Archivum Immunologiae et Therapiae Experimentalis (2018) 66:431-442
https://doi.org/10.1007/s00005-018-0526-6

REVIEW

@ CrossMark

Precision/Personalized Medicine in Allergic Diseases and Asthma
Umut Can Kucuksezer'® . Cevdet Ozdemir? - Mubeccel Akdis®* - Cezmi A. Akdis>*

Received: 24 September 2017 / Accepted: 16 September 2018 / Published online: 24 September 2018
© L. Hirszfeld Institute of Immunology and Experimental Therapy, Wroclaw, Poland 2018

Abstract

Like many other chronic diseases, every allergic patient has different characteristics based on clinical course, treatment
responsiveness and disease outcomes, which are associated with the genetic and epigenetic control of molecular mechanisms
and environment. This variability necessitates the establishment of patient-tailored and precision approaches in handling
allergic disorders. Better understanding of the underlying pathophysiological mechanisms for the development of allergic
disorders will provide more rationale strategies based on individual cases in controlling and treating these disorders. Endotyp-
ing, phenotyping, genotyping and theratyping, and biomarkers are keywords in this area and have been gaining lots of atten-
tion in the field of precision medicine, which aims to revolutionize patient care and develop better prevention and treatment
strategies. In addition, precision health is a new concept that brings precise approaches to the scene for being healthy and
prevention of allergic disease and asthma. The specialty of allergy has a leading role in the field, because allergen-specific
immunotherapy started 105 years ago, and is historically a leading personalized/precision medicine approach in all medicine
disciplines providing the possibility of cure in an individualized manner instead of conventional symptomatic treatments.
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(Ig) E type antibody-dependent manner under the influence
of microenvironment is termed as atopy (Larche et al. 2006;
Platts-Mills et al. 2016). Allergens including certain aero and
food allergens and insect venoms have capacity to induce
clinical symptoms in sensitized atopic individuals. When
these allergens are presented in skin or mucosal surfaces of
genetically susceptible individuals, they are internalized by
antigen-presenting cells, mainly by dendritic cells (DCs),
which are professional antigen-presenting cells specialized
for presentation of antigens to immune cells, mainly to CD4*
T-cells (Muehling et al. 2017). DCs are activated following
allergen encounter and start migrating to lymph nodes, where
the presentation of the T-cell epitope peptides of already pro-
cessed allergens to naive T-cells, together with co-stimulatory
signals takes place. As a consequence, activated T-cells start
to differentiate into T helper (Th)2 type cells in atopic peo-
ple, which consequently start to produce Th2-type cytokines
like interleukin (IL)-4, IL-5, IL-9 and IL-13, the cytokines
contributing to atopic diseases (Akdis et al. 2016). IL-4, as
well as IL-13 are known to trigger class switching of B-cells
to produce IgE, which have capacity to bind to high-affinity
IgE receptors (Fce) located on mast cells, basophils, as well as
eosinophils, the effector cells of allergic inflammation. These
cells are termed to be “sensitized to that individual allergen”
when allergen-specific IgE is bound to Fce receptors of these
effector cells (Lawrence et al. 2017; Oettgen 2016; Platts-Mills
et al. 2016).

When a sensitized individual is exposed to this particu-
lar allergen, sensitized effector cells, such as mast cells and
basophils immediately discharge their pre-formed mediators
positioned in their granules. In addition, the production of new
biogenic mediators like histamine, proteases, lipid-derived
mediators like leukotrienes and also cytokines are initiated,
all of which are known to be responsible from symptoms and
signs of allergic type 1 hypersensitivity reactions (Platts-Mills
et al. 2016). Of Th2 cytokines, IL-5 has imperative roles on
recruitment, activation and survival of eosinophils, together
with B-cell growth. IL-13 was shown to contribute to epi-
thelial cell maturation and production of mucus, contraction
of smooth muscle of airways and generation of extracellular
matrix proteins (Wills-Karp et al. 1998). The cytokines pro-
duced by effector cells of allergy have roles to play on increase
of vascular permeability, fibrosis, angiogenesis and promote
infiltration of basophils, eosinophils, macrophages, neutrophils
and T-cells, all are known to contribute to augmentation of
late phase responses, which are attributed to be reasons for
persistent, chronic signs and symptoms of allergy (Akdis et al.
2004) (Fig. 1).
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Recent Advances in Inmunology of Allergic
Diseases

It is of great importance to understand the most recent pro-
gresses in field of allergic inflammation and immunology to
develop novel ways of precision medicine in the field.

Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are recently defined as lympho-
cyte subsets, which are known to lack T- and B-cell antigen
receptors and lymphoid and myeloid lineage markers. These
cells were claimed to control mucosal environment both by
production of cytokines and chemokines, and by close com-
munication with epithelial and other tissue cells (Doherty
et al. 2015; Nagakumar et al. 2016; Nagarkar et al. 2015).
Three subsets of ILCs, with similarity to Th-cell subsets
are defined; ILC1 is known to produce interferon vy, ILC2
is capable of producing IL-5 and IL-13, while ILC3s pro-
duces IL-17 and IL-22 (Annunziato et al. 2015; Doherty
et al. 2015; Mjosberg and Spits 2016). ILC2 were claimed to
contribute to development of allergic diseases, by their simi-
lar cytokine production patterns to Th2 cells (Salimi et al.
2013). They receive IL-25 and IL-33 signals from epithe-
lial cells and get activated (Jackson et al. 2014; Mjosberg
and Spits 2016; Morita et al. 2015; Ozyigit et al. 2015). A
study reported increased counts of ILC3 together with ILC2
in grass pollen allergic patients, during the pollen season
(Lombardi et al. 2016). Although there are studies report-
ing changes of proportions of ILC subsets in response to
allergen-specific immunotherapy (AIT), intensive studies are
required for revealing contribution of ILC subsets either in
allergy pathogenesis and its regulation.

