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Introduction

Eosinophils, cells with homoeostasis-maintaining functions

Abstract

Eosinophil granulocytes are intriguing members of the innate immunity system
that have been considered important defenders during parasitic diseases as well as
culprits during allergy-associated inflammatory diseases. Novel studies have,
however, found new homoeostasis-maintaining roles for the cell. Recent clinical
trials blocking different Th2 cytokines have uncovered that asthma is
heterogeneous entity and forms different characteristic endotypes. Although
eosinophils are present in allergic asthma with early onset, the cells may not be
essential for the pathology. The cells are, however, likely disease causing in
asthma with a late onset, which is often associated with chronic rhinosinusitis.
Assessment of eosinophilia, fraction exhaled nitric oxide (FeNO) and periostin
are markers that have emerged useful in assessing and monitoring asthma
severity and endotype. Current scientific knowledge suggests that eosinophils are
recruited by the inflammatory environment, activated by the innate interleukin
(IL)-33 and prevented from apoptosis by both lymphocytes and innate immune
cells such as type two innate immune cells. Eosinophils contain four specific
granule proteins that exhibit an array of toxic and immune-modulatory activates.
The granule proteins can be released by different mechanisms. Additionally,
eosinophils contain a number of inflammatory cytokines and lipid mediators as
well as radical oxygen species that might contribute to the disease both by the
recruitment of other cells and the direct damage to supporting cells, leading to
exacerbations and tissue fibrosis. This review aimed to outline current knowledge
how eosinophils are recruited, activated and mediate damage to tissues and
therapies used to control the cells.

been performed to characterize the cells, and increasingly
during the recent years to identify novel functions for
eosinophils at different anatomical locations apart from the
ones associated with the Th2 response. Eosinophils are
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Eosinophil granulocytes have since long been associated
with T helper type 2 (Th2) responses such as parasitic and
helminthic diseases, and pathology in allergic asthma and
rhinitis. Although ever-increasing knowledge is gained of
what is the function of the cells, it is still not known
exactly how and when they confer such pathology. This
review aims to detail the recent insight that has been
gained of the eosinophil granulocytes and how such aspects
fit with the increasingly heterogeneous aetiology of allergic
disease of the respiratory tract.

Over a hundred years ago, the first report of the presence
of eosinophils in nasal polyps and in asthmatic sputum was
published. When the German physician Paul Ehrlich 1879
stained human blood smears, he discovered cells that avidly
bound acidic aniline dyes [1]. Studies have subsequently
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formed in the bone marrow where they constitute a small
but stable subpopulation. This population consists of both
mature eosinophil cells and eosinophil lineage precursors at
various stages of development. The cells have a role in the
bone marrow where they augment plasma cells survival [2].
Three cytokines have growth factor activities for eosino-
phils: granulocyte—macrophage colony-stimulating factor
(GM-CSF), interleukin (IL)-3 and IL-5. IL-5 is the most
important cytokine in mediating eosinophil proliferation
and activation [3—5]. Production of the cytokine is induced
during Th2 response leading to increased production and
release of the cells from the bone marrow. Mice deficient in
the I/5 gene cannot expand their eosinophil population in
response to inflammation [6]. IL-5, IL-3 and GM-CSF all
also recruit eosinophils from the blood and enhance
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Figure 1 (A) Presence of major basic protein (MBP) in peripheral blood leucocytes. MBP is localized to specific granules and cytoplasmic vesicles in

human eotaxin-stimulated eosinophils. Of the peripheral blood cells, only eosinophils are stained by the antibody. The leukocyte population was fixed and

permeabilized with permeafix prior to incubation with primary and secondary antibodies. Antibody staining was visualized using phosphatase anti-alkaline

phosphatase (APAAP) with fast red substrate, and the slides were counterstained with Mayer’s haematoxylin. Original magnification (x800). (B) Presence

of MBP in the core of eosinophil specific granules. An eosinophil from an allergic subject during pollen season was immunolabelled for MBP by

monoclonal antibodies conjugated with 15-nm gold particles. MBP was found present in the crystolide core of the specific granules. Many specific granules

show alterations of ultrastructure ranging from loss of matrix and core to complete lucency of matrix. MBP is observed as well in the matrix of unaltered

specific granules and in the cytoplasm both in the vicinity of granules and in the granule-free area. The cells were fixed in paraformaldehyde and embedded

in Lowicryl KM4 prior to addition of the antibody. Original bar is 480 nm. N, nucleus; Gr, specific granules.

eosinophil survival in the periphery. At homoeostasis, IL-5
is produced by tissue-resident innate lymphoid cells in the
gastrointestinal tract and adipose tissue, maintaining
homoeostatic levels of the eosinophils at those locations
[7-9]. The cells promote development of and conversion of
white to brown fat in the adipose tissue [10, 11] and
support IgA production and thereby bacterial homoeostasis
in the intestine [12]. Small number of eosinophils are found
extravascularly also in the spleen, lymph nodes, thymus,
mammary glands and uterus [13].

