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Abstract

Over the last decades, an increasing appearance of allergies
and atopic disorders, such as asthma, dermatitis, and rhinitis,
has been observed. The mechanisms of these disorders re-
main unclear, and therefore the development of novel ther-
apies is limited. Current treatments are often symptomatic,
nonspecific, or may have severe side effects. Further insights
into the mechanisms of the underlying disease pathogene-
sis could reveal novel targets for treatment. In this review, we
provide an update on recent basic and translational studies
that offer novel insights and opportunities for the treatment
of patients with atopic disorders. ©2019S. Karger AG, Basel

Introduction

Atopy refers to the genetic predisposition of develop-
ing allergy-related diseases such as asthma, dermatitis,
food allergies, or rhinitis [1]. These diseases are charac-
terized by an exaggerated immune response to environ-
mental allergens and are eventually associated with the
production of allergen-specific immunoglobulin E (IgE).
Distinct environmental, but also genetic, factors influ-

ence the risk of developing allergen-specific IgE sensitiza-
tion [2]. Atopic disorders not only affect the patient’s
physical and psychological state, but may culminate in
life-threatening conditions [3, 4].

Atopic diseases often develop as an atopic march [5,
6]. The symptoms or diseases follow a certain pattern,
starting with the development of atopic dermatitis (AD)
and food allergy followed by allergic asthma and rhinitis
[1, 6-8]. The frequency of these disorders has been in-
creasing over the past decades and they therefore have a
high societal impact [9-13]. Currently used drugs, such
as corticosteroids, have their benefits, but also limitations
[14-16], and novel insights into disease mechanisms are
required for the identification of novel and improved
treatment options. In this article, we highlight recent
findings derived from experimental research.

Asthma

Asthma is a chronic respiratory disease and can be
triggered by many different factors, such as allergens, air-
way infections, exercise, pollutants, and drugs [17, 18].
Typical asthma symptoms are wheezing, coughing, and
breathlessness, and asthmatic patients may have a higher
risk of airway inflammation and hypersensitivity to non-

Edited by: H.-U. Simon, Bern.

© 2019 S. Karger AG, Basel

KARGER

E-Mail karger@karger.com
www.karger.com/iaa

Prof. Stephan von Gunten

Institute of Pharmacology, University of Bern
Inselspital INO-F

CH-3010 Bern (Switzerland)

E-Mail stephan.vongunten @ pki.unibe.ch



| |'\ ;:l \

S
—
\'-H. -

—

P
S—

GATA’ T cell

";a
2.9
O

Th2

23>
d

Fig. 1. Infection of BECs by RSV may result in upregulation of the
Notchl ligand JAGI, but downregulation of JAG2, and secretion
of TSLP and CSF2, with consecutive Th2 polarization. BEC, bron-
chial epithelial cell; JAG1, Jagged-1; JAG2, Jagged-2; RSV, respira-
tory syncytial virus; Th2, T-helper 2.

steroidal anti-inflammatory drugs [19, 20]. However, dif-
ferent disease phenotypes exist, and associations of aller-
gic or nonallergic forms of asthma have been linked to
certain genotypes. Human leukocyte antigen (HLA)-
B*42, HLA-C*17, HLA-DPA*03, and HLA-DPB1*105
are associated with nonallergic asthma, while the pres-
ence of HLA-DPA1*03 together with DQA™*05 is associ-
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ated with allergic asthma [20]. For decades, the main
treatment strategies focused on bronchodilators and ste-
roids [17,18,21],and abetter understanding of the patho-
genetic processes may help to identify novel and more
personalized therapeutic approaches.

