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This review highlights some of the advances in mechanisms of
allergic disease, particularly anaphylaxis, including food allergy,
drug hypersensitivity, atopic dermatitis (AD), allergic
conjunctivitis, and airway diseases. During the last year, a
mechanistic advance in food allergy was achieved by focusing on
mechanisms of allergen sensitization. Novel biomarkers and
treatment for mastocytosis were presented in several studies.
Novel therapeutic approaches in the treatment of atopic
dermatitis and psoriasis showed that promising
supplementation of the infant’s diet in the first year of life with
immunoactive prebiotics might have a preventive role against
early development of AD and that therapeutic approaches to
treat AD in children might be best directed to the correction of a
TH2/TH1 imbalance. Several studies were published
emphasizing the role of the epithelial barrier in patients with
allergic diseases. An impaired skin barrier as a cause for
sensitization to food allergens in children and its relationship to
filaggrin mutations has been an important development.
Numerous studies presented new approaches for improvement
of epithelial barrier function and novel biologicals used in the
treatment of inflammatory skin diseases. In addition, novel
transcription factors and signaling molecules that can develop
as new possible therapeutic targets have been reported. (J
Allergy Clin Immunol 2016;nnn:nnn-nnn.)
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This review highlights key advances in mechanisms of
anaphylaxis, systemic mastocytosis, drug hypersensitivity, and
epithelial barrier dysfunction in patients with atopic dermatitis
(AD) and asthma, particularly those reported in 2015. Some of the
key advances are summarized in Table I.1-37
EPIDEMIOLOGY, DIAGNOSIS, AND MECHANISMS

OF ANAPHYLAXIS, INCLUDING FOOD ALLERGY
An increase in the prevalence of anaphylaxis has been reported

in several studies. In a US-wide survey of physicians, an analysis
of ‘‘Anaphylaxis in America’’ summarized results from data
gathered from experience, knowledge, and attitudes among
allergy/immunology specialists, primary care, and emergency
physicians.1 More pediatric allergy/immunology specialists than
others believed that life-threatening allergic reactions today are
more common than 10 years ago.

Data from national databases concerning anaphylaxis in
England and Wales (1992-2012) showed increased incidence
but not for fatal anaphylaxis. They also identified marked
differences in the age distribution of anaphylaxis admissions
and fatalities according to the trigger, which might offer
important clues to the underlying pathophysiology.2

Studies performed in an Australian hospital focusing on a
population with food-related anaphylaxis showed an increase
from 5.6-fold in 2005-2006 to 8.2-fold in 2011-2012. The highest
rates occurred in children aged 0 to 4 years, but the greatest
proportional increase occurred in those aged 5 to 14 years.3 Ac-
celeration in the rate of increase in food-related anaphylaxis in
older children and teenagers has implications for management
of food allergy, who are at greatest risk of fatal anaphylaxis.3

Another study also showed an increased rate of hospitalization
(from 2001 to 2011) for food-induced anaphylaxis in Italian
children.4 In addition, the prevalence of anaphylaxis was reported
to be increasing in the European pediatric population, as well as in
the United States and Australia.38

Consequently, molecular research on mechanisms of anaphy-
laxis have been revisited and increased. Tryptase and histamine
levels reportedly increase during anaphylaxis but seem to be
inadequate to fully identify all anaphylactic responses. Accord-
ingly, Gill et al39 reviewed the role of platelet-activating factor
(PAF) in anaphylaxis. Patients with acute allergic reactions
have very high serum PAF levels, which correlated better than
serum tryptase or histamine levels with anaphylaxis severity.
Anaphylaxis grade significantly correlated with basal levels of
1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:akdisac@siaf.uzh.ch
http://dx.doi.org/10.1016/j.jaci.2016.02.010


J ALLERGY CLIN IMMUNOL

nnn 2016

2 WAWRZYNIAK ET AL
Abbreviations used
AD: A
topic dermatitis
ADR: T
 cell–mediated adverse drug reaction
AIT: A
llergen immunotherapy
BATF: B
asic leucine zipper transcription factor
CHS: C
ontact hypersensitivity
CRH: C
orticotrophin-releasing hormone
DP2: D
 prostanoid receptor 2
EoE: E
osinophilic esophagitis
FFx: F
ragility fracture
FOXP3: F
orkhead box P3
GARP: G
lycoprotein A repetitions predominant
GBP: G
lycan-binding protein
HMGB1: H
igh-mobility group box 1
IDEC: I
nflammatory dendritic epithelial cell
ILC2: G
roup 2 innate lymphoid cell
IM-ADR: I
mmune-mediated adverse drug reaction
JAK: J
anus kinase
LC: L
angerhans cells
NF-kB: N
uclear factor kB
NP: N
asal polyp
PAF: P
latelet-activating factor
PM: P
articulate matter
PMN-MDSC: P
olymorphonuclear myeloid-derived suppressor cells
PP2A: P
rotein phosphatase 2A
PPI: P
roton pump inhibitor
PR-10: P
athogenesis-related group 10 protein
RAGE: R
eceptor for advanced glycation end products
Siglec: S
ialic acid–binding immunoglobulin-like lectin
S1P: S
phingosine-1-phosphate
STAT3: S
ignal transducer and activator of transcription
TJ: T
ight junction
Treg: R
egulatory T
TSLP: T
hymic stromal lymphopoietin
PAF-acetylhydrolase.39,40 Another recent report showed that the
plasma protease cascade mediated by the factor XII–driven con-
tact system critically contributes to the pathogenesis of anaphy-
laxis in both murine models and human subjects.41

Strategies have been evaluated for the consumption and
avoidance of food allergens. A study has taken the attention of
the scientific community, with early introduction of peanuts that
decreased the frequency of the development of peanut allergy
among children at high risk for this allergy and modulated
immune responses to peanuts.42

One of the unmet needs is to define a definitive diagnostic
marker for food allergy. Martino et al5 performed genome-wide
DNAmethylation profiling on blood mononuclear cells from vol-
unteers who had undergone objective oral food challenges, con-
current skin prick tests, and specific IgE tests. They discovered
a DNA methylation signature of 96 CpG sites that predicted clin-
ical outcomes. Diagnostic scores were derived from these 96
methylation sites, and cutoffs were determined in a sensitivity
analysis. Methylation biomarkers outperformed allergen-
specific IgE measurement and skin prick tests for predicting
oral food challenge outcomes. Food allergy status was correctly
predicted in a replication cohort with an accuracy of 79%. As
such, DNAmethylation biomarkers might offer promise for diag-
nosing food allergy and other allergic disorders.5

At present, the diagnosis of food-induced anaphylaxis is based
on clinical history, determination of food-specific IgE
concentrations, and oral food challenges. The identification of
the real food allergen responsible for anaphylaxis has always been
debated. For example, it was shown that anaphylaxis after
administration of inactivated trivalent influenza vaccines might
be caused by specific IgE to an influenza vaccine component and
not to contaminating egg protein.43

An advance was achieved by Hofmaier et al.44 The investiga-
tors focused onmechanisms of allergen sensitization, in particular
the route and dose of allergen exposure to pathogenesis-related
group 10 protein (PR-10), a family of allergenic proteins shared
by many pollens (eg, birch and alder) and foods (eg, apple, peach,
and soy). Notably, children are exposed to both pollen-derived
(inhaled) and food-derived (ingested) PR-10 molecules. They
investigated the role of route and dose of exposure in the
evolution of IgG and IgE responses to recombinant PR-10 mole-
cules. They found that nonallergic children have a default anti-
body response to PR-10 molecules, which is early, weak, and
transient; does not involve IgE; and is initiated by foodborne
PR-10. By contrast, atopic subjects have an antibody response
to PR-10 molecules that is delayed, strong, and persistent; in-
volves both IgG and IgE; and is initiated by airborne PR-10.
These findings have implications for novel diagnosis, as well as
considering ways to counterregulate the development of allergic
sensitization.