Regulatory T-Cells

Immunological tolerance is critical for dampening inflam-
matory reactions both to infections and to innocuous envi-
ronmental antigens, which are important for prevention of
chronic inflammation as well as tissue damage (van de Veen
et al. 2016). Intensive research in last 20 years has contrib-
uted to understanding cellular and molecular mechanisms
of immune tolerance to allergens, in humans. Substantia-
tion of T-cell tolerance facilitated by IL-10 was an impor-
tant milestone in this area. Generation of allergen-specific
T- and B-cell subsets, secretion of immune-suppressive
factors, IgG4 production and functional down-regulation
of mast cells, basophils and also eosinophils are essen-
tial constituents of the immune tolerance network (Akdis
and Akdis 2014a) (Fig. 2). Different subsets of regulatory
cells exist, including T regulatory (Treg) cell subsets, B
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Fig. 1 Basic mechanisms of
allergic inflammation. When
environmental allergens are
encountered by dendritic cells
(DCs), they are uptaken, pro-
cessed to peptides and are pre-
sented to naive CD4" T-cells.
With the presence of IL-4 in
the milieu, induction of Th2
cells and production of Th2-
type cytokines, namely IL-3,
IL-4,IL-5, IL-9 and IL-13 are
initiated. B-cells class switch
and begin to produce IgE-type by
antibodies against allergens, ﬁ' T ]
which in turn binds to specific !\O\“ O O
Fce receptors on mast cells,
basophils as well as eosino-
phils; namely the effector cells
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regulatory (Breg) cells, natural killer (NK) cells and ILCs.
Different T-cell subsets having suppressive capacity form
Treg cells, which limit development of allergic inflamma-
tion by various ways of action, including production of
suppressive cytokines and inhibition by surface molecules.
Mechanisms of Treg cell generation and the identification of
novel immune organs, where Treg generation in vivo occurs,
like tonsils, are recently being elucidated (Palomares et al.
2014). The studies investigating healthy immune response
to allergen exposure in cat owners, as well as in beekeepers
revealed induction of IL-10-producing type 1 Treg cells,
which were claimed to have important contributions to out-
comes of AIT (Akdis and Akdis 2015, 2014b).

Breg cells are gaining importance nowadays, though
being previously under focus in 1970s, as a consequence
of allergen sensitization studies (Katz et al. 1974; Neta and
Salvin 1974). Recent studies revealed that IL-10, IL-35, as
well as transforming growth factor f contribute to immune
suppression by Breg cells, together with production of IgG4

by them, which have non-inflammatory functions with the
aspect of atopic diseases. Several sub-types of Breg cells
have been discovered and in vivo existence of these cells
are proven by increased expression during AIT, as well
as in high-dose allergen exposed beekeepers. These find-
ings underline possible roles of Breg cells in mediation
of allergen-specific tolerance (van de Veen et al. 2016).
According to a recent study, when IL-10-transfected human
B-cells overexpress IL-10, they were revealed to acquire
an immune-regulatory profile, with increased suppressor
molecules such as programmed death ligand 1 and CD25,
IL-1 receptor antagonist and vascular endothelial growth
factor, and with diminished production of proinflammatory
cytokines, tumor necrosis factor a, macrophage inflamma-
tory protein la and IL-8, together with diminished produc-
tion of IgE. These cells were claimed to suppress production
of proinflammatory cytokines from peripheral blood mono-
nuclear cells, DC maturation and antigen-specific lympho-
cyte proliferation in vitro (Stanic et al. 2015). Recently, a
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Fig.2 Immune-regulatory mechanisms by T-cells in allergy. A spe-
cific T-cell subset with suppressive capabilities is termed as regula-
tory T (Treg) cells, which can be induced as a consequence of both
allergen-specific immunotherapy (AIT) and natural exposure to aller-
gens in a high-dose manner. These cells’ suppressive ability is the
result of possession of direct inhibitory surface molecules contact or
production of inhibitory cytokines like IL-10 and TGF-p. Treg cells
suppress Th2 cells, induce class switch of B-cells from allergic IgE
isotype to non-inflammatory IgG4 isotype, desensitize effector cells

link between CD40L-expressing ILC3 and IL-10* Breg cell
induction has been demonstrated in human tonsils (Komlosi
et al. 2017). Briefly, both Treg and Breg cells are claimed
to have roles together in suppression of IgE production and
class switch to allergen-specific IgG4, mediated by IL-10.
NK and NKT cells expressing high levels of IL-10 as well
as DCs were also claimed to contribute to healthy immune
response to allergens (Palomares et al. 2014).

Dendritic Cells
Dendritic cells are important sentinels of immunity, bridg-

ing innate and adaptive immune responses, and have indis-
pensable roles both in induction and regulation of T-cell
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of allergy and suppress both mucus production and also homing of
Th2 cells and eosinophils to tissues. Precision medicine has impor-
tant offerings to allergy regulation, by enhancing efficacy of immu-
notherapy or by binding to important molecules of allergic inflam-
mation like IgE and IL-5. In figure, red arrows represent pathways of
allergic inflammation, dashed blue arrows indicate inhibitory effects
of AIT, while cloud-type boxes represent targets of precision medi-
cine on regulation of allergic inflammation

immunity, a key step in initiation and regulation of aller-
gic diseases (Kucuksezer et al. 2013b). Immature DCs are
shown to polarize into DC1, DC2, DC17 and DCreg cells,
which in turn are revealed to initiate T-cell differentiation
into Thl, Th2, Th17 and Treg, respectively. These DC
subsets are shown to express some subset-specific mark-
ers, which may have importance in discrimination between
allergic or tolerogenic effects (Gueguen et al. 2016). Tar-
geting specific DC subsets to induce allergen tolerance
has been one of the aims for novel vaccine development
for AIT (Sirvent et al. 2016). Taken together, intensive
investigations and their contributions to the field have
been focused on the development of new therapy strategies
dependent on these cell subsets as well as their products.
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Personalized Medicine in Allergy
and Asthma

A Need for a New Nomenclature

Allergic disorders have an important socioeconomic
impact, due to their chronic nature, inadequate diagno-
sis and incompetent treatment (Ferrando et al. 2017).
Although, there is one disease; allergy, patients present
with different stories, different underlying molecular
mechanisms with accompanying disease outcomes, all of
which are the influences of genetic background and epi-
genetic control of molecular mechanisms by the rapidly
changing environment. In this rapidly developing area,
there is an important need for the specialty to develop
new nomenclature to better identify clinical conditions
related to personalized medicine. Endotype, phenotype,
theratype and biomarker terms delineate major keywords
in precision/personalized medicine (Agache et al. 2012;
Akdis et al. 2013; Akdis and Ballas 2016). An endotype is
a disease form defined by a distinct pathology related to a
molecular mechanism. A disease phenotype is an evident
characteristic of a disease with no focus on the underlying
mechanism. A theratype defines clinical responders to a
specific therapy. A biomarker is used for examination of
any pathogenic or biological process, which may be used
for main biological aspects of a diagnosis, patient selec-
tion, response to therapy side effects, etc. (Agache et al.
2015; Bachert and Akdis 2016; Berry and Busse 2016;
Muraro et al. 2016; Werfel et al. 2016). In the field of
clinical usage of biologics for custom-tailored therapies,
the knowledge should be deepened with further investiga-
tions on biomarkers specific for newly developed biologics
(Bleecker et al. 2016; Ferrando et al. 2017) (Table 1).