One identifying feature for eosinophils is their bilobed
nuclei (Fig. 1A). Further, the eosinophils contain a number
of potent mediators that can be released upon stimulation
of the cells. The crystalloid granules present in the cells
cytoplasm can be visualized by the dye eosin, by
immunohistochemistry (Fig 1A) or by electron microscopy
(Fig. 1B) using antibodies detecting specific proteins. The
granules contain substances that are toxic to many
organisms and probably also to the patient’s own tissues
[14, 15]. Four distinct cationic proteins are present in the
granules that exert a range of biological effects on host cells
and microbial targets (Table 1). The proteins are the two
cationic proteins eosinophil cationic protein (ECP) [16, 17]
and eosinophil protein X (EPX) [18], the latter also called
eosinophil-derived neurotoxin (EDN). EPX/EDN is struc-
turally related to ECP and both are arginine-rich, but EPX/
EDN shares few of ECPs cytotoxic properties, except the
non-physiologic neurotoxicity for which it was named.
Both proteins are also ribonucleases with less such activity
than the related RNasel [19]. The other two granule
proteins are the eosinophil peroxidase (EPO) [20] and the
major basic protein (MBP). EPO catalyses the reaction of
hydrogen peroxide with halogens to hypohalides and has a
spectrum of in vitro cytotoxicity that is very similar to that
of MBP [21]. Figure 1B shows an eosinophil stained with

Table 1 The major proteins of human eosinophil granules.

Molecular
Protein weight (kDa) Localization
Eosinophil cationic protein (ECP) 18-21 Matrix of eosinophil
granules
Eosinophil peroxidase (EPO) 67 Matrix of eosinophil
granules
Eosinophil protein 18 Matrix of eosinophil
X/eosinophil-derived granules,
neurotoxin (EPX/EDN) neutrophils
Major basic protein (MBP) 14 Core of eosinophil
granules,
neutrophils

The granule proteins present in the eosinophil granulocyte secondary
granules. Presented is the proteins, its molecular size and localization

within the granule (either outer matrix or core).

an anti-MBP antibody. The proteins show a range of
properties and are implicated in tissue remodelling and
asthma exacerbations. Apart from granule proteins, the
eosinophils release cytokines, lipid mediators and oxygen
radicals in response to stimulation. The cells produce the
cytokines IL-1f3, IL-6, IL-8 and IL-4 and lipid bodies
within the cells contain the 15-lipoxygenase products 15-
HETE and the cystinyl leukotriene C4 (CTLy) [22, 23]. By
utility of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase complex, the cells can produce more
radical oxygen species (ROS) per cell basis than what
neutrophils can do [24]. Clearly, the cells are equipped for
miscellaneous insults but if not controlled can cause
damage to the self. The cells do, however, have ability to
regenerate damage tissue, which has been shown during
regeneration of the liver. By virtue of their ability to
produce IL-4, the rapidly influxing eosinophils stimulated
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hepatocytes to proliferate for this aim. This process has
features similar to parasitic infection [25, 26]. Eosinophils
have also been found to infiltrate tumours. In some
malignancies, tumour-homing eosinophils secreted CCLS,
CXCL9 and CXCL10, which guided T cells into the
tumour, resulting in tumour eradication and survival [27,
28]. In other studies, however, eosinophils were found to
have malignancy-promoting properties [29].