Eschborn et al45 studied a humanized mouse model of food al-
lergy in which NOD/SCID/gc-deficient mice were reconstituted
with peripheral blood cells from allergic subjects and immunized
with the relevant allergen. Gastrointestinal allergen inoculation
induced intestinal inflammation, which could be inhibited by
inoculation with regulatory T (Treg) cells, particularly activated
Treg cells, from the same human donor. Furthermore, blocking
of the Treg cell–associated molecule, glycoprotein A repetitions
predominant (GARP) blocked the suppressive effect of Treg cells,
whereas treatment with soluble recombinant GARP amplified the
suppressive effect. Based on these observations, the authors sug-
gest that soluble GARP treatment can suppress human allergy,
whereas blocking GARP can enhance cancer immunotherapy.45
SYSTEMIC MASTOCYTOSIS
Mast cell disorders are associated with an increased number,

increased activation, or both of mast cells and are broadly divided
into those defined by expression of clonal mast cells and those
defined by mast cell activation. Systemic mastocytosis can lead to
potentially fatal anaphylactic reactions caused by excessive mast
cell mediator release.46,47 The absence of urticaria or angioedema
in patients with severe reactions to Hymenoptera stings with hy-
potension might represent a relevant factor in identifying patients
with mastocytosis, regardless of their serum tryptase levels.6

Serum levels of 9a, 11b-prostaglandin F2 were also reported as
a useful biomarker of anaphylaxis.7 Type 2 cytokine–related im-
mune responses associated with development of antigen-specific
IgE antibodies can contribute to pathogenesis in patients with
allergic diseases and to fatal anaphylaxis. However, recent find-
ings in mice indicate that IgE also can enhance defense against
honeybee venom. In a recent study mice lacking IgE or functional
FcεRI could not survive challenge with a potentially lethal
amount of viper venom. The extent to which type 2 immune re-
sponses against venoms can decrease pathology associated with
envenomation is influenced by the type of venom, frequency of
venom exposure, and the genetic background of the host.48



TABLE I. Key advances

Advance References

Anaphylaxis

Increased prevalence of anaphylaxis Altman et al,1 Turner et al,2 Mullins et al,3 Nocerino et al,4 Martino et al,5

Sicherer et al38

Novel biomarkers and treatment for patients with mastocytosis Zanotti et al,6 Nassiri et al,7 Weng et al,8 Broesby-Olsen et al,9 Vos et al,10

Yip et al11

AD

Therapeutic approaches in patients with AD and psoriasis Noda et al,12 Czarnowicki et al,13 Suarez-Farinas et al14

Impaired skin barrier causes sensitization to food allergens in children Brough et al15

Novel biologicals used in treatment of inflammatory skin diseases Krueger et al,20 Lin et al,21 Li et al,22 MacDonald et al23

Asthma

Bronchial epithelial barrier function Pellerin et al,16 Kim et al,17 Amano et al,18 Czarnowicki et al,19 Madritsch

et al,26 Kubo et al27

IL1RL1 gene has been implicated in the pathogenesis of asthma Akhabir et al24

BATF as a possible therapeutic target in asthmatic patients Ubel et al25

MicroRNA 9 regulates glucocorticoid signaling in steroid-resistant

airway hyperresponsiveness

Li et al28

Eosinophilia

Improved treatment focusing on EoE Wen et al,29 Rothenberg et al30

Mucin proteins regulate eosinophil survival Ilmarinen et al31

Allergen immunotherapy

ICON consensus on AIT Jutel et al32

Treg cells achieve allergen tolerance and suppress airway inflammation Tsai et al,34 Akdis and Akdis33

IL-10–overexpressing B cells and histamine exerts immune regulatory

functions

Stanic et al,35 Ferstl et al36

Novel method to monitor the response to immunotherapy Shamji et al37
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In a recent study human LAD2 cells and umbilical primary
human cord blood–derived cultured mast cells were stimulated
with substance P or IgE/anti-IgE with or without preincubation
with luteolin and its novel structural analog 39, 49, 5, 7-
tetramethoxyluteolin (methlut) or cromolyn (1-100 mmol/L) for 2
or 24hours, afterwhichmediator secretionwasmeasured.8Methlut
appeared to be a promising mast cell inhibitor for the treatment of
allergic and inflammatory conditions. It has been reported that pa-
tients with mastocytosis had high serum corticotrophin-releasing
hormone (CRH) and bone marrow mast cell CRH receptor expres-
sion. In a recent study the authors demonstrated high serum CRH
levels and bonemarrowmast cell CRH receptor expression in a pa-
tient with mastocytosis and suggest that high serum or skin CRH
expression could stimulate mast cells to secrete vascular endothe-
lial growth factor, other mediators, or both to increase vascular
permeability and promote tissue inflammation.49

Broesby-Olsen et al9 have suggested that the KIT D816V muta-
tion is a novel method to diagnose mastocytosis in patients with
anaphylaxis. The authors present data on 4 adult patients with
anaphylaxis in whom a positive KITD816Vmutation in peripheral
blood was found despite normal or low basal serum tryptase levels
and absent or inconspicuous urticaria pigmentosa skin lesions.

As discussed above, measurement of serum tryptase levels is
the most commonly used test to estimate the need for bone
marrow biopsy in patients suspected to have indolent systemic
mastocytosis. In a retrospective study in patients with indolent
systemic mastocytosis older than 50 years with a bodymass index
of greater than 25 kg/m2, serum methylimidazole acetic acid was
reported to be more useful than serum tryptase in determining the
need for bone marrow biopsy.10 Fragility fractures (FFxs) and
osteoporosis occur frequently in patients with indolent systemic
mastocytosis. The Mast FFx score, which calculates these 5 pa-
rameters (ie, male sex, high levels of the bone resorption marker
serum type I collagen C-telopeptide, low hip bone mineral den-
sity, absence of urticaria pigmentosa, and alcohol intake), has
been shown as an easy-to-use prediction model for the occurrence
of FFxs in patients with systemic mastocytosis.50

Sumpter et al51 identified a new pathway for mast cell activa-
tion mediated by autocrine secretion of hemokinin-1, which
then ligates and signals through its receptor, neurokinin receptor
1; this pathway was shown to contribute to passive local and sys-
temic anaphylaxis and airway inflammation. Because mast cells
express the vitamin D receptor, Yip et al11 studied the effects of
25-hydroxyvitamin D and its active metabolite, 1a,25-
dihydroxyvitamin D, on mast cell functions in vitro and in vivo.
Mouse and human mast cells were shown to express an enzyme,
25-hydroxyvitamin D-1a-hydroxylase, which converts 25-
hydroxyvitamin D to 1a,25-dihydroxyvitamin D. Both forms of
vitamin D3 suppressed mast cell mediator release in vitro and
decreased the severity of mast cell–dependent passive cutaneous
anaphylaxis when applied to the skin; these effects were vitamin
D receptor and 25-hydroxyvitamin D-1a-hydroxylase dependent.
The authors suggest that these observations raise the possibility of
developing vitamin D–related therapies to suppress mast cell–
mediated disorders.
MECHANISMS OF DRUG HYPERSENSITIVITY
There was increasing evidence that specific HLA alleles

influence the risk of drug hypersensitivity reactions. Several
features of T cell–mediated adverse drug reactions (ADRs) are
strikingly similar to those displayed by patients with autoimmune
diseases.52

In a recent review White et al53 discussed the role of host ge-
netics, microbes, and drugs in the development of immune-
mediated adverse drug reactions (IM-ADRs). They focused on
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expanding existing models of IM-ADR pathogenesis, as well as
implications and future applications of this work in clinical prac-
tice. The authors highlighted the importance of T-cell immune re-
sponses in the mechanisms of both B cell–mediated and primary
T cell–mediated IM-ADRs.

Munoz-Cano et al54 showed gene ontology analysis in patients
with a proved clinical history of nonsteroidal anti-inflammatory
drug–dependent or nonsteroidal anti-inflammatory drug–
independent anaphylaxis to lipid transfer protein–induced
anaphylaxis. Their data suggest that differential regulation of the
IFN-g pathway, IgG receptors, and adenosine receptor 3 might
provide the pathogenic basis of distinct responses between the 2
groups.

Anaphylaxis patient registries are accumulating data directly
linked to patients. Recently, a study using a Charite-Berlin
anaphylaxis registry database indicated a higher risk of severe
anaphylaxis after monotherapy with b-blockers or angiotensin-
converting enzyme inhibitors, which was more pronounced
when both drugs were combined. Their findings were confirmed
in a mouse model.55 Another study showed that peroxisome
proliferator–activated receptor–dependent dermal acute vascular
hyperpermeability activation involves the activation of mitogen-
activated protein kinase andAkt pathways and leads to downstream
destabilization of endothelial cell-cell junctions and anaphylaxis.56
MECHANISMS OF AD
AD is the most common chronic inflammatory skin disease and

often precedes the development of food allergy and
asthma.38,57,58Major mechanisms include abnormalities in termi-
nal differentiation of the epidermal epithelium leading to a defec-
tive stratum corneum, which allows enhanced allergen
penetration and systemic IgE sensitization. Atopic skin is predis-
posed to colonization or infection by pathogenic microbes, most
notably Staphylococcus aureus and Herpes simplex virus.

