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a b s t r a c t

Platelets play an essential role in hemostasis to minimize blood loss due to traumatic injury. In addition,
they contain various immune-associated molecules and contribute to immunological barrier formation
at sites of vascular injury, thereby protecting against invading pathogens. Platelets are also crucially
involved in development of allergic diseases, including bronchial asthma. Platelets in asthmatics are
more activated than those in healthy individuals. By using a murine asthma model, platelets were shown
to be actively involved in progression of the disease, including in airway eosinophilia and airway
remodeling. In the asthmatic airway, pathological microvascular angiogenesis, a component of airway
remodeling, is commonly observed, and the degree of abnormality is significantly associated with dis-
ease severity. Therefore, in order to repair the newly formed and structurally fragile blood vessels under
inflammatory conditions, platelets may be continuously activated in asthmatics. Importantly, platelets
constitutively express IL-33 protein, an alarmin cytokine that is essential for development of bronchial
asthma. Meanwhile, the concept of development of allergic diseases has recently changed dramatically,
and allergy researchers now share a belief in the centrality of epithelial barrier functions. In particular, IL-
33 released from epithelial barrier tissue at sites of eczema can activate the antigen-non-specific innate
immune system as an alarmin that is believed to be necessary for subsequent antigen-specific acquired
immunological responses. From this perspective, we propose in this review a possible mechanism for
how activated platelets act as an alarmin in development of bronchial asthma.
Copyright © 2017, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
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Introduction

Platelets are a kind of blood cell derived from bone marrow
megakaryocytes and play essential roles in thrombosis, hemostasis
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and tissue repair. Vascular endothelial injury due to various causes
such as trauma and ischemia leads to activation of platelets at the
injured site, resulting in their adhesion, aggregation, release of
granules and formation of platelet thrombi (primary hemostasis).
Following the primary hemostasis, coagulation factors are
sequentially activated, forming fibrin mesh (secondary hemosta-
sis). To date, in addition to playing essential roles in hemostasis
and subsequent tissue repair, platelets have been found to be
crucially involved in various immune responses, in direct and
indirect manners. Notably, clinical and experimental evidence
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demonstrates that platelets are actively involved in the pathogen-
esis of allergic diseases, including bronchial asthma.

In this review article, we focus on the roles of platelets in allergic
inflammation and the pathogenesis of bronchial asthma, including
the immunological implications of platelet activation in the asth-
matic airway. We discuss the relationship between platelet func-
tions per se, such as in hemostasis and tissue repair, and the latest
concept regarding development of allergic diseases, which em-
phasizes epithelial barrier functions and the innate immune sys-
tem. In particular, we propose a hypothesis concerning the
mechanistic implications of platelet activation for the pathology of
bronchial asthma.

Platelet functions in thrombosis, hemostasis and tissue repaire
role of platelets as a physical barrier

When blood vessels are damaged and bleeding due to some
cause such as trauma, it is necessary to induce hemostasis in order
to promptly stop blood loss, and to repair damaged blood vessels
and the surrounding tissues. Platelets are blood cells that play a
central role in initiation of the hemostatic and tissue repair re-
sponses. Platelets are derived from cytoplasmic fragments of bone
marrowmegakaryocytes; they are approximately 2 mm in diameter
and have no cell nucleus.1,2 Approximately 1012 platelets are
circulating in the blood of an adult human, and the lifespan of an
individual platelet is about 10 days unless it is consumed in fibrin
clot formation (whose process will be explained below). Therefore,
an average of 1011 new platelets must be produced every day in a
healthy adult tomaintain a normal platelet count (150e400� 109/L
of blood).3