MicroRNAs (miRNAs) are noncoding single-strand-
ed RNAs which can regulate the expression of gene prod-
ucts and thus mediate effects on cell differentiation and
activities that influence immune responses [22-24].
When a mouse macrophage-like cell line was stimulated
with the T-helper 2 (Th2) cytokines IL-4 and IL-13, an
upregulation of mRNA of proinflammatory markers,
such as Ccl3, Ccl5, Ccl17, Ccl24, and IL1b, was observed
[25]. This effect was enhanced when such pretreated cells
were exposed to IL-33, and paralleled by IL-33-depen-
dent upregulation of miR-155-5p, which may eventually
involve the downregulation of negative regulators of in-
flammation [25]. Another group reported that miR-146a
mimics attenuated airway inflammation and airway hy-
perresponsiveness in an ovalbumin (OVA)-induced
model of asthma in BALB/c mice [26]. These effects ap-
peared to be dependent on IL-33. Together, these studies
suggest that IL-33 could be involved in several miRNA-
mediated effects. However, the broad analysis of miRNA
profiles of immune cells might provide novel insights. For
instance, the investigation of a panel of 762 miRNAs re-
vealed elevated levels of numerous miRNAs in mast cells
derived from CD133-positive stem cells isolated from al-
lergic asthmatic patients and nonatopic controls upon
IgE-mediated sensitization and activation [27]. miR-210
expression was elevated eightfold following IgE-mediat-
ed activation, and the miR-132/212 cluster upon activa-
tion. However, more mechanistic studies will be required
for a better understanding of the expression dynamics
and networks that are orchestrated by miRNAs in atopic
disorders [23].

Accumulating evidence suggests that the Notch path-
way appears to play a role in balancing Th2- or Th1-driv-
en responses [28, 29]. Recently, it was shown that infec-
tion of bronchial epithelial cells by respiratory syncytial
virus upregulated the expression of the Notch ligand Jag-
ged-1 (JAG1) and downregulated JAG2 expression,
which was associated with increased CSF2 and TSLP pro-
duction [29], as illustrated in Figure 1. Coculture of respi-
ratory syncytial virus-infected bronchial epithelial cells
with CD4" T cells induced Th2 polarization, as revealed
by the determination of cytokine profiles and expression
of the transcription factor GATA3 in T cells. In an animal
model, 28 days after respiratory syncytial virus infection,
increased IL-4,IL-17, and IFN-A levels were found in lung
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tissue, but not in serum. In this model, increased JAG1
levels and concomitantly decreased JAG2 levels were de-
tected in bronchial epithelial cells after several weeks. In
line with this findings, it was shown that gamma-secre-
tase inhibitor (GSI), a blocker of Notch1 signaling path-
ways, alone or in combination with dexamethasone
(DEX), ameliorated airway inflammation and hyperre-
sponsiveness in a model of OVA-induced asthma [28].
This was associated with a shift from a Th2 to a Th1 cy-
tokine profile and enhanced T-bet and reduced GATA3
expression if the Notch pathway was suppressed. Sup-
pression of Notch1 was also found for DEX, in absence of
clear evidence for additional synergistic effects of DEX
and GSL.

Recently, the effects of a novel antibody, TSP-2, with
specificity for toll-like receptor 2 (TLR2) in an OVA-in-
duced allergic model of asthma with BALB/c mice were
analyzed [30]. Similar to the synthetic TLR2/1 agonist
Pam;CKy, TSP-2 reduced OV A-specific IgE, airway hy-
perresponsiveness, pulmonary inflammation, as well as
leukocyte infiltration and promoted a Thl cytokine re-
sponse. Furthermore, the effects of TSP-2 on dendritic
cell (DC) maturation were similar to those of Pam;CKj.
Future studies will be required to test the effects of TSP-2
on human cells and the suitability for clinical applications
in patients.

In a recent study, it was proposed that extracts from
the house dust mite Dermatophagoides farinae (Df) or
Der f 1 could directly modify cellular activities of human
eosinophils [31]. Df extract or Der f 1 concentration-de-
pendently promoted the adhesion of eosinophils to
ICAM-1 and eosinophil superoxide anion generation or
secretion of eosinophil-derived neurotoxin in vitro. In
blocking assays, anti-aM- or anti-pf2-integrin antibodies
suppressed these effects. Furthermore, protease-activated
receptor 2 was shown to be involved in these processes,
given that a blocking antibody partially inhibited Df ex-
tract or Der f 1-mediated effects on eosinophils. Notably,
eosinophils from allergic patients exhibited higher adhe-
sion to ICAM-1 than those from healthy counterpart
upon incubation with Df extract or Der f 1.