Type 2 Immunity Represents a Complex Endotype
in a Majority of Allergic Patients

Type 2 immune response comprises Th2 cells, type 2
B-cells, group 2 ILCs, IL-4 secreting NK as well as NKT
cells, eosinophils, basophils and mast cells and their key
cytokines (Agache and Akdis 2016; Agache et al. 2015).
IL-4, IL-5, IL-9, and IL-13 are produced mainly by the
cells of the immune system, while IL-25, IL-31, IL-33
and thymic stromal lymphopoietin are mainly secreted
from tissue cells, particularly epithelial cells and all form
a complex network (Akdis et al. 2016). Several endotypes
and theratypes may be present within the complex type 2
endotype, as IL-5-high, IL-13-high or IgE-high endotypes,
and their predominance diverges between atopic disorders.
Although in general, type 2 complex endotype is known to

be a well-responder to inhaled corticosteroids, anti-IL-5,
anti-IL-4, anti-IL-13 and anti-IgE responsive theratypes
are present, all of which remain to be further elucidated.

Development of Biomarkers

Biomarkers in allergic diseases and asthma are gaining
importance, day by day. As there is still no single biomarker
sufficient enough to be used as a gold standard, it is neces-
sary to use a combination of biomarkers for improvement of
disease management. Novel biomarkers have to be identi-
fied from studies investigating cells and immune networks
underlying allergic inflammation, and they should demon-
strate theratypes by discriminating therapy responders from
non-responders. This is particularly necessary for expensive
therapies such as biologics and AIT that continues for sev-
eral years and the discovery of biomarkers would be excep-
tionally valuable in many aspects such as:

identifying patients, who will benefit from the treatment,
monitoring during and after the treatment,

adapting immunization schemes and dosing,
inaugurating biological mechanisms of action of effica-
cious immunotherapy,

supporting the authorization process for a treatment or a
drug,

prediction of side effects,

prediction of long-lasting protection,

improve acceptance of a specific therapy,

improve patient compliance.

Several biomarkers have been projected for monitori-
zation of allergic inflammation (e.g., eosinophil numbers
or levels of eosinophilic cationic protein in sputum, nasal
fluid tryptase levels) (Konig et al. 2015). Periostin is a
protein of the extracellular matrix, which is known to be
upregulated in response to IL-4 or IL-13, and serum levels
of periostin relate to type-2 inflammation and also lung
function in asthma. Serum periostin levels were found
elevated in children with asthma (Inoue et al. 2016). It has
recently been reported that periostin in serum could also
serve as a biomarker for both eosinophilic airway inflam-
mation and also for fixed airflow limitation in well-con-
trolled asthmatics (Takahashi et al. 2018). Serum periostin
was found to be positively related with increased nitric
oxide, and total IgE, whereas an inverse relationship with
lung function was observed in patients with asthma (James
et al. 2017). Another non-invasive and indirect biologi-
cal quantification way of airway hyper reactivity is nitric
oxide content in exhaled air (Anderson and Szefler 2015).
All these mentioned markers relate to inflammatory symp-
toms linked with late immune effector mechanisms, and
as such are likely to be relevant to follow up the impact of
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symptomatic treatments such as corticosteroids or anti-
histamines. However, AIT is a therapy option aiming to
correct the immune imbalance present in allergic patients
(from a Th2 to Thl or Treg cell response) in an allergen-
specific fashion (Chung 2015). Therefore, a biomarker for
AIT will reasonably likely to be involved in the altera-
tion of an immune parameter reflecting the early origin of
inflammation.

Several approaches for the discovery of novel biomark-
ers are being taken such as short, single-stranded RNA
molecules, named as microRNAs (miRNAs) were discov-
ered in last decades. MiRNAs are claimed to silence genes
by inhibition of translation or degradation of target miR-
NAs, by functioning together with proteins and targeting
hundreds of genes. MiRNAs can be present extracellularly
in body fluids and were claimed to be involved in cell to
cell communication (Rebane and Akdis 2013). A recent
study investigating contribution of miRNAs to allergic
inflammation reported suppression of chronic skin inflam-
mation in atopic dermatitis by miRNA-146a, by inhibition
of a number of inflammatory factors by a nuclear factor
kappa B-dependent manner (Rebane et al. 2014). MiRNAs
may have the capacity for being used both as a biomarker
and as novel treatment modalities in allergic diseases.

Limitations on the Way to Define Biomarkers

The extremely low rate of allergen-specific T- and
B-cells that are responsible for allergen-specific immune
responses is the major limiting factor for the biomarker
discovery. They represent less than 0.01% in many cases
and it is practically very difficult to demonstrate them.
MHC class-II tetramer staining for T-cells and allergen-
labeled B-cells can be used to purify these cells; however,
these are sophisticated techniques that can only be per-
formed in highly equipped and skilled laboratories. The
other important limitations are listed below (Boonpiyathad
et al. 2017; Zaleska et al. 2014):

e Very low frequency of T-cells specific for a certain aller-
gen,

e Very low frequency of allergen-specific B-cells,

¢ Difficulties in feasibility, material transport, time, costs,

¢ Difficulties in handling expertise of cellular assays with
T-cells, B-cells, basophils,

e Low number of samples and individuals so far tested,

e No changes in specific IgE due to long living established
IgE memory in bone marrow,

e Success in individual patients does not always depend on
immunological parameters (i.e., mastocytosis, multiple
allergies, combined nonallergic inflammation),

e No human method to analyze mast cells.

Characteristics of a Good Biomarker

e Easy determination including point-of-care,

e Should be detected in easily accessible whole blood,
serum, body fluids,

e Should not include difficult to perform cellular assays,

e Should respond to all questions above related to better
patient care,

e No requirement for cell cultures,

e Should be cost efficient.