Noda et al12 compared and reviewed the common inflamma-
tory skin diseases psoriasis and AD, which are characterized by
immune-mediated inflammation and abnormal keratinocyte
differentiation. In patients with psoriasis, suppression of the
IL-23/TH17 pathway seems the best therapeutic approach, and
novel developments in testing of targeted therapeutics against
various immune axes (TH2, TH22, and IL-23/TH17) are being pur-
sued in patients with AD and psoriasis.12 It was suggested that
therapeutic approaches to treat AD in children might be best
directed to the correction of a TH2/TH1 imbalance, whereas adults
might also benefit from IL-22–targeted therapies.13

Suarez-Farinas et al14 have investigated the scalp transcriptome
and associated biomarkers in comparisons of patients with AD
and psoriasis with alopecia areata, a common T cell–mediated
disorder. They showed that alopecia areata is associated with a
combined TH2, TH1, IL-23 and IL-9/TH9 signature, suggesting
consideration of anti-TH2–, anti-TH1–, and anti–IL-23–targeting
strategies.

Thymic stromal lymphopoietin (TSLP) is one of 3 cytokines in
addition to IL-25 and IL-33 that are known to promote the
generation and maintenance of a TH2 cytokine response. Wang
et al59 used a mouse adoptive transfer model to show that TSLP
was not required for ovalbumin plus alum–induced generation
of a TH2 response by ovalbumin-specific T cells but was required
for the survival of ovalbumin-specific memory T cells in this
model. TSLP signaling of CD41 T cells also promoted the recall
response of mice with established TH2 memory in a mouse model
of AD and memory cell generation and maintenance after a sec-
ondary response.

A study performed in 228 European American patients with
AD, who were selected according to their eczema herpeticum
status and severity, provided evidence that genetic variants in the
IFNGR1 gene are implicated in susceptibility to eczema herpeti-
cum.60 Another RNA-sequencing approach was applied in pa-
tients with AD and a history of eczema herpeticum and in
patients with AD without a history of eczema herpeticum. Pa-
tients with AD with a history of eczema herpeticum have a
distinct immune response after H simplex virus exposure. The
data suggest that the inhibition of interferon regulatory factors 3
and 7 innate immune pathways might contribute to increased sus-
ceptibility to disseminated viral infection in these patients.61

Using the Wayne County Health, Environment, Allergy and
Asthma Longitudinal study birth cohort, Havstad et al62 investi-
gated whether distinct and meaningful atopic phenotypes exist
within a racially diverse birth cohort using 10 allergen-specific
serum IgEmeasurements from children aged 2 years. The authors
presented 4 different allergen sensitization patterns: ‘‘low to no
sensitization’’ (76.9% of sample), ‘‘highly sensitized’’ (2.7%),
‘‘milk and egg dominated’’ (15.3%), and ‘‘peanut and inhalant(s)’’
(5.1%).

Comorbidities in patients with AD suggest more complex
mechanisms open for further research. A study performed by the
National Health Interview Survey showed in 2 adult cohorts that
eczema in adults is a marker for cardiovascular risk, emphasizing
the importance of behavioral modification and more aggressive
interventions to better manage eczema.63 In addition, an analysis
of 19 US population–based studies demonstrated that eczema is
associated with increased headaches in childhood, particularly
in patients with severe disease accompanied by atopy, fatigue,
and sleep disturbances.64

Gruber et al65 showed that supplementation of the infant’s diet
in the first year of life with immunoactive prebiotics might have a
potential preventive role against early development of AD, but the
effect was not sustained in infants at low risk of atopy.

Finally, Lee et al66 examined the mechanism of itching, a pro-
cess germane to AD. Focusing on eosinophil-deficient mice, they
were able to show that itching and contact toxicant–induced
edematous responses and histopathology were linked to the pres-
ence of eosinophils. The authors implicated substance P in this
response. These findings, as commented on by Leiferman,67 pre-
sent compelling evidence that targeting eosinophils might be a
useful strategy for pruritis.
Immune deficiencies linked to atopy
Gambineri et al68 discussed a patient with X-linked immune

dysregulation, polyendocrinopathy, enteropathy syndrome who
presented with severe enteropathy, dermatitis, and other signs
of autoimmunity since 3 to 4 weeks of age. The identified fork-
head box P3 (FOXP3) genemutation was associated with reduced
expression of this protein in Treg cells. After unmanipulated and
unrelated donor cord blood stem cell transplantation, the gut im-
mune system recovered and functioned longer than the peripheral
immune system. A whole-exome and targeted gene sequencing
study showed LPS-responsive Beige-like anchor deficiency as a
novel cause of X-linked immune dysregulation, polyendocrinop-
athy, enteropathy–like syndrome and Treg cell deficiency
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associated with metabolic dysfunction and increased apoptosis of
Treg cells.69

Another type of X-linked immune deficiency, Wiskott-Aldrich
syndrome, which is characterized by microthrombocytopenia,
eczema, and immunodeficiency, was reported by Kharya et al.70

The authors showed that haploidentical T-cell receptor ab and
CD19-depleted hematopoietic stem cell transplant appears to be
a promising treatment.

In addition, a study performed in a cohort of patients with
hemophagocytic lymphohistiocytosis and X-linked lymphopro-
liferative disease 1 showed that the use of an assay for 2B4
receptor function in combination with signaling lymphocyte
activation molecule–associated protein expression in peripheral
blood lymphocytes might help to refine the selection of patients
with hemophagocytic lymphohistiocytosis with X-linked lym-
phoproliferative disease 1 who are appropriate for mutation
analysis.71

A study performed in Pediatric Immuno-Hematology Hospital
in France showed that high circulating endothelial cell counts are
associated with the occurrence of endothelial complications in
children undergoing hematopoietic stem cell transplantation for
primary immunodeficiencies.72

de Inocencio et al73 described the involvement of somatic
NOD2 mosaicism in the pathogenesis of Blau syndrome, which
is characterized by the triad of granulomatous arthritis, dermatitis,
and uveitis.

Human mutations in ORAI1 are associated with severe com-
bined immunodeficiency, myopathy, and ectodermal dysplasia
with anhydrosis. Accordingly, a patient with opportunistic infec-
tions and hypotonia caused by a novel ORAI1mutation, who had
combined immunodeficiency but residual T-cell function, was
reported.74
Mechanisms of skin barrier dysfunction in patients

with AD
Skin barrier dysfunction plays a key role in the initiation of AD

and is associated with both genetic susceptibility and environ-
mental risk factors. The skin of patients with AD can exhibit not
only loss-of-function mutation in filaggrin 1 but also defects in
tight junction (TJ) function, all of which can contribute to
decreased skin barrier function.75 Diverse inherited and acquired
abnormalities in epidermal structural and enzymatic proteins
converge to produce defective permeability barrier function and
antimicrobial defense in patients with AD.76 Recent evidence
suggests that children can become sensitized to food allergens
through an impaired skin barrier. Brough et al15 showed that expo-
sure to peanut antigen in dust through an impaired skin barrier in
atopic inflamed skin is a possible route for peanut sensitization
and allergy.

As was previously shown, filaggrin mutations have been found
to be the strongest risk factor for AD.77 IL-33 bears the potential
to directly or indirectly promote epidermal barrier impairment
and thereby plays a crucial role in sustaining and enhancing the
local inflammatory responses in patients with AD. One relevant
effect of this cytokine was shown to be downregulation of
filaggrin.78

Another study by Thyssen et al79 showed the relationship be-
tween filaggrin mutations, AD, and food sensitization in adults.
The authors were not able to evaluate the possible effects of cur-
rent AD and disease severity, but the presence of filaggrin
mutations in patients with AD appeared to increase the prevalence
of sensitization.

A whole-exome sequencing study of Ethiopian patients with
AD and ichthyosis vulgaris, which is characterized by loss of
filaggrin expression, suggested that no single gene is likely to be
causative for this disease complex in these patients.80 The data re-
vealed several rare variants in both previously described and new
candidate genes, especially those in the epidermal differentiation
cluster on 1q21, suggesting heterogeneous disease pathogenesis
among Ethiopian patients.

In another study, Pellerin et al16 reported a novel finding,
showing downregulated bleomycin hydrolase gene expression
in the epidermis of the lesional skin in atopic patients. Less bleo-
mycin hydrolase can lead to reduced production of amino acids,
which compose the natural moisturizing factor and affect stratum
corneum dryness.

In another study that links immune response to filaggrin
expression and barrier function in the skin, Kim et al17 investi-
gated the presence of the TSLP receptor in human epidermis
and keratinocytes. They demonstrated downregulation of filag-
grin expression by TSLP, which is mediated by signal transducer
and activator of transcription (STAT) 3–dependent pathways,
extracellular signal-regulated kinase–dependent pathways, or
both.