Sialic acid-binding immunoglobulin-like lectins (Si-
glecs) represent a family of surface receptors that recog-
nize sialoglycans and exhibit cell type- and differentia-
tion-dependent expression on immune cells [32, 33].
Both inhibitory and proapoptotic effects of Siglecs have
been reported, depending on the cell type and the inflam-
matory environment [34-40]. Siglec-8 has been shown to
have proapoptotic effects on eosinophils [34], while for
instance on mast cells this receptor transduces inhibitory,

Update on Experimental Allergy

but not proapoptotic, effects [37]. In human airways,
sialylated keratan sulfate proteoglycans appear to act as
Siglec-8 ligands [41]. Similar to their counterparts in the
blood, 48 h after segmental lung allergen challenge of pa-
tients with mild allergic asthma, eosinophils in bron-
choalveolar lavage fluid exhibit high unimodal expres-
sion of Siglec-8, indicating a potential for therapeutic
targeting for eosinophil depletion [42]. Intravenous im-
munoglobulin preparations contain naturally occurring
functional antibodies to Siglec-8 [43], yet monoclonal an-
tibodies may allow for more specifically targeted therapy.
A humanized nonfucosylated IgG1 anti-Siglec-8 anti-
body, AK002, is currently under investigation [44]. In a
recent study, AK002 was shown to selectively bind to
mast cells, eosinophils, and basophils from human blood
or tissue and to exhibit proapoptotic effects on IL-5-acti-
vated blood eosinophils and antibody-dependent cellular
cytotoxicity activity against eosinophils in the presence of
natural killer cells [44]. AK002 reduced the number of
eosinophils in dissociated human lung tissue sections
when incubated overnight. Furthermore, in a model of
passive systemic anaphylaxis in humanized NSG-SGM3-
BLT mice, which exhibit Siglec-8-expressing human mast
cell populations [45], the mouse precursor of AK002 re-
duced the mast cell-mediated anaphylaxis [44]. Provided
the significant species differences, the use of humanized
mouse models for investigations on Siglecs has previous-
ly been advocated [38].

Food Allergy

Food allergy occurs when the immune system re-
sponds to a normally innoxious food allergen, eventually
resulting in gastrointestinal or airway inflammation [8].
When infants are stopped from being breastfed, they can
respond to food allergens upon the first intake, given that
allergens, such as peanut allergens, can be transferred via
breast milk [46]. Another way to become sensitized with
allergens could relate to the use of cosmetic products. In
animals with a slightly damaged skin, the topical applica-
tion of lysed wheat proteins [47] or peanut oil [48] re-
sulted in an allergic response after challenge. In the pea-
nut-oil treated mice, an intranasal challenge with peanut
extract caused a systemic response with increased num-
bers of circulating leukocytes and elevated serum levels of
IL-13 and IgE [48]. Anaphylactic responses towards food
allergens occur more frequently in children compared to
adults [49], and the risk was shown to be increased with
a previous history of anaphylaxis to foods [50, 51], the
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patient’s age [50], or high allergen-specific IgE [51]. How-
ever, not all food allergies are IgE-mediated, and respons-
es can be delayed [8], which needs also to be considered
for the development of diagnostic tools [52]. Patients of-
ten show responses to multiple allergens, and it has been
observed that patients with walnut or hazelnut allergy of-
ten react to other nuts [53]. Furthermore, cashew nut al-
lergy is often associated with cross-reactivity to Anacar-
diaceae and tree nut species [54], and peanut allergy can
be linked to cosensitization for peach [55].

In order to present allergens to allergen-specific T
cells, DCs need to internalize antigens; researchers ob-
served an increased rate of internalization of roasted pea-
nut allergen Ara h 3 compared to raw Ara h 3 in mono-
cyte-derived DCs [56]. This increased internalization
seems to be dependent on the mannose receptor, as the
internalization was suppressed when this receptor was
blocked. Evidence indicates that upon expansion in vitro,
peanut allergen Ara h 2-specific T cells isolated from pea-
nut allergy patients exhibit upregulated transcription of
multiple genes compared to cells from nonatopic controls
[57]. Such gene products included TGF-p-activated ki-
nase 1 and MAP3K7-binding protein (TAB3), calcium/
calmodulin-dependent protein kinase type IV,and HemK
methyltransferase family member 1. In contrast, in un-
stimulated peripheral blood mononuclear cells from pea-
nut allergy patients, TAB3 was downregulated compared
to their counterparts from atopic non-peanut allergy.