Although it has been known for a long time that
eosinophils are expanded in response to Th2 driven
parasitic and helminthic diseases, it is still unclear how
the cells contribute to such pathology. A pathognomonic
function has been established in the hypereosinophilic
syndrome (HES). This disorder is characterized by more
than 1.5 x 10° eosinophils/ml blood during a time period
of at least 6 months for unknown reason. Symptoms
include atopic dermatitis, endomyocardial fibrosis and lung
fibrosis [30]. Anti-IL-5 antibodies (mepolizumab and
reslizumab) were used to remove the cells from these
individuals reducing symptoms such as dermatitis and
myocardial fibrosis. Neither these individuals, devoid of
eosinophils in response to treatment nor individuals with
naturally low levels or absence of the cells, or mice
genetically engineered to lack eosinophils, showed an
altered phenotype. This suggests that the cells contribution
at homoeostasis is limited to, at least in mice, adipose
tissues and control of certain pathogens in the gut. The fact
that a few eosinophil-deficient individuals developed
thymoma or autoimmune diseases suggest that, whatever
additional contribution of the cells is to the organism, it
might be of importance for maintenance of its homoeosta-
sis [31]. Below, eosinophils role in asthma will be

described.

Several endotypes of asthma have similar symptoms

Asthma is an inflammatory disease of the respiratory tract.
If the disease is left untreated, inflammatory and structural
cells will release pro-inflammatory mediators and thus
induce an acute inflammatory response that includes
thickening of the bronchial mucosa with signs of epithelial
injury, subepithelial basement thickening, smooth muscle
hypertrophy and increased vascularization [32, 33]. Asthma
was previously thought to be either an allergic or a non-
allergic disease entity. It has, however, emerged differen-
tiating into several subgroups with similar aetiology, but
involving different cell types and with varying responsive-
ness to treatment [34—37]. Inflammatory cells such as
eosinophils, mast cells, T lymphocytes and innate lym-
phoid cells are present in the inflammatory mucosa in
various proportions. Inflammation in the airway guided by
environmental factors and genetic predisposition results in
interactions between these cells, epithelial and other
stromal cells and the characteristic pathophysiology and
symptoms of asthma. The heterogeneity of the disease was
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established through transcriptomic profiling of cell in the
lungs and through blockage of different cytokines unrav-
elling different disease endotypes [38—42]. Although such
endotypes are now established, a significant overlap exists.

Eosinophils contribute in varying degree to pathology
of these different disease endotypes. It has been established
that one asthma endotype is driven by Th2 cytokines and
can have an onset early in life. It is driven by Th2 cytokines
IL-4 and IL-13, inducing IgE antibodies to various
allergens, which activate mast cells, degranulation and
recruitment of other immune cells [41, 43]. Eosinophils are
present, and their contribution can be varying dependent of
the severity of the disease. This corticosteroid responsive
asthma phenotype with subepithelial fibrosis often devel-
ops from or is comorbid to allergic rhinitis and can be
associated with obesity [44, 45]. Adult-onset asthma
endotype on the other hand is often more severe, eosinophil
dominated and can be associated with rhinosinusitis [41,
46]. Although also Th2 cytokines associate to some degree,
this asthma phenotype is less responsive to corticosteroid
treatment and evidence indicates that severe forms might
be driven by IL-33-producing epithelial cells sometimes in
combination with interleukin (IL)-13- and IL-5-producing
innate lymphoid cells [47, 48]. In about 50% of asthmatic
patients (5% of children), the asthma disease is allergen
independent [38, 42]. These patients’ disease is relatively
steroid non-responsive and also heterogeneous. The disease
might be driven by neutrophilic inflammation IL-17, IL-
1f, intrinsic defects in barrier function or by chronic
subclinical infection by viruses or atypical intracellular
bacteria [38, 42]. Although this type of asthma rarely
involves eosinophils, it has many features similar to
eosinophil-rich asthma.

The aim of this review was to discuss the contribution
of the eosinophils to asthma endotypes. We will review our
previous studies assessing the eosinophil granulocyte in
allergic diseases of the respiratory tract in the context of the
novel knowledge of the diseases. In these disorders,
eosinophil activation, degranulation and granule pro-
tein deposition have been implicated causing tissue damage

[3, 40].

