increase the
treatment efficacy (Figure 3). Preclinical mouse studies already established that proteins purified
from crude extract HDM can be used in AIT 45. Native proteins retain their 3D conformation and
therefore can crosslink IgE and induce side-effects upon injection, especially in highly purified form.
However, synthetic peptides that represent the dominant T-cell epitopes of a major allergen but lack
the tertiary structure required to bind to and crosslink IgE, may have a better safety profile than the
native protein (Figure 3)81.

9

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

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

9
the use of glycated products; or via improved treatment formulation by using carriers, like liposomal
formulated depots, that encapsulate allergens, whether or not supplemented with an adjuvants
(Figure 4).
Before starting AIT, allergen avoidance is the most commonly used preventive approach that may
help to prevent progression from rhinitis to asthma and multi-sensitization in mono-sensitized
patients, and that can improve asthma control in patients with allergic asthma, including sending
children to holiday homes and admission to a hospital. Although this strategy will allow relief
of symptoms temporarily, studies showed that complete avoidance of allergenic triggers was
impractical and unsuccessful in maintaining asthma control 99. Besides, the main pollination period
for the different tree and grass species spans over 6 months, from spring to autumn in Europe,
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making allergen avoidance not a realistic approach to prevent progression to asthma or to multisensitization. An improved AIT treatment should therefore offer a realistic alternative to the ‘allergen
avoidance strategy’.
An improved AIT would be safe and efficacious. While technological advanced such as use of
adjuvantia, formulations and targeted delivery can improve the efficacy of AIT, another approach to
optimization of AIT treatment is patient selection and development of a precision AIT, with multiple
possible treatment regimens that depend on the individual patient profile. Treatment of monosensitized patients suffering from upper airway symptoms versus multi-sensitized patients and/or
those that have involvement of the lower airways likely requires different AIT treatment protocols
(Figure 4). One approach would be to combine component-resolved diagnostics with a ‘toolbox’
of AIT peptides with decreased allergenicity and improved immunogenicity. In addition, other
biomarkers than allergen-specific IgE are urgently needed that predict treatment response to AIT,
further allowing an improved patient selection for AIT treatment.
Other approaches to develop novel, safe therapeutic allergy vaccines for use in AIT for HDM, GP, or
any other allergen include the generation of recombinant hypoallergenic combination vaccines,
which were shown to have limited IgE reactivity, whilst retaining its T cell epitopes and the ability to
induce neutralizing antibody response in experimental models that could block IgE94,100. The use of
these hypoallergenic recombinant vaccines holds the promise of inducing fewer side effects during
therapy. For example, Der p1 peptides have also been delivered on virus-like particles, inducing IgG
responses within 4 weeks after a single injection in healthy subjects101. These approaches involve the
use of recombinant hypoallergenic proteins or peptides, while the use of purified natural proteins,
with high purity and pharmacologically well defined, retains the capacity to crosslink IgE. Although
hypoallergenic proteins are considered to have a better safety profile during treatment, is currently
unknown whether hypoallergenic vaccines have a comparable therapeutic efficacy compared to
IgE-activating allergens. Initial studies show that hypoallergenic proteins can induce neutralizing
antibodies that inhibit allergen-mediated crosslinking of IgE94,102. IgE crosslinking vaccines might
have some additional therapeutic efficacy due to so-called piecemeal degranulation of mast cells
and basophils, which is thought to contribute to the immediate desensitization and protection
against allergic responses especially during the early phase of treatment due to inactivation or
exhaustion of these effector cells102. Further research will need to establish whether purified natural
allergens, that can be produced in relatively high quantities under strictly controlled conditions at
relatively low costs and address both effector cell responses, B and T cell activity, or recombinant
hypoallergenic or peptide vaccines that require far higher productions costs and mainly address the
T cell response, will be the most optimal treatment for AIT.
Prioritize on preventive strategies
The global increased prevalence of allergic airway diseases is, at least in part, explained by
changes in our environment and lifestyle. Environmental changes that contribute to the increasing
prevalence of allergic airway diseases may include greater international travel (air pollution) and
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climate change103. Moreover in the last years, new adaptations to the hygiene hypothesis have placed
emphasis on the potential depletion or reduction of our microbiome diversity (lung, gut and skin),
which causes susceptibility to chronic inflammatory disease104. Such effects are thought to be
enhanced by our ‘Western’ way of living, characterized by a decline in physical exercise, increased
numbers of caesarian sections, increased use of antibiotics and structural changes in diet. Restoring
the natural balance within our environment and actively combating climate change might, at least
in part, actively curtail the allergic epidemic to aerosolized allergens. In line herewith, lifestyle
changes could be tailored much more towards a more natural microbial exposure, including preand probiotic dietary supplements, like Vitamin D, antioxidants, folate as well as polyunsaturated
fatty acids105.
Especially in pediatrics, early onset allergic reactions, to for example cow milk and foods, can be
the start of a natural progression of sensitizations and an important indicator for allergic disease
progression in later life stages106–110. Identification of this susceptible group at an early stage of
the so-called atopic march, might be an interesting strategy to select the right patient population
suitable for prophylactic allergen vaccinations.
Despite all the optimization strategies currently in place for AIT treatment regimens, prevention
of sensitization as well as progression of the disease remains the best strategy in the long term to reduce the ever increasing burden of the allergy epidemic. In theory, if prevention strategies worked,
the remaining group with a specific sensitization pattern would be the ideal starting point for the
development of well-designed, prospective, longitudinal studies with the ultimate goal of precision
medicine for every unique patient.
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