The gut microbiota of atopic patients appear to exhib-
it specific characteristics [58]. Interestingly, six different
bacterial species from the fecal microbiome of children
with AD were found to discriminate between patients
with and without food allergy: Bifidobacterium breve, Bi-
fidobacterium pseudocatenulatum, Bifidobacterium ado-
lescentis, Escherichia coli, Faecalibacterium prausnitzii,
and Akkermansia muciniphila [58]. Changes in microbi-
ota can be observed in animal models of food allergy,
whereby the colon seems more sensitive for microbial
changes in response to dietary supplements or allergies
compared to other intestinal segments [59]. Dietary in-
take of fructo-oligosaccharides, prebiotics thought to
have a beneficial effect on the composition of the micro-
biota, showed moderate protection against OVA-induced
allergic inflammation of intestines in a mouse model [60].
Reduced levels of Th2 cytokines, such as IL-4 and IL-13,
were shown in the intestine, and reduced numbers of
IFN-y*/IL4* and CD45RBM8"/CD69* CD4* T cells in
mesenteric lymph nodes. However, serum levels of
mMCP1 and total IgE were not completely restored to
normal levels.
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Cow’s milk allergy is among the most common IgE-
mediated food allergies, and hypoallergenic infant for-
mulas are available that differ in the degree of hydrolysis
of the protein fraction aiming at the destruction of aller-
genic epitopes. In a recent study, whey-based extensively
hydrolyzed infant formula, partially hydrolyzed infant
formula, or intact beta-lactoglobulin (BLG) were tested as
preventive or desensitizing regimens in a model of aller-
gy-prone, high-IgE responder Brown Norway rats [61].
In the preventive regimen, BLG or partially hydrolyzed
infant formula, but not extensively hydrolyzed infant for-
mula with more degraded proteins, induced tolerance as
indicated by absence of BLG-specific IgE following intra-
peritoneal immunization. In the desensitizing regimen,
BLG-specific IgE was increased in the groups treated with
hydrolyzed infant formulas, but not BLG, suggesting that
the intact allergen is required for desensitization. This ob-
servation suggests that different infant formulas may be
needed for primary prevention or cow’s milk allergy de-
sensitization and that the involved mechanisms may dif-
fer significantly. However, another study using casein, the
most dominant causal allergen in cow’s milk allergy, or
casein hydrolysate, observed oral tolerance for both prep-
arations, but tolerance induction was higher for the non-
hydrolyzed preparation [62]. Oral treatment of BALB/c
mice with casein or casein hydrolysate was reported to be
associated with lower serum levels of casein-specific IgE
and IgG1 and a lower plasma concentration of mMCP1
as well as a suppressed anaphylaxis response.

Rhinitis

The characteristics of rhinitis are inflammation and
irritation of the nasal mucosal membranes and can be cat-
egorized into three groups - nonallergic rhinitis, allergic
rhinitis (AR), and chronic rhinosinusitis (CRS) — where-
by the latter can be further subdivided into CRS with
nasal polyps (CRSwNP) and without nasal polyps
(CRSsNP). The major allergens for AR are airborne aller-
gens, and differences in environmental exposure and cli-
mate have significant effects on sensitization to perennial
and seasonal allergens [63]. AR appears to have a higher
prevalence in boys than girls during childhood, while in
adults it more frequently affects females than males, with
the exception of Asian populations [64]. However, the
prevalence of AR was shown to be increased with age [65].
It was proposed that the birth season can influence the
development of AR, as increased methylation of the IFNG
gene promoter in CD3*CD8" T cells and lower numbers
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Fig. 2. Potential mechanisms of TGF-f1-
and mi-R21-induced epithelial-mesenchy-
mal transition in PHNEC involving the
PTEN/Akt signaling pathways. PHNEC,

% 4

Epithelial-mesenchymal transition

primary human nasal epithelial cells.

of IFN-y*CD3*CD8" T cells were found in children with
AR born in autumn or winter [66]. However, the biolog-
ical mechanisms behind the seasonal differences in meth-
ylation and the development of AR remain unclear. In a
population in Northwest China, the number of circulat-
ing eosinophils was associated with an increased risk of
developing CRSWNP [67].