Theratype, a Decisive Patient Classification
in Personalized/Precision Medicine

As multiple mechanisms together with various triggers
underlie the pathogenesis of atopic disorders such as allergy,
asthma, atopic dermatitis and chronic rhinosinusitis, a single
and general therapy option seems not to be applicable for the
entire patient population (Bachert and Akdis 2016; Muraro
et al. 2016). Identification of a specific therapy response,
namely theratyping is greatly important, which has poten-
tial for establishment of better disease prevention and bet-
ter patient care as well. In this context, precision medicine
approaches with novel biologics are emerging (Durham and
Penagos 2016; Werfel et al. 2016). With increased contribu-
tion of precise medicine in allergy, one may expect to bet-
ter define treatment responders, design disease-modifying
strategies and reduce risks associated with therapies (Akdis
and Ballas 2016; Galli 2016) (Table 1).

Safety and efficacy of targeted therapy are the main issues
in considering the prescription of these drugs. As targeted
therapy is more expensive than today’s conventional inter-
ventions, decision of their prescription in selected patient
groups should be given based on needs, past treatment his-
tory, response to conventional treatments and characteristics
of the patient. Considering the length of the treatment, cal-
culation of total treatment costs is mandatory.

IgE was targeted by the initially developed biologic drug
in the field of allergy, omalizumab, a humanized IgG1 mon-
oclonal antibody which has the capability to bind to circulat-
ing IgE, and consequently blocks IgE binding to its receptors
present on mast cells and basophils (Fig. 2). This blockade is
claimed to end up with decreased degranulation of mast cells
and basophils and decreased release of mediators of allergic
inflammation (Baird et al. 1989). This biologic is revealed
to be efficient and safe in controlling allergen-dependent
airway inflammation and also has significant capacity to
reduce exacerbation numbers while providing significant
benefits in allergic asthmatic children (Busse et al. 2011;
Ferrando et al. 2017; Sorkness et al. 2013). Omalizumab
is still the first drug to target a specific sub-group of asth-
matic patients and is claimed to have possible contributions
to other IgE-related diseases like allergic rhinitis, chronic
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urticaria, atopic dermatitis and food allergies (Ferrando et al.
2017) (Table 2). Omalizumab is recommended as an add-
on therapy option for patients aged > 6 years with moderate
to severe allergic asthma which is uncontrolled on Step 4
treatment of the report of Global Strategy for Asthma Man-
agement and Prevention 2018 update of Global Initiative for
Asthma (GINA Report 2018 ; Roberts et al. 2018). Also, it
has been suggested that patients may benefit from omali-
zumab therapy in phenotype-guided add-on treatment for
patients > 6 years with severe allergic asthma with elevated
levels of IgE (Normansell et al. 2014; Rodrigo and Neffen
2015). Omalizumab is titrated according to the total serum
IgE level.

Two other biologics with anti-IgE activity, namely lige-
lizumab and quilizumab are also being developed (Arm
et al. 2014; Gauvreau et al. 2014). Exploration of impor-
tant contribution of IL-5 and eosinophils to pathogenesis
of asthma focused attention on IL-5 and biologics targeting
IL-5 were developed (Fig. 2). Mepolizumab targeted IL-5,
and clinical trials reported various efficacy levels, however,
when patients were selected attentively, keeping eosinophil
counts in mind, a significant reduction in acute exacerba-
tion frequencies together with dropped eosinophil counts
and decreased corticosteroid needs were observed (Bel
et al. 2014; O’Byrne et al. 2001; Pavord et al. 2012). These
findings on the other hand underline eosinophil counts as
a possible important biomarker. Reslizumab, an anti-IL-5
drug that has been approved in severe adult eosinophilic
asthma and benralizumab is an anti-IL-5R monoclonal anti-
body in development for treatment of patients with severe
asthma (Castro et al. 2014, 2015). In the above-mentioned
GINA report (2018), anti-IL-5 interventions have found
place for patients with severe eosinophilic asthma which are
uncontrolled on Step 4 treatment. For these selected patient
groups, add-on treatment of subcutaneous mepolizumab is
given for patients aged > 12 years, which is administered
once a month at a single dosage. Intravenous reslizumab for
ages > 18 years as well as anti-IL-5 receptor treatment with

subcutaneous benralizumab for ages > 12 years are recom-
mended (Castro et al. 2015; Haldar et al. 2009; Nair et al.
2017; Pavord et al. 2012; Wang et al. 2016).

IL-4 is a vital cytokine in differentiation of naive Th cells
into Th2 cells and stimulates activation of B-cells, which
enroll in allergen-specific IgE synthesis. Dupilumab is the
human monoclonal antibody that binds to IL-4Ra, which
inhibits the biological activity of both IL-4 and IL-13.
Dupilumab has been already used and approved in the cure
of the adult patients with moderate to severe atopic derma-
titis (Beck et al. 2014).

On the other hand, AIT is the standard way of long-term
cure of allergic diseases, by induction of allergen-specific
tolerance (Fig. 2). The effect is gained by administering
standard amounts of the sensitized allergen to the patient for
a long time, induction of allergen-specific Treg cells as well
as recently defined innate-type lymphoid cells, and induc-
tion of tolerant-type IgG4 isotype antibodies (Akdis et al.
2004; Ozdemir et al. 2011; Shin et al. 2018). Two standard
methods of AIT are subcutaneous (SCIT) and sublingual
(SLIT) routes of immunotherapy. Both SCIT and SLIT are
revealed to be beneficial, however, some patients’ response
to treatment are not as good as the others (Tabatabaian and
Casale 2015). Alterations in cellular responses and also in
cytokine profiles were claimed to be possible novel biomark-
ers for determination of AIT efficacy, though still with more
room for improvement (Kouser et al. 2017). AIT was also
claimed to have possible limiting effects on development of
new allergen sensitizations (Di Bona et al. 2017).

There are a great numbers of studies, which aim to
improve efficacy of AIT routes and to decrease associated
side effects (Bonertz et al. 2018; Curin et al. 2018; Hoft-
mann et al. 2017; Pohlit et al. 2017; Soria et al. 2018). As
an example, a study aimed to erase B-cell epitopes and avoid
IgE cross-linking but to protect T-cell epitopes and reported
a fusion protein of two major bee venom allergens: phospho-
lipase A 2 (Api m 1) and hyaluronidase (Api m 2), by genetic
engineering, which resulted in induced T-cell proliferation,

Table 2 Some published recent monoclonal antibody clinical trials with promising results in major clinical outcomes

Major outcomes

References Drug of interest Patient population

Bhutani et al. (2017)  Omalizumab

Lee et al. (2018) Omalizumab Severe asthma

Shimoda et al. (2017) Mepolizumab Severe eosinophilic asthma
Chupp et al. (2017) Mepolizumab Severe eosinophilic asthma
Liu et al. (2013) Mepolizumab Asthma

Moderate to severe allergic asthma Reduction in total oral corticosteroid use and exacerbation fre-

quency, improved asthma control and quality of life

Reductions in asthma exacerbations, hospitalizations, hospitali-
zation days, systemic corticosteroid requirements, and sputum
eosinophil count

Exacerbations were reduced, increased morning PEF, improved
quality of life, reduced eosinophil counts

Improvements in Health Related Quality of Life

Reduces risk of exacerbations and improves quality of life in

patients with eosinophilic asthma, no significant improvement
in lung function outcomes
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abolished IgE reactivity, and decreased basophil reactivity
(Kussebi et al. 2005), all of which are beneficial for out-
comes of a successful AIT.