Eosinophils in different asthma endotypes

The heterogeneity of asthma was established when tran-
scriptional profiling of epithelial cells from patients and
correlation with fraction exhaled nitric oxide FeNO
identified several different subgroups [49]. Asthma can
present during childhood triggered by allergen exposure
[50, 51]. Patients with early-onset asthma have more skin
prick test-positive reactions and poorer lung function [52].
This endotype is often associated with rhinitis [36]. Th2
lymphocytes are central to the pathogenesis, producing
IL-4, IL-5 and IL-13. IL-4 promotes B cells antibody class
switching to the IgE subtype, and the cytokine activates
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T cells. IL-13's activity overlap with IL-4’s, as the cytokine
has a shared receptor subunit but IL-13 do not activate B
cells. Both cytokines also induce goblet cell hyperplasia
and airway hyper-reactivity [53, 54]. Genomewide associ-
ation studies (GWAS) indicate that also an innate immune
response is important for the development of asthma. The
genes for the alarmin IL-33 and its receptors, IL33 and
ILIRL1, and polymorphisms in those genes were linked to
the disease [55—57]. Furthermore, the IL-33 receptor ST2L
has been detected in the plasma of asthmatics associated
with blood eosinophilia and IL-33 [58, 59]. IL-33
originates from damaged epithelial cells, fibroblast and
other cells. Animal studies have shown that stimulated
epithelial stem cell progenitors can acquire altered epige-
netic state and could thereby by the production of IL-33
drive a chronic airway disease independent of the immune
system [60]. Group 2 innate lymphoid cells (ILC2) are
present in the respiratory tract responding to IL-33 [61,
62]. ILC2 constitute only a small portion of the innate cells
in lung, but they are centrally located along the airways
[63]. Eosinophils entering from the blood are also
responding to IL-33 and are a constituent of the early-
onset Th2 asthma endotype. Also haematopoietic stem cell
progenitors have been identified in the lung that can
differentiate to eosinophils [64]. Progenitors proliferate in
response to IL-5, and mature eosinophils maintain survival
by cytokine. IL-5 is secreted by Th2 lymphocytes, mast
cells and ILC2 [7]. ILC2 produce IL-13 as well and can
therefore promote both eosinophilia and goblet cell
hyperplasia [65].

Use of Th2 targeting biologics questioned the role of
eosinophils in asthma

One of the most effective treatments of allergic asthma
today is locally administered corticosteroids. As this
treatment has shown to reduce eosinophil numbers in
mucosa it was thought that eosinophils were the target for
the treatment [66—68]. However, several clinical trials
targeting Th2 effector molecules have come to question
this assumption. One study using mepolizumab resulted in
reduced peripheral eosinophil numbers, but the treatment
showed no anti-asthmatic efficacy (Table 2) [69]. Another
study that enrolled and treated asthmatic patients with
elevated eosinophils using an anti-IL-4 receptor alpha
antibody (dupilumab) showed improved lung function in
response to allergen inhalation but no change in eosinophil
numbers [70] (Table 2). Corren et al. [39] employed the
anti-IL13 antibody lebrikizumab, and blood eosinophil
numbers increased in response to treatment, which was
explained by induced inhibition of migration of eosino-
phils to the lungs. Lebrikizumab showed modest but
significant improvement in forced expiratory volume in
one-second (FEV) and favourable changes in FeNO in a
subgroup of patients with high periostin. The response did,
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however, not correlate with IgE or atopy [39] (Table 2). In
a second study with two Lebrikizumab trials pooled, a non-
significant improvement in FEV, and exacerbations could
be found again in a subgroup of patients with high
periostin levels [71]. Periostin influence many aspects of
allergic inflammation, such as eosinophil recruitment,
airway remodelling, development of a Th2 phenotype and
increased expression of inflammatory mediators [72].
Periostin levels in serum correlate well with number of
eosinophils present in bronchi [73].

Taken together, these studies suggest that the contri-
bution of eosinophils, although correlating with the level
of periostin and FeNO in some but not all studies [49, 71,
74], may therefore be limited or at least varying for this
early-onset asthma endotype. This conclusion is also based
on the fact that mepolizumab not was efficacious for
patients with mild asthma (Table 2) [69]. Studies indicate
that the disease is driven by interplay between Th2
lymphocyte cytokines, epithelial cells and innate cells such
as ILC2, perpetuating the inflammation in the asthmatic
lung [75]. However, eosinophils may be used as marker of
disease severity and response to treatment [76]. Findings
from these studies highlight the difficulties sometimes
encountered to discriminate the different endotypes.