Recruitment of platelets to a site of vascular injury is the first
step in the process of hemostasis that plays a critical role in mini-
mizing blood loss and forming a physical barrier against invading
pathogens.4 Under physiological conditions, circulating platelets
remain in a quiescent state due to the inhibitory effects of both
nitric oxide and prostaglandin I2, which are constitutively produced
by vascular endothelial cells.5 At sites of bleeding, vasoconstriction
of the injured blood vessels is the first response in order to limit
blood loss. Subsequently, platelets adhere and accumulate on the
damaged endothelium via von Willebrand factor. Activated plate-
lets release the contents of their stored granules, which contain
adenosine diphosphate (ADP), Ca2þ, thromboxane A2 (TXA2), se-
rotonin and platelet-activating factor (PAF), thereby further pro-
moting platelet aggregation and formation of a platelet plug
(primary hemostasis). Because the platelet plug formed during
primary hemostasis is unstable and fragile, approximately a dozen
coagulation factors that circulate in the bloodstream in an inactive
state are quickly and sequentially activated in a so-called “coagu-
lation cascade”, leading to fibrin mesh formation from inactive
fibrinogen plasma protein. Hemostasis is completed when the
fibrin mesh covers the platelet plug, creating a stable fibrin clot and
holding it in place (secondary hemostasis).

Once their role in hemostasis is completed, clots must be broken
up and removed, and the damaged tissue surrounding fibrin clots
needs to be repaired. Intact vascular endothelial cells around clots
produce tissue plasminogen activator (tPA). tPA catalyzes conver-
sion of plasminogen to plasmin, the major enzyme responsible for
clot breakdown (fibrinolysis).

It should be noted that, in addition to hemostatic factors,
platelets contain various cell growth factors such as transforming
growth factor-b (TGF-b), platelet-derived growth factor (PDGF) and
epidermal growth factor (EGF), which play important roles in
repairing and regenerating damaged tissue.6 Thus, platelets are key
players in all the processes triggered by bleeding, including primary
hemostasis, secondary hemostasis, fibrinolysis and repair of
damaged tissue, that both minimize blood loss and reinstate
physical barriers to external substances.

Platelet functions in immune responses e role of platelets as
an immunological barrier

Traumatic injuries cause bleeding and involve serious risk of
invasion by foreign pathogens such as viruses and bacteria into the
body. Therefore, in addition to physical barrier formation by he-
mostasis, a functioning immunological barrier to protect against
invading pathogensmust be formed as rapidly as possible at sites of
injury. Indeed, in addition to their essential roles in thrombosis and
hemostasis, platelets play important roles in assisting and modu-
lating inflammatory reactions and immune responses in a wide
range of ways, as described below.

Immune-associated molecules in platelets

Although platelets are anuclear cells derived from cytoplasmic
fragments of bone marrow megakaryocytes, they contain various
immune-associated molecules in intracellular granules such as a-
granules and dense granules, as well as on their surface mem-
brane.7 For instance, P-selectin (CD62P), a cell adhesionmolecule, is
an integral membrane glycoprotein that is stored in a-granules in
resting platelets.8 Upon platelet activation by agonists such as
thrombin and ADP, P-selectin is rapidly translocated onto the
plasma membrane.9 There, it plays an important role in initial
recruitment of leukocytes, including neutrophils, monocytes and
lymphocytes, to sites of injury via its ligand, P-selectin glycoprotein
ligand-1 (PSGL-1), which is expressed on those cells.10,11 Activated
platelets also secrete various types of immune-associated mole-
cules such as cytokines, chemokines, growth factors and lipid me-
diators in order to activate their interacting immune-cells and
endothelial cells, and perhaps to modulate inflammatory processes
at sites of injury. Regarding the roles of platelets as immune cells,
please also see two excellent reviews.6,7

Platelets as killers of pathogens

As described above, platelets regulate inflammatory responses
through immune cell recruitment and activation, but they can also
kill pathogens. As an example, to defend against microbial invasion,
platelets store various antimicrobial proteins called platelet
microbicidal proteins (PMPs) in their a-granules, and thus platelets
have direct antimicrobial functions.12,13 PMPs include the CXC-
chemokine family, such as CXCL4 (also known as platelet factor-
4; PF-4)14 and CXCL7 (also known as neutrophil-activating pep-
tide-2; NAP-2).15 With regard to platelets' functions in response to
protozoan parasite infection, McMorran et al. demonstrated that
platelets bind to malaria-infected red blood cells and can directly
kill the parasites within.16 This killing was found to be abrogated by
aspirin and other platelet inhibitors. Furthermore, both thrombo-
cytopenic and aspirin-treated mice were highly susceptible to
death during erythrocytic infection by Plasmodium chabaudi, indi-
cating that platelets are important in controlling malarial infection.