Better characterization of allergens is greatly important
for improved success of AIT. As an example, Amb a 1, the
major allergen of ragweed pollen extracts is claimed to have
five different isoforms, each possessing distinct patterns
of immunogenicity and sensitizing assets. These different
properties of each isoforms should carefully be taken into
account from development of diagnostic tests to utiliza-
tion for ragweed AIT (Wolf et al. 2017). Although, there
is a necessity for larger, randomized, placebo-controlled
trials, combinational usage of omalizumab with AIT has
been reported in several clinical trials for allergic rhinitis,
as well as in oral immunotherapy trials for peanut, egg and
cow’s milk allergy, and show promising results with respect
to increased efficacy and safety (Dantzer and Wood 2018;
Lin et al. 2017; Massanari et al. 2010). Also, several case
series, which report completion of the maintenance phase
under omalizumab in patients, have experienced recur-
rent anaphylaxis with bee venom immunotherapy (Schulze
et al. 2007). It is likely that experimental studies aiming to
increase efficacy of AIT are on the way; as an example, in a
recent murine model, combined use of SLIT with anti-IL-2
monoclonal antibodies in mice reported reversal of IgE-
mediated allergy and increased Treg-mediated tolerance
to allergens, which may be a fruitful modification to AIT
(Smaldini et al. 2018).

Better understanding of the allergy phenotypes is of great
importance for development of custom-designed therapies
unique for each patient. For improved success of immuno-
therapy, selection of patients for each AIT is being discussed
nowadays (Agache 2018; Pfaar et al. 2018; Roberts et al.
2018; Tabatabaian and Casale 2015). Biomarkers for patient
selection and as early predictors of responders are being
questioned nowadays (O’Mahony et al. 2016, Su et al. 2018).
Customization of AIT by means of precision medicine is
expected to help for election of patients who have potential
to benefit from AIT or biologics and selection of correct
allergens for AIT (Muraro et al. 2017; Yii et al. 2018). It
is clear that efficacy of AIT can be improved by precision
medicine methods.

Conclusion

With precision medicine, it is possible to manage allergic
disorders in a better way as individualization of the patient
care will enable improved diagnosis and prognosis, which
will lower treatment costs, and will provide better assort-
ment of treatment responders, and thus better projection of
disease-modifying and prevention strategies.

Acknowledgements The authors’ lab has been supported by Swiss
National Science Foundation and Christine Kithne—Center for Allergy
Research and Education.

Compliance with Ethical Standards

Conflict of interest The authors declare no conflict of interest.

References

Agache I (2018) EAACI guidelines on allergen immunotherapy-Out
with the old and in with the new. Allergy 73:737-738

Agache I, Akdis CA (2016) Endotypes of allergic diseases and asthma:
an important step in building blocks for the future of precision
medicine. Allergol Int 65:243-252

Agache I, Akdis C, Jutel M et al (2012) Untangling asthma phenotypes
and endotypes. Allergy 67:835-846

Agache I, Sugita K, Morita H et al (2015) The complex type 2 endotype
in allergy and asthma: from laboratory to bedside. Curr Allergy
Asthma Rep 15:29

Akdis CA, Akdis M (2014a) Mechanisms of immune tolerance to
allergens: role of IL-10 and Tregs. J Clin Invest 124:4678-4680

Akdis M, Akdis CA (2014b) Mechanisms of allergen-specific immuno-
therapy: multiple suppressor factors at work in immune tolerance
to allergens. J Allergy Clin Immunol 133:621-631

Akdis CA, Akdis M (2015) Advances in allergen immunotherapy:
aiming for complete tolerance to allergens. Sci Transl Med
7:280ps286

Akdis CA, Ballas ZK (2016) Precision medicine and precision health:
building blocks to foster a revolutionary health care model. J
Allergy Clin Immunol 137:1359-1361

Akdis M, Verhagen J, Taylor A et al (2004) Immune responses in
healthy and allergic individuals are characterized by a fine bal-
ance between allergen-specific T regulatory 1 and T helper 2
cells. J Exp Med 199:1567-1575

Akdis CA, Bachert C, Cingi C et al (2013) Endotypes and pheno-
types of chronic rhinosinusitis: a PRACTALL document of the
European Academy of Allergy and Clinical Immunology and
the American Academy of Allergy, Asthma and Immunology. J
Allergy Clin Immunol 131:1479-1490

Akdis M, Aab A, Altunbulakli C et al (2016) Interleukins (from IL-1
to IL-38), interferons, transforming growth factor beta, and TNF-
alpha: Receptors, functions, and roles in diseases. J Allergy Clin
Immunol 138:984-1010

Anderson WC 3rd, Szefler SJ (2015) New and future strategies to
improve asthma control in children. J Allergy Clin Immunol
136:848-859

Annunziato F, Romagnani C, Romagnani S (2015) The 3 major types
of innate and adaptive cell-mediated effector immunity. J Allergy
Clin Immunol 135:626-635

Arm JP, Bottoli I, Skerjanec A et al (2014) Pharmacokinetics, pharma-
codynamics and safety of QGE031 (ligelizumab), a novel high-
affinity anti-IgE antibody, in atopic subjects. Clin Exp Allergy
44:1371-1385

Bachert C, Akdis CA (2016) Phenotypes and emerging endotypes of
chronic rhinosinusitis. J Allergy Clin Immunol Pract 4:621-628

Baird B, Shopes RJ, Oi VT et al (1989) Interaction of IgE with its high-
affinity receptor. Structural basis and requirements for effective
cross-linking. Int Arch Allergy Appl Immunol 88:23-28

Beck LA, Thagi D, Hamilton JD et al (2014) Dupilumab treatment in
adults with moderate-to-severe atopic dermatitis. N Engl J Med
371:130-139