Targeting IL-5 identified eosinophil-dependent asthma
endotype

Use of biologic therapy targeting IL-5 has discriminated an
endotype of asthma different from early-onset allergic
asthma, which might constitute of up to 50% of cases and
is less dependent of Th2 response [42]. This endotype has
an average onset later in life than Th2 type asthma, and is
more severe and often corticosteroid resistant. Although
IgE antibodies might be present, the allergic reaction
which is taking place is different from that in the early-
onset asthma. High number of the eosinophils in lungs and
sputum has been shown to be a key indicator for this type
of asthma [77—-80]. The bone marrow-derived eosinophils
migrate from the blood to the respiratory tract in response
to chemotactic signals or are differentiating from
haematopoietic progenitors in situ [64]. The cells remain
there prevented from apoptosis by IL-5 and other factors [3,
6]. Treatment of patient cohorts with severe asthma (unlike
patients with mild asthma) using mepolizumab or the anti-
ILSRA ab benralizumab reduced their exacerbations,
suggesting an important pathological role of the eosino-
phils in this disease endotype [40, 69, 80] (Table 2). The
level of eosinophils was found to be a good marker for
responsiveness being reduced during course of the treat-
ment. The treatment with mepolizumab for 1 year also
resulted in reduced airway wall thickness as determined by
CT scan [40]. Re-analysis of our old electron microscopy
results indicates that eosinophils from patients with
eosinophil-rich asthma are activated with morphological
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Table 2 Key studies assessing biologics therapy for asthma- and eosinophil-associated responses. Modified from Murkherjee ez /. {124}.

Biologic Dosage Inclusion criteria, eosinophils  Eosinophil changes Outcome Reference
Mepolizumab 10 mg/kg once Mild atopic asthma, blood Blood eos at day 29, No effect {691
eos >0.2x10%/1 0.04 x 10771, placebo
0.29 x 10°/1
750 mg, iv/month, Severe persistent asthma with Blood eos reduced to Reduced exacerbations {771
20 weeks eosinophilia, sputum 0.05-0.08 x 10”/1, sputum P < 0.01, FEV, and ACQ-5
eos >3%, (blood eos 0.35— eos reduced to 0—1.3%, improved, P = 0.01
0.66 x 10771, ##) P <0.05
750 mg, 12 iv/month, Refractory eosinophilic Blood eos reduced 6.6-fold Reduced exacerbations, {401
50 weeks severe asthma, sputum sputum eos reduced 7.1-fold, P = 0.02, AQLQ improved,
eos 3% (blood P < 0.0002 P =0.02
eos 0.34 x 10”7/ %)
75-750 mg, sc/month, Severe refractory asthma Blood eos reduced to Reduced exacerbations, {781
52 weeks with >2 exacerbations/year, 0.22-0.12 x 10°/1 P = 0.0005 or less
blood eos 0.2 x 107/ or P < 0.0001, sputum eos
sputum eos >3%%* ratio 0.68-0.12%%,
P =0.0082
75 mg iv or Severe asthma with >2 iv: 83% reduction, sc: 86% Reduced exacerbations [125}
100 mg sc¢/month, exacerbations, blood eos 0.15 reduction, P < 0.001 P < 0.001, FEV, and asthma
32 weeks 0.3)* x 10711 scores improved, P < 0.05
100 mg, sc/month, Severe eosinophilic asthma eos ~ Blood eos reduced, P < 0.001 50% reduced use of OCS, {126}
20 weeks 0.15 (0.3)* x 1071 P < 0.007, exacerbations
reduced by 32%, P = 0.04,
improved ACQ-5 score,
P = 0.004
Reslizumab 30 mg, sc/month, Poorly controlled asthma high ~ Blood and sputum eos, Trend towards reduced {91}
12 weeks dose of ICS, sputum eos reduced, P < 0.0001 and exacerbations, P = 0.083,
3% (blood eos P = 0.0068 (38.7%), reduced FEV,, P = 0.002,
0.5 x 1071 %) respectively improved ACQ-5 in patients
with polyps, P = 0.01
Benralizumab  2-100 mg, sc/month, Uncontrolled asthma >2 Blood eos reduced to Subgroup of patients with {801
28 weeks exacerbations/year, 0.05 x 10”/1 for all doses blood eos >0.3 x 10”/1 had
FeNO >50 ppm reduced exacerbations in
response to 20 and 100 mg
dose, P = 0.049
Single 0.3—1 mg/kg Subjects attending ED with Reduced blood eos, Serum ECP  Reduced exacerbation rate, {81}
iv infusion asthma exacerbation and decline from 26.1 to 8.6 ug/l P = 0.02, visits to ED
partial response to treatment reduced, P = 0.02
>1 exacerbations/year
Lebrikizumab 250 mg, sc/month, Uncontrolled asthma ACQ5 Blood eos increased, P = 0.01 Periostin-positive patients had ~ [39}
24 weeks 1.5 or higher Th2 hi: more increased FEV1, P = 0.03
than 0.14 x 107/1 eos or IgE Th2 hi subgroup had reduced
100 IU/ml exacerbations, P = 0.03
37.5-250 mg, sc/month, Uncontrolled asthma ACQ-5 Blood eos increased to In periostin hi group 60% {711
24 weeks >1.5 and FEV, 40-80% of 0.24x10°/1 reduced exacerbations and
predicted 9.1% improved FEV,
Dupilumab 300 mg, sc/month, Persistent moderate-to-severe No change 87% reduction in {70}