In another study Amano et al18 showed that topical application
of a Janus kinase (JAK) inhibitor suppressed STAT3 activation
and improved skin barrier function, permitting increases in levels
of terminal differentiation proteins, such as filaggrin, and natural
moisturizing factors in AD and dry skin.

Severe dermatitis, multiple allergies, and metabolic wasting
syndrome is a recently recognized syndrome caused by mutations
in the desmoglein 1 gene. To date, only 3 families have been
reported. A recent study focused on severe dermatitis, multiple
allergies, and metabolic wasting syndrome demonstrated that a
novel de novo heterozygous missense c.1757A>Cmutation in the
desmoplakin gene, which predicts the amino acid substitution
p.His586Pro in the desmoplakin polypeptide, has a role in herita-
ble skin barrier defects.81

In addition, the first study to identify a combined effect of the
gene-environment interaction between claudin 1 (CLDN1) poly-
morphism and mold exposure on the development of AD and
IgE production has been reported. Mold exposure in early life is
a risk factor for AD, and the CLDN1 polymorphism might influ-
ence the development of AD and IgE production in children.82

Czarnowicki et al19 defined molecular and structural effects in
the skin that are induced by the common moisturizer petrolatum,
which is often used to prevent skin infections in patients with AD.
They showed that petrolatum robustly enhances expression of
skin antimicrobial peptides and epidermal molecules that
contribute to skin barrier function. This was accompanied by
increased stratum corneum thickness and significantly reduced
T-cell infiltrates in the setting of ‘‘normal-appearing’’ or nonle-
sional AD skin.
Immune effector mechanisms in patients with AD
Differences between Langerhans cells (LCs) and inflammatory

dendritic epithelial cells (IDECs) were found in the epidermis of
patients with AD.83 LCs, but not IDECs, extend dendrites through
the TJs, making themmore likely to capture antigens from outside
the TJ barrier. Langerin accumulated on LC dendrite tips, whereas
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FcεRI was diffusely expressed on the cell membranes of LCs and
IDECs in AD lesional skin.83

A recent study depicts differences in skin-homing and systemic
T-cell subsets in patients with AD versus those with psoriasis.
Both types of patients showed increased T-cell infiltration in skin
lesions; however, patients with AD were characterized by higher
persistent and systemic activation of central and effector memory
T-cell subsets. Pathologic T-cell activation in these patients
extends to ‘‘skin-homing’’ and ‘‘systemic’’ central memory
T-cell populations.84

Correa da Rosa et al85 investigated whether patients with AD
have altered tissue immune responses on allergen challenge.
The authors showed that allergic immune reactions were globally
attenuated and differentially polarized in patients with AD, with
significant decreases in levels of TH1-related products, some in-
creases in levels of TH17-related products, and inconsistent upre-
gulation of TH2-related products. This suggests that strategies to
boost TH1 responses might be necessary to increase the effective-
ness of protective immunologic responses.85

As a proinflammatory cytokine mainly secreted by epithelial
cells, TSLP has been associated with allergic reactions in the skin
and lungs. In a recent study Fornasa et al86 showed that a short iso-
form of TSLP is expressed in healthy skin and gut tissue, whereas
a long TSLP isoform is present in inflammatory disease condi-
tions. The TSLP isoform ratio is altered by several inflammatory
disorders, which has implications for the treatment and preven-
tion of AD.

The human skin-associated autoallergen thioredoxin induced
IgE-dependent upregulation of the TH2 cytokine IL-13 and
impaired upregulation of IL-10 in sensitized patients with AD.
Thioredoxin can be released from dermal or epidermal cells
and might promote inflammatory responses by activating specific
T cells, as well as other cells that express receptors for IgE.87

Czarnowicki et al88 demonstrated that patients with severe AD
have selective expansion of skin-homing TH2/TC2 and TH22/
TC22 subsets with lower TH1/TC1 frequencies in peripheral blood
lymphocytes. The authors identify T-cell pathways warranting
further investigation in cutaneous lymphocyte antigen–positive
and negative cell subsets in children. These data create a critical
basis for studying alterations in immune activation in peripheral
blood of adults and pediatric patients with AD.

Several studies highlighted the involvement of IL-22 in
patients with AD. A recent study by Mashiko et al89 showed
that human skin mast cells are major producers of IL-22 in pa-
tients with psoriasis and AD. The authors established that skin
mast cells also produce IL-17, which could be important in the
physiopathology of chronic inflammatory skin disorders.

Noda et al90 demonstrated that the Asian AD phenotype, which
combines features of AD and psoriasis, is characterized by
increased TH17 polarization. These patients (even those with
increased IgE levels) have a phenotype that blends characteristics
of European American patients with AD and those with psoriasis,
including increased hyperplasia, parakeratosis, higher TH17
activation, and a strong TH2 component. The relative pathogenic
contributions of the TH17 and TH2 axes in creating the Asian AD
phenotype need to be tested in future clinical trials with appro-
priate targeted therapeutics.

The studies were extended to comparison of B-cell populations
and antibody-secreting cells in the peripheral blood of patients
with AD, patients with psoriasis, and control subjects. The data
suggest that AD is accompanied by a systemic expansion of
transitional and chronically activated CD271 memory B cells,
plasmablasts, and IgE-expressing memory B-cell subsets.91

CD191CD2411CD3811 transitional and CD191CD242CD382

new memory B-cell counts were both higher in patients with AD.
Novel treatments linked to mechanisms of AD
Clinical trials with novel biologicals are being increasingly

reported in the treatment of inflammatory skin diseases. A study
performed in patients with moderate-to-severe plaque psoriasis
treated with a human IgG1mAb specific for the IL-23 p19 subunit
(BI 655066) demonstrated good drug tolerance and durable clin-
ical improvement in these patients, supporting a central role for
IL-23 in the pathogenesis of psoriasis. BI 655066 treatment re-
sulted in reduced expression of lesional skin genes associated
with IL-23/IL-17–signaling pathways and normalization of psori-
atic lesion gene expression profiles to a profile close to that of
nonlesional skin. A significant correlation between treatment-
associated molecular changes and Psoriasis Area and Severity
Index score improvement was observed.20

Allopurinol is a commonly prescribed drug for symptomatic
hyperuricemia and its complication, gout. A problem with
allopurinol is that it is a frequent cause of severe cutaneous
adverse reactions, including hypersensitivity syndrome, Stevens-
Johnson syndrome, and toxic epidermal necrolysis. Lin et al21

showed strong pharmacogenetic links between HLA-B*58:01
and allopurinol/oxypurinol and provided a molecular understand-
ing of allopurinol-induced severe cutaneous adverse reactions
associated with HLA-B*58:01.

In a different study of treatment of severe skin inflammation,
lidocaine therapy was shown to ameliorate the severity of lesional
skin in patients with AD. The authors demonstrated a critical role
and molecular mechanism of lidocaine in Treg cell regulation.22

Lidocaine treatment improved the SCORAD severity scores of
patients with AD and improved the numbers of FOXP31 Treg
cells to levels seen in healthy subjects. Treg cells have been inves-
tigated in another study showing that Treg cells isolated from
affected skin of patients with systemic sclerosis produced signif-
icant amounts of IL-4 and IL-13 (a TH2 response) and that the
plasticity of Treg cells toward TH2 can be tissue specific.23

The mechanisms of AD have been frequently compared with
those involved in contact hypersensitivity (CHS). Goldenberg
et al92 addressed the problem involving allergic contact derma-
titis, which has a complex relationship with AD and is a common
pediatric problem that warrants attention, research, and action.
The authors also discussed nickel-limiting directives active in
many countries and the potential benefits deriving from collabo-
rations between researchers, manufacturers, policymakers, and
patients. In a recent study the investigation of the roles of M2
and M1 macrophages in patients with CHS showed that mannose
receptor–positiveM2macrophages contribute to the development
of CHS by producing matrix metalloproteinase 12.93
ALLERGIC CONJUNCTIVITIS
Su et al94 used an experimental allergic conjunctivitis model, in

which mice are primed systemically with ragweed allergen in
alum and then have their eyes exposed to a ragweed solution to
evaluate the ability of a culture supernatant of TNF-stimulated
bone marrow–derived mesenchymal stem cells to suppress dis-
ease induction. In keeping with other evidence for the
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immunosuppressive effects of mesenchymal stem cells, the cul-
ture supernatant suppressed disease induction and, both in vitro
and in vivo, inhibited IgE secretion, mast cell enrichment, activa-
tion and histamine release, and vascular permeability. Inhibitory
effects were COX-2 dependent and partially reproduced by pros-
taglandin E2. The authors suggest that culture supernatants of
mesenchymal stem cells might be useful for treating allergic
conjunctivitis; however, the ability of such supernatants to sup-
press established allergic conjunctivitis was not investigated.
IMMUNE EFFECTOR MECHANISMS IN AIRWAY

DISEASES

Research performed by using multiple omics and

systems biology approaches
Systems biology and multiple omics have been used during the

last year in several studies of asthma and allergies to uncover the
relationship among physiologic, biologic, epigenetic, and environ-
mental processes. It was recently reviewed that deeper phenotypic
and environmental profiles and wider implementation in system-
wide profiling will elucidate connections that will uncover relevant
biological pathways.95,96 The total pollen transcriptome, proteome,
and allergome of Panicoidae Johnson grass pollen revealed quanti-
tative differences in its allergenic components compared with
temperate grass pollens.97 This knowledge has the potential to
improve specific diagnosis and allergen immunotherapy (AIT)
for patients with grass pollen allergy in subtropical regions and
reduce the burden of allergic respiratory disease globally.