Recently, it was shown that TGF-p1 induces epithelial-
mesenchymal transition (EMT) of primary human nasal
epithelial cells [68]. Evidence for considerable EMT was
found in mucosal tissues from CRSwWNP patients, based
on increased mesenchymal markers, such as a-smooth
muscle actin, fibronectin, and vimentin, and reduced lev-
els of the epithelial marker E-cadherin. In CRSWNP sub-
jects, but not in CRSsNP subjects or controls, increased
levels of TGF-f1 RNA and miR-21 were observed. When
primary human nasal epithelial cells were treated with
TGEF-B1, mesenchymal markers were progressively in-
duced over 5 days, and EMT was shown to depend on
miR-21 and on the PTEN/Akt pathway (Fig. 2). Overex-
pression of miR-21 may result in downregulation of
PTEN and upregulation of Akt phosphorylation.

Recent evidence suggests that silencing costimulatory
molecules on DCs might provide a therapeutic strategy
for the treatment of allergic disorders. In an in vivo mod-
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el of AR, it was shown that silencing of both CD40 and
CD86 by siRNAs in OVA-pulsed DCs appeared to be
more efficient in downregulating allergic symptoms and
allergic responses than silencing of either costimulatory
receptor alone (Fig. 3), eventually involving upregulation
of the Foxp3 gene [69]. The authors discuss a potential
translation of these finding into treatment for humans,
which might involve the silencing of CD40 and CD86 by
siRNA and pulsing of monocyte-derived autologous DCs
with antigens ex vivo, and transfer of these CD40/86-si-
lenced antigen-pulsed DCs to control allergic diseases in
the patient.

The eosinophil chemoattractant and activator 5-oxo-
6,8,11,14-eicosatetraenoic acid (5-oxo-ETE) was recently
studied in the context of nasal polyps [70]. Levels of eo-
sinophil cation protein were increased when isolated
blood eosinophils or nasal polyp cultures were treated
with the lipid mediator 5-0x0-ETE [70]. The synthesis of
5-ox0-ETE by healthy nasal epithelial cells was induced
by H,0O, treatment. In contrast, oxidative stress stimula-
tion was not required for the generation of 5-oxo-ETE by
epithelial cells from nasal polyps ex vivo, suggesting that
these cells were previously primed under disease condi-
tions in vivo. Eosinophils from nasal polyps produced
higher amounts of eosinophil cation protein upon stimu-
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Fig. 3. Silencing of the costimulatory recep-
tors CD40 and CD86 by siRNA in autolo-
gous allergen pulsed DCs as a potential
strategy to downregulate allergic immune
responses. DC, dendritic cell.

IL-4

lation with 5-0x0-ETE, an effect that could be reverted
upon treatment with pertussis toxin, which was selected
as an antagonist for the 5-0xo-ETE receptor (OXER) as a
Ga,-coupled G protein-coupled receptor. The investiga-
tors also found that infiltrates of inflammatory cells in
nasal polyps exhibited increased expression of the recep-
tor OXER. These results suggest a role of 5-oxo-ETE in
the pathogenesis of nasal polyps.

An important characteristic of rhinitis is the diminu-
tion of mucociliary clearance, which correlates with the
severity of the rhinitis, the intensity of inflammation, and
the infiltration with eosinophils [71]. Researchers ob-
served that mRNA of Foxhead box J1 (FoxJ1) and other
cilia structure markers, such as dynein axonemal inter-
mediate chain 1, dynein axonemal light intermediate
chain 1, and dynein axonemal heavy chain 9, are reduced
in AR [72]. The protein Fox]J1 was dyslocalized and more
frequently found in the nuclei and axoneme, throughout
the entire or part of the axoneme, or completely absent.
This observation suggests that Fox]J1 could be relevant for
the diminution of mucociliary clearance in AR.

Furthermore, studies showed elevated Notchl and
JAGI serum levels in AR, correlating with the severity of
AR and the level of allergen-specific IgE [73]. Increased
levels of Notchl, JAGI, and NICD, the secreted intracel-
lular domain of Notch receptor, were observed in nasal
mucosa in an AR mouse model. Levels were restored to
normal when mice were treated with the Notch inhibitor
GSI. Moreover, the marker for regulatory T cells, Foxp3,
was downregulated; this observation might explain the
diminished number of regulatory T cells. Interestingly,