12 weeks

asthma, blood eos 0.3 X 10%/

1 or sputum eos 3%*

exacerbations, P = 0.001,
FEV, improved, P < 0.0001,
ACQS5 improvement,

P =0.001

sc, subcutaneous; iv, intravenous; ICS, inhaled corticosteroids; OCS, oral corticosteroids; FEV, forced expiratory volume in 1 s; AQLQ, Asthma Quality of

Life Questionnaire; ACQ-5, Asthma Control Questionnaire-5; ED, emergency department.

*Or 0.3 107 109/1 eos at least once during the previous year. *** Not inclusion criteria

changes. Figure 1B shows an activated eosinophil from an

allergic patient whose granules show signs of disintegra-

tion.

Granule proteins

released from

the activated

eosinophils can be measured in the bronchoalveolar lavage
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fluid (BALF) [34]. The released granule proteins might
contribute to the symptoms seen in this endotype (see the

next section). As benralizumab target IL-SRA, it might

facilitate cell killing by antibody-dependent cell-mediated
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cytotoxicity or act on basophils that also have the IL-SRA
[80]. Further evidence that eosinophils are responsible for
asthmatics exacerbations was gained in a study where
patients with asthma and severe exacerbations encounter-
ing an emergency department improved in response to
benralizumab [81]. Although the eosinophil-rich asthma
phenotype has been found to be associated with FeNO [49],
when mepolizumab was used to improve disease, no
reduction in FeNO was achieved [40]. Anti-inflammatory
therapy guided by FeNO was also shown to reduce only
moderate but not severe exacerbations [82]. Furthermore,
we have shown that that high level of blood eosinophils
better discriminated patients with visits to the emergence
department than what FeNO can do, suggesting that the
specific severe character of eosinophil-dominated asthma is
not directly related to FeNO level (Fig. 3) [74].

Eosinophil-dependent asthma endotype might be driven by
abhorrent response to pathogens

As is the case with early-onset asthma, the epithelium
probably plays an important role and released IL-33 might
activate eosinophils, ILC2 and other innate immune cells
during severe asthma. A GWAS correlating SNPs with
level of IL-5 in the blood identified an association with the
IL-33 receptor gene, highlighting the important linkage
between eosinophils innate response and ILC2s [83].
Furthermore, IL-33 stimulated ILC2 from peripheral blood
from asthmatic patients where more active than ILC2 from
rhinitis patients and healthy controls, responding with
production of IL-5 and IL-13 [48]. The lack of response to
corticoid treatment in eosinophil-dominated late-onset
asthma might be explained by the inflammation driven
by IL-33 as this cytokine is produced by epithelial cells and
smooth muscle cells that do not respond to such treatment
(60, 84].

It is still not unclear how the eosinophil-dominated
asthma endotype develops. It might be sequelae of an
abhorrent response to an infection. The presence of
rhinovirus was for example correlated with increased levels
of peripheral blood eosinophils as well as eosinophilic
infiltration of the mucosal tissue of asthmatics. It was
suggested rhinovirus infection under certain conditions can
stimulate local cytokine production of eotaxin, eotaxin-2,
RANTES (regulated upon activation, normal T cell
expressed and secreted), and GM-CSF to attract and
stimulate eosinophils [85]. ILC2 is involved in wviral
pathogen fighting [86]. It has been proposed that a
dysregulated immune response to the viral infection can
lead to asthma development [63].