Goldblum et al98 showed that several conformational epitopes
on Jun a 1 aremajor targets for the IgE response tomountain cedar
pollen, which makes Jun a 1 good prototype for identifying the
structural basis of allergenicity.

In another omics study transcriptomic and proteomic
sequencing of house dust mite showed the full gene structures
of 20 canonical and 7 noncanonical allergen homologs.99 The
Kyoto Encyclopedia of Genes and Genomes pathway analysis re-
vealed a phototransduction pathway in Dermatophagoides fari-
nae, as well as thiamine and amino acid synthesis pathways,
which is suggestive of an endosymbiotic relationship between
D farinae and its microbiome. The authors also found a novel
major allergen, ubiquinol-cytochrome c reductase binding pro-
tein–like protein, which they designated as Der f 24.

In a recent genome-wide study, the authors evaluated 6706 cis-
acting expression-associated variants identified through a
genome-wide expression quantitative trait loci survey of CD41

lymphocyte association with asthma.100 The data presented new
evidence to support the roles of fatty acid desaturase 2
(FADS2), N-acetyl-alpha-D-galactosaminidase (NAGA), and Fac-
tor XIII (F13A1) in asthma pathogenesis.

Obesity increases the risk of respiratory outcomes in children
with asthma with a clear dose-response relationship between
bodymass index and asthma/wheeze. Authors found that children
carrying the b3-adrenergic receptor gene ADRB3 Arg allele were
more susceptible to the adverse effects of obesity on childhood
asthma.101

The IL-1 receptor-like 1 (IL1RL1) gene has been implicated in
the pathogenesis of asthma and related phenotypes both in animal
models and human studies, as well as in a variety of other dis-
eases. Consistent with this, an important functional polymor-
phism was identified in the asthma-associated IL1RL1 region in
the lungs.24
Biochemical and physiologic mouse model studies have also
contributed to our understanding of effector mechanisms in
allergic airway disease. Balenga et al102 used mouse models to
demonstrate that defects in regulator of procontractile G pro-
tein–coupled receptor signaling 6, which is selectively expressed
in airway smooth muscle and negatively regulates procontractile
G protein–coupled receptor signaling, have little effect on allergic
airway inflammation and lower IL-13 and IL-33 responses to
allergen challenge but increase airway responsiveness to metha-
choline in unimmunized mice. The authors suggest that such de-
fects can contribute to asthma in subjects without lack prominent
airway inflammation.102

Amison et al103 studied the role of platelet purinergic receptors
in mouse models of allergic airway inflammation. Platelet activa-
tion by ADP through the receptor P1Y1 stimulated RhoA
signaling, which was important for the formation of platelet-
leukocyte complexes and polymorphonuclear cell migration to
the lungs in ovalbumin-primed and airway-challenged mice.
Furthermore, ADP activation of platelets used a distinct signaling
pathway from ADP-induced platelet aggregation. The authors
suggest that this difference can be exploited to develop new
anti-inflammatory/antiallergic drugs.

DNA-dependent protein kinase, which is important for repair-
ing double-stranded DNA breaks, is also required for the
expression of vascular cell adhesion molecule 1, as well as
many other nuclear factor kB (NF-kB)–dependent genes that are
downstream of TNF stimulation. Ghonim et al104 used in vitro
studies and mouse models to show that genetic or pharmacologic
DNA-dependent protein kinase inhibition suppressed pulmonary
allergy without inducing severe combined immunodeficiency.
This suggested to the authors that this kinase might be a potential
target for the treatment of asthma.
Advances in cytokines and cells
IL-25 secreted from sinonasal epithelium and infiltrating mast

cells play a crucial role in the pathogenesis of chronic rhinosi-
nusitis with nasal polyps (NPs). Shin et al105 demonstrated that
IL-25 expression was upregulated in NP mucosa from patients
with chronic rhinosinusitis with NPs compared with uncinate pro-
cess tissue from control subjects and those with chronic rhinosi-
nusitis without NPs. Overexpression of epithelial IL-25 was
confirmed by using immunohistochemistry, and double-
immunohistochemistry staining showed that tryptase-positive
cells were one of the main sources of IL-25 among immune cells.
Accordingly, in a mouse model anti–IL-25 treatment reduced the
number of polyps, mucosal edema thickness, collagen deposition,
and infiltration of inflammatory cells, such as eosinophils and
neutrophils.105

Group 2 innate lymphoid cells (ILC2s) were shown to mediate
helminth immunity, inflammation, and tissue repair and remodel-
ing in mouse models.106 The involvement of ILC2s in asthmawas
recently demonstrated with their increased numbers in peripheral
blood. In contrast, there was no change in allergic rhinitis, sug-
gesting differences in the immunopathogenesis of these
diseases.107

It has been demonstrated that IL-33 activated mast cells and
ILC2 drive predominantly IL-13–regulated gene expression when
cocultured with bronchial epithelial cells (Fig 1).108-110 This
mechanism seems to initiate a transcriptional program that can
subsequently exacerbate airway pathology.
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FIG 1. Role of cells and cytokines in allergic airway diseases. Epithelial cells

are activated by external factors, such as allergens and viruses. IL-33

secreted from epithelial cells acts onmast cells and ILC2s, which results in a

predominantly IL-13–regulated gene expression (Nagarkar et al108). During

the development of fibrosis, bleomycin induces IL-33 release by epithelial

cells and stimulates a neutrophil-dependent processing of IL-33. IL-33 stim-

ulates the production of IL-13 by ILC2s and macrophages and the produc-

tion of TGF-b by macrophages. This currently acts as a major mechanism

in the development of lung fibrosis (Li et al110). IL-9 secreted by TH9 cells

is apparently important for the accumulation and activation of mast cells

in the lungs (Sehra et al109).
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Ullah et al111 studied mouse models of house dust mite– and
cockroach-induced allergic airway disease by using gene-
deficient mice and specific inhibitors to identify a pathway that
leads to production of the pro-TH2 cytokines through IL-25, IL-
33, and TSLP. They demonstrated that activation of TLR4 by
LPS existing in the allergens leads to IL-1a production, which
stimulates epithelial cell secretion of the receptor for advanced
glycation end-product (RAGE) ligand high-mobility group box
1 (HMGB1); HMGB1 activation of RAGE promoted IL-25 and
IL-33 production and allergic sensitization. The HMGB1-
RAGE pathway was suggested as a useful therapeutic target;
however, the involvement of this pathway in maintenance of
established allergic airway disease was not investigated.

ILC2s, mast cells, CD41 T cells, and natural killer T cells pro-
duce IL-9 that regulate inflammation and affects many other cell
types. The number of TH9 cells present in the draining lymph nodes
and airways strongly correlates with asthmatic disease.112 Sehra
et al109 used a house dust mite model of murine allergic airway
disease to evaluate the importance of IL-9 and IL-9–secreting
TH9 cells for pulmonary mast cell accumulation. Through the use
of gene-deficient mice, specific inhibitors, and cell transfer experi-
ments, IL-9 production by TH9 cells was shown to be important for
the accumulation and activation of mast cells in the lungs; neither
TH2 cells nor IL-13 had this effect. The authors suggest that IL-9
and TH9 cells might be appropriate targets to limit mast cell–
dependent immediate hypersensitivity; however, IL-9 involvement
in maintaining established pulmonary mast cell responses was not
investigated.