@ Springer



440

Archivum Immunologiae et Therapiae Experimentalis (2018) 66:431-442

Bel EH, Wenzel SE, Thompson PJ et al (2014) Oral glucocorticoid-
sparing effect of mepolizumab in eosinophilic asthma. N Engl J
Med 371:1189-1197

Berry A, Busse WW (2016) Biomarkers in asthmatic patients: Has
their time come to direct treatment? J Allergy Clin Immunol
137:1317-1324

Bhutani M, Yang WH, Hebert J et al (2017) The real world effect of
omalizumab add on therapy for patients with moderate to severe
allergic asthma: the ASTERIX Observational study. PLoS One
12:e0183869

Bieber T, Vieths S, Broich K (2016) New opportunities and chal-
lenges in the assessment of drugs for atopic diseases. Allergy
71:1662-1665

Bleecker ER, FitzGerald JM, Chanez P et al (2016) Efficacy and safety
of benralizumab for patients with severe asthma uncontrolled
with high-dosage inhaled corticosteroids and long-acting beta2-
agonists (SIROCCO): a randomised, multicentre, placebo-con-
trolled phase 3 trial. Lancet 388:2115-2127

Bonertz A, Roberts G, Slater JE et al (2018) Allergen manufacturing
and quality aspects for allergen immunotherapy in Europe and
the United States: an analysis from the EAACI AIT Guidelines
Project. Allergy 73:816-826

Boonpiyathad T, Meyer N, Moniuszko M et al (2017) High-dose bee
venom exposure induces similar tolerogenic B-cell responses in
allergic patients and healthy beekeepers. Allergy 72:407—415

Bousquet J, Schiinemann HJ, Samolinski B et al (2012) Allergic Rhini-
tis and its Impact on Asthma (ARIA): achievements in 10 years
and future needs. J Allergy Clin Immunol 130:1049-1062

Busse WW, Morgan WJ, Gergen PJ et al (2011) Randomized trial of
omalizumab (anti-IgE) for asthma in inner-city children. N Engl
J Med 364:1005-1015

Castro M, Wenzel SE, Bleecker ER et al (2014) Benralizumab, an anti-
interleukin 5 receptor alpha monoclonal antibody, versus placebo
for uncontrolled eosinophilic asthma: a phase 2b randomised
dose-ranging study. Lancet Respir Med 2:879-890

Castro M, Zangrilli J, Wechsler ME et al (2015) Reslizumab for inade-
quately controlled asthma with elevated blood eosinophil counts:
results from two multicentre, parallel, double-blind, randomised,
placebo-controlled, phase 3 trials. Lancet Respir Med 3:355-366

Chung KF (2015) Targeting the interleukin pathway in the treatment
of asthma. Lancet 386:1086—-1096

Chupp GL, Bradford ES, Albers FC et al (2017) Efficacy of mepoli-
zumab add-on therapy on health-related quality of life and mark-
ers of asthma control in severe eosinophilic asthma (MUSCA):
a randomised, double-blind, placebo-controlled, parallel-group,
multicentre, phase 3b trial. Lancet Respir Med 5:390-400

Curin M, Garmatiuk T, Resch-Marat Y et al (2018) Similar localization
of conformational IgE epitopes on the house dust mite aller-
gens Der p 5 and Der p 21 despite limited IgE cross-reactivity.
Allergy. https://doi.org/10.1111/all.13398

Dantzer JA, Wood RA (2018) The use of omalizumab in allergen
immunotherapy. Clin Exp Allergy 48:232-240

Di Bona D, Plaia A, Leto-Barone MS et al (2017) Efficacy of allergen
immunotherapy in reducing the likelihood of developing new
allergen sensitizations: a systematic review. Allergy 72:691-704

Doherty TA, Baum R, Newbury RO et al (2015) Group 2 innate lym-
phocytes (ILC2) are enriched in active eosinophilic esophagitis.
J Allergy Clin Immunol 136:792-794 €3

Durham SR, Penagos M (2016) Sublingual or subcutaneous immuno-
therapy for allergic rhinitis? J Allergy Clin Immunol 137:339—
349 (e10)

Ferrando M, Bagnasco D, Varricchi G et al (2017) Personalized medi-
cine in allergy. Allergy Asthma Immunol Res 9:15-24

Galli SJ (2016) Toward precision medicine and health: Opportuni-
ties and challenges in allergic diseases. J Allergy Clin Immunol
137:1289-1300

@ Springer

Gauvreau GM, Harris JM, Boulet LP et al (2014) Targeting mem-
brane-expressed IgE B cell receptor with an antibody to the
M1 prime epitope reduces IgE production. Sci Transl Med
6:243ra85

GINA Report (2018) http://ginasthma.org/2018-gina-report-globa
I-strategy-for-asthma-management-and-prevention/. Accessed
5 Apr2018

Gueguen C, Bouley J, Moussu H et al (2016) Changes in markers
associated with dendritic cells driving the differentiation of
either TH2 cells or regulatory T cells correlate with clinical
benefit during allergen immunotherapy. J Allergy Clin Immu-
nol 137:545-558

Haldar P, Brightling CE, Hargadon B et al (2009) Mepolizumab
and exacerbations of refractory eosinophilic asthma. N Engl
J Med 360:973-984

Hoffmann HJ, Valovirta E, Pfaar O et al (2017) Novel approaches
and perspectives in allergen immunotherapy. Allergy
72:1022-1034

Inoue T, Akashi K, Watanabe M et al (2016) Periostin as a biomarker
for the diagnosis of pediatric asthma. Pediatr Allergy Immunol
27:521-526

Jackson DJ, Makrinioti H, Rana BM et al (2014) IL-33-dependent type
2 inflammation during rhinovirus-induced asthma exacerbations
in vivo. Am J Respir Crit Care Med 190:1373-1382

James A, Janson C, Malinovschi A et al (2017) Serum periostin relates
to type-2 inflammation and lung function in asthma: Data from
the large population-based cohort Swedish GA(2)LEN. Allergy
72:1753-1760

Katz SI, Parker D, Turk JL (1974) B-cell suppression of delayed hyper-
sensitivity reactions. Nature 251:550-551

Komlosi Z, Kovacs N, van de Veen W et al (2017) Human CD40L-
expressing type 3 innate lymphoid cells induce IL-10 producing
immature transitional regulatory B cells. J Allergy Clin Immunol.
https://doi.org/10.1016/j.jaci.2017.07.046

Konig K, Klemens C, Eder K et al (2015) Cytokine profiles in nasal
fluid of patients with seasonal or persistent allergic rhinitis.
Allergy Asthma Clin Immunol 11:26