Severe eosinophil-dominated asthma is also associated
with chronic rhinosinusitis (CRS) and aspirin sensitivity
[41]. One study found that ILC2 frequencies were associ-
ated with the presence of nasal polyps and tissue
eosinophilia. In the CRS with nasal polyps population,
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ILC2s were increased in patients with coexisting asthma
[87, 88]. There were no significant associations found
between ILC2s and serum total IgE and allergic disease.
The correlation between CRS and asthma is, however, not
universally agreed upon [89]. Mepolizumab showed possi-
bly efficacy in reducing polyp size of CRS patients [90].
Reslizumab was also most effective in patients with polyps
(Table 2) [91].

Evidence therefore supports that eosinophil-rich asthma
can be induced by abhorrent responses to pathogens such as
respiratory viruses and develop subsequent to occurrence of
polyps. The aetiology associated with this endotype is
surprisingly similar to non-allergic asthma driven by
neutrophils [38, 42].

Pathologic features of eosinophils, accumulation and granule
release

The clinical studies have shown that eosinophils in
eosinophil-rich asthma are responsible for exacerbations,
probably fibrosis and in certain cases reduced FEV; [40,
80]. It not known what specific signals that are attracting
eosinophils in the eosinophil-rich endotype. The mecha-
nism by which the cells confer pathology is also largely
unknown. The accumulation of eosinophils is a conse-
quence of the release of pro-inflammatory and chemotactic
mediators, such as prostaglandin D,, leukotrienes and
eotaxin during the acute phase (Fig. 2) [13, 92-94].
Interaction between very late activation antigen (VLA)-4
on eosinophils and its ligand, vascular cellular adhesion
molecule (VCAM)-1, on endothelial cells induces the
selective recruitment of the cells into the airways [95-98].
Immunohistochemical studies have shown increased
expression of VCAM-1 in asthmatic airways [96, 98]. Also
basophils have the IL-5 receptor and might be influenced
by the cytokine. A recent study has shown that basophils
upregulate VCAM-1 expression in the endothelial cells,
which thereby facilitate eosinophil transmigration. When
endothelium-transmigrating basophils bound IgE, the cells
slowed down and released IL-4. This induced VCAM-1
expression on endothelial cells and facilitated eosinophil
influx [99]. Hence, basophils might exacerbate to tissue
eosinophilia.

Although eosinophils can release acute phase reactants
such as CTL4 they are foremost considered part of the late-
phase response to allergic stimulation. Patients with this
asthma endotype benefited from treatment with mepoli-
zumab, reslizumab or benralizumab with reduced exacer-
bations  [39, 40, 78, 91].
exacerbations can result from localized damage to the

Eosinophil-dependent

respiratory epithelium and IL-33 release, which is typically
seen in biopsies from lungs of asthmatic patients (Fig 2)
[100, 101]. Released granule proteins have been proposed
to cause such damage to cells of the airways. The granule
proteins can be liberated from their granules both during

Scandinavian Journal of Immunology, 2016, 84, 75-85
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Figure 2 Schematic description of basic cellular interactions during inflammation in the lung mucosa in two asthma endotypes. (A) The early-onset

asthma endotype. Asthma is induced by allergens presented by antigen-presenting cells to recognizing Th2 cells. These cells release IL-4, IL-13 and IL-5.

IL-4 stimulate B cell class switch to allergen-specific IgE production. IgE binds Fc receptors on mast cells and when cross-linked by allergens induce release

of cytokines and lipid mediators. IL-5 stimulates eosinophil survival and maturation from CD34+ progenitors. IL-13 stimulates fibrosis and mucus

production. Also ILC2 releases IL-5 and IL-15. Damaged epithelial cells release IL-33 and TSLP that stimulate innate immune cells perpetuating disease

development. (B) The eosinophil-rich asthma endotype. It is hypothesized that the disease develops as a consequence of an abhorrent response to a viral

infection or subsequent to CRS with polyps. Due to epigenetic modifications, epithelial cell progenitors can expand and drive disease independent of

allergen stimulation. IL-33 released from such cells and damaged epithelial cells stimulate ILC2 and eosinophils. The eosinophils are activated (by

interactions with cytokines, lipid mediators, immunoglobulins, and complement fragments) and release DNA and granule content. Degranulation can take

place by piecemeal degranulation, release of whole granules or by cytolysis of the cells. Degranulation products (e.g. granule proteins, lipid mediators,

proteases and cytokines) are augmenting and disrupting cells in the bronchial epithelium. MBP binds muscarinic M2 receptor while ECP binds calcium-

sensing receptor (CSR) on smooth muscle cells. High level of ECP influences fibroblasts inducing fibrosis while low level inhibit T lymphocytes. EPX/