Cytokine-induced JAK activation is upstream of STAT activa-
tion, which mediates many cytokine effects. Ashino et al113

demonstrated that a specific combined JAK1/3 antagonist inhibits
STAT5 and STAT6 activation and TH2 differentiation but neither
TH1 nor TH17 differentiation in vitro. In vivo the same antagonist
blocked a pulmonary TH2 response and the induction of allergic
airway disease in mice when instituted during the sensitization
phase of this model and allergic airway disease, but not TH2 cyto-
kine expression, when instituted during the allergen challenge
phase. This is consistent with previous evidence that STAT6 acti-
vation is critical for TH2 differentiation but not maintenance of
cytokine secretion by polarized TH2 cells and is also required
for IL-4 and IL-13 induction of goblet cell metaplasia, increased
smooth muscle responsiveness, and airway eosinophilia.

Li et al110 studied the role of IL-33 in the development of
bleomycin-induced pulmonary fibrosis in a murine model
(Fig 1). Bleomycin induced epithelial cell IL-33 release and stim-
ulated neutrophil-dependent processing of IL-33 to a more potent
form, which promoted ILC2 andmacrophage production of IL-13
and macrophage production of TGF-b, together promoting
collagen secretion by fibroblasts and the development of lung
fibrosis.

Increased airway deposition of the secreted extracellular
matrix protein periostin is associated with human asthma. Bentley
et al114 used a house dust mite model of allergic airway disease in
C57BL/6 mice to study the importance of periostin in disease
development. All disease features, including TH2 cytokine secre-
tion, were reduced in periostin-deficient mice and in mice treated
with a neutralizing anti-periostin mAb. Dendritic cells from
periostin-deficient mice did not mature normally, and transfer
of bone marrow–derived dendritic cells from wild-type mice pro-
moted allergic responses in periostin-deficient mice. The authors
suggest that periostin might be a useful therapeutic target in
asthma but do not demonstrate periostin involvement in the main-
tenance of established disease in their model.

B cells and IgE regulation in the TH2 microenvironment have
been studied also. Transcriptional expression profiling of B lym-
phocytes revealed increased IL-4 receptor expression in patients
with allergic asthma.115 B-cell RNA sequencing transcriptome
analysis was performed with 24 samples from patients with house
dust mite–induced allergic asthma (to avoid seasonal variation)
and 17 samples from control subject in this study. The authors
suggest that IL-4 receptor might hold translational potential as
both a biomarker and a therapeutic target in patients with allergic
asthma to house dust mite. Naturally occurring IgG autoanti-
bodies specific for IgE have been identified in patients with
asthma and other diseases. A study performed in patients with
atopic and nonatopic asthma demonstrated that naturally occur-
ring IgG anti-IgE autoantibodies can inhibit, as well as induce,
basophil activation. These data might explain in part why some
of the atopic subjects who make allergen-specific IgE never
have clinical symptoms and why omalizumab therapy shows a
variable clinical benefit in patients with severe atopic asthma.116

Focusing on deep phenotyping of B-cell responses, Anzilotti
et al117 explored the phenotype of B cells in patients with common
variable immunodeficiency and found a substantial reduction of
PreBII-large cells, suggesting a defect in a fundamental check-
point during B-cell maturation in this diverse set of
immunodeficiencies.

The D prostanoid receptor 2 (DP2), also known as chemo-
attractant receptor-homologous molecule expressed on TH2 cells,
is implicated in the pathogenesis of asthma and was recently
shown to be highly expressed by the bronchial epithelium in asth-
matic patients. The activation of DP2 drives epithelial
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differentiation, suggesting that in addition to its well-
characterized role in inflammatory cell migration, DP2 might
contribute to airway remodeling in asthma.118 Prostaglandin D2

and cysteinyl leukotrienes are lipid mediators derived from
mast cells; they have been shown to activate TH2 cells.119

Xue et al120 demonstrated that prostaglandin D2 and cysteinyl
leukotrienes activate TH2 cells through different pathways, but act
synergistically to promote multiple downstream effector func-
tions, including neutrophil migration and survival. Combined in-
hibition of both prostaglandin E2 and leukotriene E4 might
provide an effective therapeutic strategy for allergic responses,
particularly in patients with severe asthma.

Endogenous prostanoids can suppress the development of
allergic airway disease in mouse models. Zaslona et al121 used
an ovalbumin model of allergic airway disease, cell transfer
studies, treatment with the synthetic prostaglandin misoprostol,
and E prostanoid receptor 2–deficient mice to study the role of
this receptor in limiting allergic airway disease. They demon-
strated that prostaglandin E2 signaling of CD41 T cells through
E prostenoid receptor 2 suppresses IL-13 secretion and, at least
partly through this mechanism, the development of allergic
airway disease. Although prostaglandin E2 is consequently sug-
gested as a possible therapeutic for asthma, no evidence is pro-
vided that prostaglandin E2 can suppress established allergic
airway disease.

Polymorphonuclear myeloid–derived suppressor cells (PMN-
MDSCs) infiltrate the lungs in mouse models of allergic airways
disease and have an inhibitory effect on airway inflammation. Shi
et al122 demonstrate that aspirin treatment and COX-1 deficiency
inhibit PMN-MDSC accumulation in the lungs of allergen-
immunized mice; this is associated with an increased TH2 airway
response. Two prostaglandin-related mechanisms were shown to
be responsible for the interaction between COX-1 inhibition and
PMN-MDSCs: COX-1–dependent prostaglandin E2 acting on the
prostanoid 2 and 4 receptors promoted bonemarrow generation of
PMN-MDSCs, whereas the prostaglandin E2/EP4/cyclic AMP/
protein kinase A pathway promoted PMN-MDSC expression of
arginase 1, which was predominantly responsible for their sup-
pressive effect on airway inflammation. Consistent with this,
PMN-MDSCs from patients with aspirin-induced asthma were
considerably less suppressive than the same cell population
from patients with aspirin-tolerant asthma.122

Traffic-related particulate matter (PM) has been linked to an
increased incidence of asthma and allergic diseases. The molec-
ular mechanisms through which PM exposure promotes allergic
diseases was clarified in a recent study demonstrating that PM
activates an aryl hydrocarbon receptor–Jagged 1–Notch cascade
to promote allergic airway inflammation, especially in the context
of the proasthmatic IL-4 receptor allele Il4raR576.123 Another
link to type 2 immune response and IL-4 has been recently re-
ported. Perceived stress has been presented as a persistent precip-
itating effect in increasing TH2 responses in asthmatic patients,
and this effect might be mediated by peripheral blood levels of
neuropeptide Y.124 Neuropeptide Y levels consistent with a damp-
ened response associated with chronic psychological stress were
lower among young patients with acutely exacerbated and non-
exacerbated asthma compared with healthy control subjects.
Among asthmatic patients, neuropeptide Y appeared to play a
role in the association between perceived stress and the persis-
tently increased IL-4 levels of the type 2 immune response. Addi-
tional understanding of mechanisms involved in the type 2
immune responsewas provided by a recent study performed in pa-
tients with mild atopic asthma, which showed increased numbers
of hematopoietic progenitor cells expressing receptors for TSLP
and IL-33, which are important initiators of type 2 immunity. In
asthmatic patients allergic inflammatory responses are associated
with increased lung homing of bone marrow–derived CD341

hematopoietic progenitor cells, which include eosinophil line-
age–committed progenitor cells. TSLP and IL-33 promote lung
homing of precursors of proinflammatory effector cells through
an IL-13–dependent axis in patients with allergic asthma.125

The integrin lymphocyte function-associated antigen 1
(CD11a/CD18) is required for efficient homing of TH2 cells.
Knight et al126 demonstrated that the variant of the polymorphic
CD11a allele in BALB/c mice encodes a protein that causes
greater adhesion to the lymphocyte function-associated antigen
1 ligand ICAM-1 than the protein encoded by the C57BL/6
variant of the CD11a gene. This was shown to result in more se-
vere allergic lung disease and Leishmania major infection in mice
that bore the BALB/c allele. Furthermore, the authors identified a
human CD11a polymorphism that was associated with atopy.
This suggested that CD11a might be a useful susceptibility
marker and therapeutic target in allergy.
Circadian rhythms in asthmatic patients
Allergic symptoms vary considerably with time of day under

the control of a circadian clock that modulates IgE/mast cell
reactions. Using mast cell–deficient mice, mice with a dominant
negative mutation in the transcription factor Clock, and a mast
cell reconstitution strategy, Nakamura et al127 demonstrated that
temporal variation in IgE-mediated mast cell degranulation is
dependent on Clock and humoral factors produced by the adrenal
glands.
Transcription factors and signaling molecules in

asthmatic patients
The transcription factor basic leucine zipper transcription

factor (BATF) is associated with B- and T-cell differentiation.128

BATF-deficient mice were found by Ubel et al25 to be resistant to
the induction of allergic airway disease, whereas transgenic
BATF overexpression enhanced the severity of experimental mu-
rine allergic airway disease. BATF expression was increased in
PBMCs of children with allergic asthmawho had not been treated
with steroids; this increase was reversed by steroid therapy. This
suggests that steroid therapy might, in part, suppress asthma
through effects on BATF and that BATF might be an appropriate
therapeutic target in asthmatic patients.