Kouser L, Kappen J, Walton RP et al (2017) Update on biomarkers to
monitor clinical efficacy response during and post treatment in
allergen immunotherapy. Curr Treat Options Allergy 4:43-53

Kucuksezer UC, Ozdemir C, Akdis M et al (2013a) Mechanisms of
immune tolerance to allergens in children. Korean J Pediatr
56:505-513

Kucuksezer UC, Palomares O, Riickert B et al (2013b) Triggering
of specific Toll-like receptors and proinflammatory cytokines
breaks allergen-specific T-cell tolerance in human tonsils and
peripheral blood. J Allergy Clin Immunol 131:875-885

Kussebi F, Karamloo F, Rhyner C et al (2005) A major allergen gene-
fusion protein for potential usage in allergen-specific immuno-
therapy. J Allergy Clin Immunol 115:323-329

Larche M, Akdis CA, Valenta R (2006) Immunological mechanisms of
allergen-specific immunotherapy. Nat Rev Immunol 6:761-771

Lawrence MG, Woodfolk JA, Schuyler AJ et al (2017) Half-life of IgE
in serum and skin: consequences for anti-IgE therapy in patients
with allergic disease. J Allergy Clin Immunol 139:422-428 (e4)

Lee JH, Lee HY, Jung CG et al (2018) Therapeutic effect of omali-
zumab in severe asthma: a real-world study in Korea. Allergy
Asthma Immunol Res 10:121-130

Lin C, Lee IT, Sampath V et al (2017) Combining anti-IgE with oral
immunotherapy. Pediatr Allergy Immunol 28:619-627

Liu Y, Zhang S, Li DW et al (2013) Efficacy of anti-interleukin-5 ther-
apy with mepolizumab in patients with asthma: a meta-analysis
of randomized placebo-controlled trials. PLoS One 8:¢59872

Lombardi V, Beuraud C, Neukirch C et al (2016) Circulating innate
lymphoid cells are differentially regulated in allergic and nonal-
lergic subjects. J Allergy Clin Immunol 138:305-308


https://doi.org/10.1111/all.13398
http://ginasthma.org/2018-gina-report-global-strategy-for-asthma-management-and-prevention/
http://ginasthma.org/2018-gina-report-global-strategy-for-asthma-management-and-prevention/
https://doi.org/10.1016/j.jaci.2017.07.046

Archivum Immunologiae et Therapiae Experimentalis (2018) 66:431-442

441

Massanari M, Nelson H, Casale T et al (2010) Effect of pretreatment
with omalizumab on the tolerability of specific immunotherapy
in allergic asthma. J Allergy Clin Immunol 125:383-389

Mjosberg J, Spits H (2016) Human innate lymphoid cells. J Allergy
Clin Immunol 138:1265-1276

Morita H, Arae K, Unno H et al (2015) An Interleukin-33-mast cell-
interleukin-2 axis suppresses papain-induced allergic inflam-
mation by promoting regulatory T cell numbers. Immunity
43:175-186

Muehling LM, Lawrence MG, Woodfolk JA (2017) Pathogenic CD4
+ T cells in patients with asthma. J Allergy Clin Immunol
140:1523-1540

Muraro A, Lemanske RF Jr, Hellings PW et al (2016) Precision medi-
cine in patients with allergic diseases: Airway diseases and atopic
dermatitis-PRACTALL document of the European Academy of
Allergy and Clinical Immunology and the American Academy
of Allergy, Asthma and Immunology. J Allergy Clin Immunol
137:1347-1358

Muraro A, Lemanske RF Jr, Castells M et al (2017) Precision medicine
in allergic disease-food allergy, drug allergy, and anaphylaxis-
PRACTALL document of the European Academy of Allergy and
Clinical Immunology and the American Academy of Allergy,
Asthma and Immunology. Allergy 72:1006-1021

Nagakumar P, Denney L, Fleming L et al (2016) Type 2 innate lym-
phoid cells in induced sputum from children with severe asthma.
J Allergy Clin Immunol 137:624-626 (e6)

Nagarkar DR, Ramirez-Carrozzi V, Choy DF et al (2015) IL-13 medi-
ates IL-33-dependent mast cell and type 2 innate lymphoid cell
effects on bronchial epithelial cells. J Allergy Clin Immunol
136:202-205

Nair P, Wenzel S, Rabe KF et al (2017) Oral glucocorticoid-spar-
ing effect of benralizumab in severe asthma. N Engl J Med
376:2448-2458

Neta R, Salvin SB (1974) Specific suppression of delayed hypersensi-
tivity: the possible presence of a suppressor B cell in the regu-
lation of delayed hypersensitivity. ] Immunol 113:1716-1725

Normansell R, Walker S, Milan SJ et al (2014) Omalizumab for
asthma in adults and children. Cochrane Database Syst Rev
(1):CD003559

O’Byrne PM, Inman MD, Parameswaran K (2001) The trials and tribu-
lations of IL-5, eosinophils, and allergic asthma. J Allergy Clin
Immunol 108:503-508

O’Mahony L, Akdis CA, Eiwegger T (2016) Innate mechanisms can
predict successful allergy immunotherapy. J Allergy Clin Immu-
nol 137:559-561

Oettgen HC (2016) Fifty years later: Emerging functions of IgE anti-
bodies in host defense, immune regulation, and allergic diseases.
J Allergy Clin Immunol 137:1631-1645

Ozdemir C (2009) Monoclonal antibodies in allergy; current applica-
tions and promising trials. Recent Pat Inflamm Allergy Drug
Discov 3:201-210

Ozdemir C (2015) Monoclonal antibodies in allergy; updated applica-
tions and promising trials. Recent Pat Inflamm Allergy Drug
Discov 9:54-65

Ozdemir C, Kucuksezer UC, Akdis M et al (2011) Specific immuno-
therapy and turning off the T cell: how does it work? Ann Allergy
Asthma Immunol 107:381-392

Ozdemir C, Kucuksezer UC, Akdis M et al (2016) Mechanisms of
aeroallergen immunotherapy: subcutaneous immunotherapy
and sublingual immunotherapy. Immunol Allergy Clin North
Am 36:71-86

Ozyigit LP, Morita H, Akdis M (2015) Erratum to: Innate lymphoid
cells in asthma phenotypes. Clin Transl Allergy 5:32

Palomares O, Martin-Fontecha M, Lauener R et al (2014) Regulatory
T cells and immune regulation of allergic diseases: roles of IL-10
and TGF-beta. Genes Immun 15:511-520