EDN has shown to influence dendritic cell migration. Eosinophils are maturing in the bone marrow or differentiating from CD34+ progenitors in situ. The

cells undergo transmigration from the endothelial cell layer into the connective tissues. Basophils can facilitate eosinophil migration by inducing specific

adhesion molecules on endothelial cells.

the process of piecemeal degranulation, or by rupture of
cells, cytolysis [32, 102, 103]. Whole granules have been
found released from eosinophils in allergic airway disease
correlating with severity of disease [104]. Another type of
release described for eosinophils is the expulsion of
mitochondrial DNA. The DNA which is coated with
granule proteins is thought to be an antimicrobial defence
mechanism trapping the pathogens but has been reported
as well in allergic skin and airway diseases [105, 106]. The
released DNA protein complexes might cause damage to
epithelial cells in also the

the airways. Recently,
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simultaneous release of eosinophil chromosomal DNA
and granules was reported. This process was found to be
NADPH dependent and was termed eosinophil extracel-
lular DNA trap cell death [107]. Once released, a vast array
of effects by the granule proteins on the different cells in
the respiratory mucosa have been described that could all
contribute to asthmatic exacerbations, remodelling and
hyper-reactivity.

MBP has been reported localized to damaged sites of
bronchial epithelium in patients of asthma, with its
concentration correlated with the severity of bronchial
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high FeNO and blood eosinophil values. Permission to reprint this figure
was given by Elsevier Limited.

hyper-reactivity [108]. Epithelial damage, as well as mucus
production and increased vascular permeability, has been
reported [109-112] as well as modulation of the produc-
tion of mediators from epithelial cells (Fig. 3). Loss of
epithelial integrity due to eosinophilic mediators could
lead to exposure of sensory nerves [112, 113]. MBP has
been suggested to possess pro-angiogenic activity and
directly altering the airway smooth muscle contraction
response by binding to and antagonizing response of vagal
muscarinic M2 receptor [108, 114, 115]. Furthermore,
instillation of human MBP and EPO provokes bron-
choconstriction, and MBP increases airway responsiveness
to inhaled methacholine [116]. EPX/EDN on the other
hand has been suggested to attract dendritic cells to the
airways [117]. Similarly, ECP has been shown to influence a
number of cell types present in the respiratory tract. Low
level of the protein was shown to be immunomodulatory
while high level was found to damage the epithelium [16].
ECP activate a calcium-sensing receptor on airway smooth
muscle cells. Asthmatic patients and allergen-sensitized
mice expressed high level of this receptor [118]. ECP was
also shown to induce fibrosis by acting on fibroblasts,
which might relate to reduced air way wall thickness
reported in response to mepolizumab [40, 119, 120]. The
cytokines and lipid mediators produced by the eosinophils
can contribute to the asthma and rhinosinusitis disease
pathology and have been suggested to act in autocrine
fashion [121, 122]. There is therefore an abundance of
evidence, indicating that the presence of eosinophils can
cause pathology leading to exacerbations in eosinophil-
dominated airway disease.

Conclusions

In this review, the focus has been the contribution of
eosinophils to the airway disease. While eosinophilic
inflammation is one of the features of the Th2 inflamma-
tion which is best associated with symptoms and treatment
response in early-onset allergic asthma paradoxically, the
eosinophil seems to be of limited importance for the
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pathology of this disease endotype (Fig. 2A). In eosinophil-
dominated late-onset asthma endotype on the other hand,
the pathology is probably to a large extent driven by
eosinophils. After recruitment, the cells likely induce
damage to the airway mucosa and the associated nerves by
the release of cytotoxic granule proteins and lipid medi-
ators (Fig. 2B). Eosinophils contain several basic and
cytotoxic granule proteins that are released upon activa-
tion. A number of effects related to these granule proteins,
including damaging endothelial cells, attraction of den-
dritic cells, inhibition of a muscarinic receptors and
induction of fibrosis, have been described. That this may
lead to hyperactivity, exacerbations and airway wall
thickness is supported by the results of several clinical
studies using biologic therapies targeting IL-5. New
therapeutic approaches for the treatment of allergic
diseases, such as asthma and rhinitis, could be aided by
the development of agents that target the eosinophils and
their ability to release their toxic contents.
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