6 Int Arch Allergy Immunol
DOI: 10.1159/000504439

blocking the Notch pathway restored the levels of regula-
tory T cells. Upregulation of IL-6, IL-17, and IL-10 and
downregulation of IL-2 and IFN-y indicated a polariza-
tion towards a Th2 imbalance in AR. Once more the lev-
els were reestablished to normal when treated with GSI.
This Th1/Th2 imbalance can also be affected by adminis-
tration of IL-27, which is an initiator of the Th1 response
and inhibits inflammatory responses due to the inhibi-
tion of Th2 cytokine production and Th2 response [74].
This was illustrated in an OVA-allergic mouse model
where cytokine levels of IL-10 and IL-35 were augmented
after intranasal IL-27 administration. Additionally, the
eosinophil count in the bronchoalveolar lavage fluid was
reduced [75]. The reduction of eosinophil counts could
be explained by the decreased IL-5 levels. The investiga-
tors also observed that IL-27 administration increased the
geneexpressionof Foxp3aswellasthe CD4*CD25*Foxp3*
cell count and decreased OV A-specific IgE production.
Administration of IL-27 also diminished symptoms such
as airways hyperresponsiveness, sneezing, and nose rub-
bing.

Suppressor of cytokine signaling 3 (SOCS3) was re-
cently shown to be upregulated at the protein level in hu-
man AR nasal mucosa, in particular in inflammatory cells
[76]. SOCS3 expression levels were shown to be regulated
by miR-30a-p5, which was found to be lower in AR. In an
animal model of OVA-induced AR, agomiR-30a-5p re-
duced serum concentrations of OVA-specific IgE and
lowered SOCS3 expression levels in nasal mucosal tissue.

In patients with CRSwNP, increased levels of IL-
21-producing cells were found in nasal polyp tissue,
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which included in part CXCR5-positive T-follicular help-
er cells [77]. Tissue stimulation with Staphylococcus au-
reus enterotoxin B resulted in increased levels of IL-21
mRNA and IL-21-positive T cells in nasal polyp tissue.
Given the capacity of CXCR5-positive T-follicular helper
cells to promote B cell proliferation and differentiation,
bacterial triggers, T-follicular helper cells, and IL-21 may
play a crucial role in the pathogenesis of CRSWNP.

Atopic Dermatitis

AD isa chronic inflammatory disease characterized by
skin lesions and Th2-type-driven inflammation [78]. De-
spite such polarization, serum levels of Th1-type cytokine
tumor necrosis factor alpha (TNF-a) and TNFR1* T lym-
phocytes and TNFR1* and TNFR2* B lymphocytes were
found to be increased in AD patients [79]. The serum lev-
els of TNF-aq, the soluble TNFR1 and TNFR2 receptors,
and the frequency of TNFR2" monocytes correlated with
disease severity, as assessed using the Scoring Atopic Der-
matitis index.

A cornerstone of AD treatment are topical corticoste-
roids [80]. Researchers investigated the effects of DEX on
mast cells [81]. Epidermal thickening and increased num-
bers of keratinocyte growth factor-expressing mast cells
were observed upon cutaneous DEX injection. Increased
production of keratinocyte growth factor was also found
for in vitro cultures of the human mast cell line HMC-1
upon DEX stimulation. Supernatants from DEX-treated
HMC-1 cells enhanced the proliferation of keratinocytes,
an effect that could be reduced in the presence of anti-
keratinocyte growth factor blocking antibodies. These re-
sults suggest that mast cells might influence epidermal
growth after corticosteroid appliance.
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Outlook

The prevalence of atopic diseases has increased over
the last decades, while their mechanisms are complex and
remain to be fully understood. In this update article, we
summarized recent findings generated by experimental
work from different groups. The variety of new insights
will hopefully foster innovation and opportunity recogni-
tion or highlight the limitations of currently used models.
For instance, models of humanized mice may help to cope
with species differences in terms of molecules [38, 44] or
divergent cellular characteristics, such as those observed
for cell death responses of granulocytes [82]. Pluripotent
immunomodulatory agents, such as glucocorticoids, vi-
tamin D, or intravenous immunoglobulin, might serve as
a further source for opportunity recognition, yet their
complex mechanisms of action remain to be deciphered
(83, 84]. Several studies highlighted in this article adopted
areverse translational research approach, from bedside to
benchtop. For the future, it is conceivable that reverse
translational research in concert with the higher availabil-
ity of high-throughput methods and biobanks or data-
banks [85] will direct research and patient care for atopic
diseases towards more personalized medicine.
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