Pavord ID, Korn S, Howarth P et al (2012) Mepolizumab for severe
eosinophilic asthma (DREAM): a multicentre, double-blind,
placebo-controlled trial. Lancet 380:651-659

Pfaar O, Bonini S, Cardona V et al (2018) Perspectives in allergen
immunotherapy: 2017 and beyond. Allergy 73 Suppl 104:5-23

Platts-Mills TA, Schuyler AJ, Erwin EA et al (2016) IgE in the diag-
nosis and treatment of allergic disease. J Allergy Clin Immunol
137:1662-1670

Pohlit H, Bellinghausen I, Frey H et al (2017) Recent advances in
the use of nanoparticles for allergen-specific immunotherapy.
Allergy 72:1461-1474

Rebane A, Akdis CA (2013) MicroRNAs: Essential players in the
regulation of inflammation. J Allergy Clin Immunol 132:15-26

Rebane A, Runnel T, Aab A et al (2014) MicroRNA-146a alleviates
chronic skin inflammation in atopic dermatitis through suppres-
sion of innate immune responses in keratinocytes. J Allergy Clin
Immunol 134:836-847 (ell)

Roberts G, Pfaar O, Akdis CA et al (2018) EAACI Guidelines on
Allergen Immunotherapy: allergic rhinoconjunctivitis. Allergy
73:765-798

Rodrigo GJ, Neffen H (2015) Systematic review on the use of omali-
zumab for the treatment of asthmatic children and adolescents.
Pediatr Allergy Immunol 26:551-556

Salimi M, Barlow JL, Saunders SP et al (2013) A role for IL-25 and
IL-33-driven type-2 innate lymphoid cells in atopic dermatitis.
J Exp Med 210:2939-2950

Schulze J, Rose M, Zielen S (2007) Beekeepers anaphylaxis: successful
immunotherapy covered by omalizumab. Allergy 62:963-964

Shimoda T, Odajima H, Okamasa A et al (2017) Efficacy and safety
of mepolizumab in Japanese patients with severe eosinophilic
asthma. Allergol Int 66:445-451

Shin JU, Kim SH, Noh JY et al (2018) Allergen-specific immuno-
therapy induces regulatory T cells in an atopic dermatitis mouse
model. Allergy. https://doi.org/10.1111/all.13465

Sirvent S, Soria I, Cirauqui C et al (2016) Novel vaccines targeting
dendritic cells by coupling allergoids to nonoxidized mannan
enhance allergen uptake and induce functional regulatory T cells
through programmed death ligand 1. J Allergy Clin Immunol
138:558-567 (ell)

Smaldini PL, Trejo F, Cohen JL et al (2018) Systemic IL-2/anti-IL-2Ab
complex combined with sublingual immunotherapy suppresses
experimental food allergy in mice through induction of mucosal
regulatory T cells. Allergy 73:885-895

Soria I, Lépez-Relaiio J, Vifiuela M et al (2018) Oral myeloid cells
uptake allergoids coupled to mannan driving Th1/Treg responses
upon sublingual delivery in mice. Allergy 73:875-884

Sorkness CA, Wildfire JJ, Calatroni A et al (2013) Reassessment of
omalizumab-dosing strategies and pharmacodynamics in inner-
city children and adolescents. J Allergy Clin Immunol Pract
1:163-171

Stanic B, van de Veen W, Wirz OF et al (2015) IL-10-overexpressing
B cells regulate innate and adaptive immune responses. J Allergy
Clin Immunol 135:771-780 (e8)

Su MW, Lin WC, Tsai CH et al (2018) Childhood asthma clusters
reveal neutrophil-predominant phenotype with distinct gene
expression. Allergy. https://doi.org/10.1111/all.13439

Tabatabaian F, Casale TB (2015) Selection of patients for sublingual
immunotherapy (SLIT) versus subcutaneous immunotherapy
(SCIT). Allergy Asthma Proc 36:100-104

Takahashi K, Meguro K, Kawashima H et al (2018) Serum periostin
levels serve as a biomarker for both eosinophilic airway inflam-
mation and fixed airflow limitation in well-controlled asthmatics.
J Asthma. https://doi.org/10.1080/02770903.2018.1455855

van de Veen W, Stanic B, Wirz OF et al (2016) Role of regulatory B
cells in immune tolerance to allergens and beyond. J Allergy Clin
Immunol 138:654-665

@ Springer


https://doi.org/10.1111/all.13465
https://doi.org/10.1111/all.13439
https://doi.org/10.1080/02770903.2018.1455855

442

Archivum Immunologiae et Therapiae Experimentalis (2018) 66:431-442

Wang FP, Liu T, Lan Z et al (2016) Efficacy and safety of anti-interleu-
kin-5 therapy in patients with asthma: a systematic review and
meta-analysis. PLoS One 11:¢0166833

Werfel T, Allam JP, Biedermann T et al (2016) Cellular and molecular
immunologic mechanisms in patients with atopic dermatitis. J
Allergy Clin Immunol 138:336-349

Wills-Karp M, Luyimbazi J, Xu X et al (1998) Interleukin-13: central
mediator of allergic asthma. Science 282:2258-2261

Wolf M, Twaroch TE, Huber S et al (2017) Amb a 1 isoforms: une-
qual siblings with distinct immunological features. Allergy
72:1874-1882

@ Springer

Yii AC, Tay TR, Choo XN et al (2018) Precision medicine in united
airways disease: a “treatable traits” approach. Allergy. https://
doi.org/10.1111/all.13496

Zaleska A, Eiwegger T, Soyer O et al (2014) Immune regulation by
intralymphatic immunotherapy with modular allergen transloca-
tion MAT vaccine. Allergy 69:1162-1170


https://doi.org/10.1111/all.13496
https://doi.org/10.1111/all.13496

	PrecisionPersonalized Medicine in Allergic Diseases and Asthma
	Abstract
	The Allergic Immune Response
	Recent Advances in Immunology of Allergic Diseases
	Innate Lymphoid Cells
	Regulatory T-Cells
	Dendritic Cells

	Personalized Medicine in Allergy and Asthma
	A Need for a New Nomenclature
	Type 2 Immunity Represents a Complex Endotype in a Majority of Allergic Patients
	Development of Biomarkers
	Limitations on the Way to Define Biomarkers
	Characteristics of a Good Biomarker
	Theratype, a Decisive Patient Classification in PersonalizedPrecision Medicine

	Conclusion
	Acknowledgements 
	References