Pham et al129 used mouse models to show that cytokine activa-
tion of STAT3 induces activity of the Ets-family transcription fac-
tor Etv5, which activates IL-17a and IL-17f gene expression in
T cells through histone modification. Furthermore, these effects
were shown to contribute to a house dust mite–induced model
of allergic airway disease in C57BL/6 mice, which is consistent
with a role for IL-17 in this model.

Hatchwell et al130 demonstrated that b-adrenergic agonists,
such as salmeterol, partially suppress the development of house
dust mite– and rhinovirus 1B–inducedmurine allergic airway dis-
ease by increasing protein phosphatase 2A (PP2A) levels. PP2A,
in turn, suppressed the expression of relevant chemokines and
chemokine receptors and reduced phosphorylated extracellular
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signal-regulated kinase 1 and active NF-kB levels in the lungs.
The anti-inflammatory effects of salmeterol could be mimicked
by an unrelated PP2A-activating drug and inhibited by small
inhibitory RNA knockdown of PP2A. Thus PP2A activation can
account for some of the clinical benefit of b2-adrenergic agonists
in asthmatic patients.

Oskeritzian et al131 studied the role of the bioactive sphingoli-
pid sphingosine-1-phosphate (S1P) and its receptors in airway
disease induced by systemic IgE-mediated mast cell activation.
Crosslinking of mast cell–associated IgE induced S1P secretion,
which amplified mast cell degranulation and caused T cells to
infiltrate the lungs in mice. S1P activation of mast cell S1P recep-
tor 2 promoted induced STAT3-dependent mast cell chemokine
release, which induced T-cell recruitment to the lungs. It is sug-
gested that targeting this pathway might prevent the development
of chronic allergic lung disease.
Endotypes of asthma
One recent focus of asthma research is the identification of

asthma endotypes, which are defined as subsets of asthma driven
by different pathophysiologic processes. A recent study showed
that the TH2/TH17-predominant pattern of cytokine expression
was more common in asthmatic patients than in control subjects.
Within the population of asthmatic patients, TH2/TH17 predomi-
nance was associated with more severe airway obstruction and
hyperresponsiveness.132,133 A multicolor flow cytometric study
that compared peripheral blood of patients with asthma during
acute episodes, patients with stable asthma, and control subjects
described higher numbers of Treg cells in patients with stable
asthma compared with those in healthy control subjects. Treg
cells gated as CD31, CD41, CD251, CD1271, FOXP31, and
Helios1 exhibit a major change during asthma exacerbations.134

Higher numbers of Treg cells in peripheral blood were found in
subjects with stable asthma compared with healthy control sub-
jects. In contrast, during asthma exacerbations, the number of
Treg cells was significantly reduced compared with those in pa-
tients with stable asthma. Nonviral asthma exacerbation was char-
acterized by increased frequency of IL-22– and IL-4–producing
CD31CD41 T cells.

Xie et al135 identified more IL-27 in combination with a type
2/CCL26 signature and suggested that the combined effects on
IL-27 and IL-13 augmented STAT signaling in patients with se-
vere asthma. Another study linked to IL-27 identified a novel tol-
erogenic circuit encompassing suppressive CD1c1 DCs and Treg
cells that might be implicated in impaired respiratory immunity in
patients with chronic obstructive pulmonary disease. The same
study further highlighted IL-10 and IL-27 as potent therapeutic
targets.136

In addition, Cagoni et al137 demonstrated that fatal asthma is
associated with the increased presence of eosinophils that express
HLA-DR and costimulatory molecules in lymph nodes and large
airways. The expression of Factor XIIIa1monocyte-derivedDCs,
CD41 and CD81 T cells, CD201 B cells, and CD231 cells was
increased in the large airways without a corresponding increase
in expression of these cells in the bronchopulmonary lymph
nodes.

Finally, a classification of asthmatic patients based on an
endotype defined by blood and/or sputum eosinophils was
reported. Fowler et al138 showed that a cutoff of
0.45 3 109 cells/L for blood eosinophilia had a high sensitivity
and specificity for predicting sputum eosinophilia (>_2%). This
is valuable for determining the effect of certain biological thera-
pies that target TH2 pathways (eg, anti–IL-5). The authors pro-
pose that going forward with this relatively higher threshold
would be useful for clinical trials, but patients should still be
included if they have airway eosinophilia, regardless of the blood
eosinophil count.
Epithelial barrier function in asthmatic patients
It is becoming increasingly evident that intact epithelial barrier

function is important for preventing allergens from reaching
tissues involved in allergic inflammation. Strategies that
strengthen the epithelial barrier or block allergen migration
toward epithelial function can have therapeutic potential.
A recent study demonstrated the possibility of using antibody
conjugates bispecific for ICAM-1 and amajor respiratory allergen
to inhibit allergen migration through respiratory cell layers and to
reduce the activation of inflammatory cells below the mucosal
epithelium. This approach might have also a synergistic protec-
tive effect in allergic patients with rhinovirus-induced asthma
exacerbations.26

In a study aiming to demonstrate a way to reconstitute an
impact barrier,27 it was demonstrated that CpG-DNA improved
and restored the human bronchial barrier integrity in air-liquid
interface cultures by increased expression of TJ-related mole-
cules and their proper allocation, particularly in leaky asthmatic
epithelium. This provided an additional hygiene hypothesis–
compatible approach for preventing and treating asthma by
restoring the impaired epithelial barrier through treatment with
CpG-DNA. As evidence for the role for epithelial cells in extra-
cellular matrix production in asthmatic airway inflammation, hu-
man lung fibroblasts cocultured with airway epithelial cells from
asthmatic patients showed differential expression of the extracel-
lular matrix constituents collagen I (COL1A1) and collagen III
(COL3A1) and hyaluronan synthase.139
Sialic acid–binding immunoglobulin-like lectins and

related glycan-binding proteins
Sialic acid–binding immunoglobulin-like lectins (Siglecs) and

related glycan-binding proteins (GBPs) play a role in immune
regulation; defects in those molecules can lead to immunodefi-
ciencies. This knowledge provides previously unanticipated
opportunities for rational design of targeted therapies for immune
dysfunction.140,141 The makeup of the human glycome, the GBPs
that translate glycan recognition into function, and examples of
glycan recognition events that are responsible for immune regula-
tion have been reviewed recently.140,141

A second review article has focused mainly on 2 families of
GBPs: Siglecs and selectins that are involved in multiple steps of
the immune response, including distinguishing pathogens from
self, cell trafficking to sites of inflammation, fine-tuning of
immune responses leading to activation or tolerance, and
regulation of cell survival.140,141 Sialoglycan ligands for the im-
mune inhibitory sialic acid–binding proteins Siglec-8 on eosino-
phils and Siglec-9 on neutrophils have been shown to be
upregulated in chronically inflamed airways. Inflammatory medi-
ators enhance the expression of Siglec-9 ligands, including
MUC5B, on human Cali-3 cells through the NF-kB pathway.
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Enhanced biosynthesis of inhibitory Siglec ligands might be a
tissue-level response to dampen ongoing inflammation.142

Siglec-F is a proapoptotic receptor on mouse eosinophils that
has a human homologue; constitutive expression of its ligand
requires the enzyme a2,3, sialyltransferase. Kiwamoto et al143

showed that mice lacking a functional allele for the gene that en-
codes this enzyme had lower levels of Siglec-F ligands compared
with wild-type mice after sensitization and airway challenge with
ovalbumin, along with higher levels of ovalbumin-specific serum
IgG1 (and total but not ovalbumin-specific serum IgE) and peri-
bronchial and bronchoalveolar lavage eosinophils. These obser-
vations are compatible with the hypothesis that Siglec-F ligands
downregulate eosinophil responses and that targeting Siglec-F
or treatment with Siglec-F ligands might suppress airway
eosinophilia.

In an additional article Kiwamoto et al144 demonstrated that
depleting a sialyltransferase that is required for constitutive syn-
thesis of a pulmonary Siglec-F ligand increased airway eosinophil
numbers, which is consistent with the possibility that Siglec-F
ligand acts normally to restrain airway eosinophilia. The authors
suggest the possibility of harnessing this relationship for the
development of therapeutic modalities.
Mechanisms of steroid-resistant asthma
A recent study investigated the mechanisms underlying

glucocorticoid responsiveness and systemic cysteine oxidation
and its association with inflammatory and clinical features in
patients with difficult-to-treat asthma. The association of cysteine
oxidation with increased markers of oxidative stress and inflam-
mation, increased features of asthma severity, decreased clini-
cally defined glucocorticoid responsiveness, and impaired GR
function were hypothesized. The study demonstrated that oxida-
tion of the amino acid cysteine was associated with decreased
responsiveness to systemic glucocorticoids in children with
difficult-to-treat asthma.145

Steroid-resistant asthma has been also linked to activation of
innate immune cells. Recently, microRNA-9 has been shown to
regulate glucocorticoid signaling in patients with steroid-resistant
airway hyperresponsiveness, which suggests a novel mechanistic
target for future therapies.28
Viral infections and asthma
Viral infections play an essential role in asthma exacerbations.

A recent study reported that after influenza A virus infection in
bronchial epithelial cells, viral levels increased 2-fold in asth-
matic patients compared with those in control subjects, and this
increase occurred together with increased IFN-l1 levels.146 The
authors did not observe differences between the groups after res-
piratory syncytial virus infections but rather significantly
decreased IFN-l levels that correlated with a decrease in viral
titers. As a second recent finding, induction of suppressor of
cytokine signaling 1 has been reported in patients with asthma
exacerbation by rhinovirus infection.147
Vitamin D and mechanisms of asthma
Vitamin D insufficiency has been associated with asthma and

its severity. As an interesting novel finding, it was reported
recently that 100 nmol/L vitamin D is able to augment the
expression of the soluble decoy receptor sST2 by epithelial cells
and lymphocytes, which in turn inhibits the actions of IL-33.148 In
an independent study it has been demonstrated that supplementa-
tion with vitamin D reduced eosinophilic airway inflammation in
patients with nonatopic asthma but did not affect sputum
neutrophils.149

A prospective birth cohort study found no evidence of a
protective programming effect of high maternal 25-
hydroxyvitamin D concentrations on allergic airway disease
and lung function, but it might be associated with an increased
risk of allergic diseases in offspring.150
NOVEL MECHANISMS RELATED TO EOSINOPHILIC

DISORDERS
Eosinophilic esophagitis (EoE) is one of the most common

chronic, immune, or antigen-mediated disease diagnosed during
the assessment of feeding problems in children and during the
evaluation of dysphagia and food impaction in adults. Esophageal
epithelium, which is normally devoid of eosinophils, shows
increased numbers of them, with aggregates and even micro-
abscesses. Numbers of mast cells, lymphocytes, and basophils are
also increased in the affected esophagus.151

Wen et al29 aimed to understand why some patients with esoph-
ageal eosinophilia respond to proton pump inhibitor (PPI) ther-
apy. The investigators reported that PPI-responsive esophageal
eosinophilia was molecularly similar to EoE and that PPI therapy
could reverse the hallmark features of the disease, including all
markers of allergic inflammation. It will be important to under-
stand the mechanism through which PPI therapy can modify
allergic inflammation in the esophagus and the applicability of
this to other diseases. In an unrelated study patients with classic
EoE were shown to have symptom improvement after treatment
with an anti–IL-13 humanized antibody, which was shown to
improve the EoE transcriptome and lower esophageal eosinophil
levels,30 calling attention to the need to conduct larger-scale clin-
ical trials in both patients with EoE and thosewith PPI-responsive
esophageal eosinophilia.

Eosinophil accumulation in tissues is orchestrated by a balance
between survival and apoptosis signals. Ilmarinen et al31 investi-
gated the role of polyamines, cationic molecules (eg, spermine)
with basic functions related to nucleic acid packaging, DNA repli-
cation, apoptosis, transcription, and translation. They show that
polyamines (in particular spermine) prolong eosinophil survival
by inhibiting apoptosis-relatedmitochondrial permeability transi-
tion. Furthermore, spermine was found to promote eosinophil
activation. These effects are likely to have bearing on other eosin-
ophilic diseases and might also open possibilities for novel ther-
apeutic interventions.

In another study Kiwamoto et al144 examined the ligands that
bind to Siglec-F, a GBP selectively expressed on mouse eosino-
phils and homologous to human Siglec-9. Its engagement induces
apoptosis, suggesting a pathway for ameliorating eosinophilia in
the setting of asthma and other eosinophil-associated diseases.
Siglec-F recognizes sialylated sulfated glycans in glycan-
binding assays, but the identities of endogenous sialoside ligands
and their glycoprotein carriers in vivo were unknown. The
investigators detected mouse lung glycoproteins that bound to
Siglec-F, and proteomic analysis identified Muc5b and Muc4 as
the glycoproteins. Notably, purified mucin preparations carried
sialylated and sulfated glycans bound to eosinophils and induced
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their death in vitro. Furthermore, mice conditionally deficient in
Muc5b displayed exaggerated eosinophilic inflammation. These
findings identify mucin proteins as regulators of eosinophil
survival.

In another study Mazzeo et al152 examined the mechanism by
which eosinophils secrete granules. They reported that eosino-
phils secrete granules as exosomes, multivesicular bodies that
were found to be increased in asthmatic subjects. It is interesting
to speculate that these exosomes can be taken up by other cell
types and remain functional.
MECHANISMS OF AIT, IMMUNE TOLERANCE, AND

IMMUNODEFICIENCY
AIT has been used to treat allergic disease since the early

1900s. Despite numerous clinical trials and meta-analyses
proving AIT efficacious, it is used in less than 10% of patients
with allergic rhinitis or asthma worldwide.32 Mechanisms of AIT
involve Treg and regulatory B cells and immune-regulatory func-
tions of these cells on inflammatory cells in allergic tissues (Fig
2).33 Induction of naturally occurring CD41 Treg cells is associ-
ated with successful AIT.33

In a recent study Dermatophagoides pteronyssinus subcutane-
ous immunotherapy enhanced the suppressive function of IL-10/
IFN-x in CD3/CD46-activated type 1 Treg-like cells from asth-
matic patients.34 In addition to Treg cells, regulatory B cells
also seem to play a role in the suppression of allergen-induced im-
mune activation. Distinct human IL-10–producing B-cell subsets
with immunoregulatory properties have been described. IL-10–
expressing B cells acquired a prominent immunoregulatory
profile comprising upregulation of suppressor of cytokine
signaling 3, GARP, the IL-2 receptor a chain (CD25), and pro-
grammed cell death 1 ligand 1.35 They showed significant reduc-
tion in levels of proinflammatory cytokines (TNF-a, IL-8, and
macrophage inflammatory protein 1a) and increased production
of anti-inflammatory IL-1 receptor antagonist and vascular endo-
thelial growth factor. IL-10–overexpressing B cells secreted less
IgE and potently suppressed proinflammatory cytokines in
PBMCs, maturation of monocyte-derived dendritic cells (giving
them a regulatory phenotype), and antigen-specific proliferation
in vitro.35 Histamine also exerts immune regulatory functions.

Recently, it was demonstrated that histamine released from
enteric microbes might exert immunoregulatory effects in vivo.
The amount of histamine secreted by a microbe might be critical
in determining its pathological versus protective effects; however,
it remains to be determined, on a case-by-case basis, whether
these effects are protective or pathological.36

Anaphylaxis has been one of the main side effects of AIT, and
many efforts have been undertaken to develop novel AIT vaccines
to overcome this.32 Recently, it was shown that developing a vac-
cine with synthetic peptides corresponding to B-cell epitopes of
antigen 5 might provide a safe and effective strategy without
allergic adverse effects.153 These epitopes are potential candi-
dates for developing vaccines, diagnostic tests, and immunother-
apies against allergy caused by Polybia paulista wasp venom.

Shamji et al37 worked to develop a novel tool to monitor the
response to immunotherapy, such as studies of suppression of
basophil activation in patients with grass pollen allergy who
had been treated with sublingual or subcutaneous immuno-
therapy. Both treatments suppressed allergic symptoms, as well
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as basophil activation, when basophil activation was tested by us-
ing conventional means or based on measurement of intracellular
histamine through staining with fluorochrome-labeled diamine
oxidase. The fluorochrome-labeled diamine oxidase was shown
to correlate well with basophil histamine release and allergic
symptoms, which were suppressed for at least 3 years by both
forms of immunotherapy. The authors suggest that this assay
might be useful for following the clinical response to
immunotherapy.
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