Platelets and neutrophils

Followingmicrobial invasion of the body due to traumatic injury
with bleeding, neutrophils are one of the first-responders among
the various types of immune cells to quickly migrate toward sites of
injury and eliminate invading pathogens by phagocytosis. Inter-
estingly, in addition to their conventional phagocytosis function,
neutrophils are able to capture and eliminate pathogens using a
web-like “throwing implement” similar to a casting net, called
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neutrophil extracellular traps (NETs). Brinkmann et al. first reported
that activated neutrophils release nuclear DNA and intra-
cytoplasmic antimicrobial proteins such as elastase and myelo-
peroxidase outside their cells by disrupting their cell membrane.17

The process of releasing NETs is called NETosis, representing a type
of cell death different from necrosis and apoptosis.18,19 The patho-
gens captured by NETs tend to be more easily phagocytosed by
neutrophils and macrophages, and NETs themselves contain
various kinds of antimicrobial proteins (as described above), as a
result of which they also have strong bactericidal action.20 The
latter study revealed that neutrophils can discriminatemicrobe size
and selectively release NETs in response to large pathogens such as
Candida albicans hyphae, but not in response to small yeasts or
single bacteria.21 Of note, platelets in the blood vessels play an
important role in release of NETs from neutrophils. Platelets are
activated by binding lipopolysaccharide (LPS), which is a structural
component of the Gram-negative bacterial cell wall, through LPS
specific receptor, Toll-like receptor-4 (TLR4), expressed on those
cells. LPS-activated platelets express P-selectin and can transmit
signals to its counterpart ligand, PSGL-1, on neutrophils, as a result
of which platelet-activated neutrophils become further activated
and release larger amounts of NETs extracellularly.22,23 Indeed,
NETs production requires platelet-neutrophil interactions, and it
was inhibited by platelet depletion or disruption of platelet-
neutrophil binding in a mouse sepsis model, resulting in diffusion
and proliferation of circulating bacteria during sepsis.18 Thus,
platelets possess crucial functions that can efficiently protect
against pathogen invasion at sites of injury through rapid (within
less than an hour) control of NETs release from neutrophils.18 In
addition, eosinophils24,25 andmast cells26 are also known to be able
to release extracellular DNA traps similar to NETs, but little is
known regarding whether platelets can enhance formation of
eosinophil- and/or mast cell-induced extracellular DNA traps.
Although PAF itself cannot induce eosinophil extracellular DNA trap
cell death (EETosis), it was shown to be able to induce EETosis when
in combination with IL-5 or granulocyte macrophage colony-
stimulating factor (GM-CSF).24

Taken together, platelets are intrinsically able to kill various
pathogens in both direct and indirect manners by acting as an
immunological barrier at sites of vascular injury.

Immunologic principles of allergic diseases e a new concept
regarding development of allergic diseases and innate
immunity

In this section, we digress from the topic of platelets to first
describe the immunological principles of allergic diseases. After
introducing the latest concepts regarding the mechanisms of
development of allergic diseases, we will present an example
that suggests an association between platelets and allergic
inflammation.

Acquired immunity in allergic diseases

Allergic reaction are classically described as antigen-specific
acquired immune responses elicited by B-cell-derived IgE anti-
bodies. The initial response to a specific antigen creates an immu-
nological memory (sensitization phase), and subsequent re-
exposure to that pathogen leads to induction of an IgE-dependent
response (reaction phase).27 Upon re-exposure to the same sensi-
tizing antigen, activated mast cells can release various chemical
mediators, such as histamine, leukotrienes, PAF and prostaglandins,
resulting in induction of various immediate allergic reactions (e.g.,
in asthmatic airway: induction of bronchial smooth muscle
contraction, vascular permeability and mucus secretion). This
antigen-specific immune system is called the “acquired immune
system”, which is not yet developed at birth and requires a learning
and memory process.

Innate immune system and alarmin

On the other hand, an immune response system called “innate
immunity”, which is naturally present at birth and induced in an
antigen-non-specific manner, has recently attracted attention as a
definitive mechanism underlying the onset of allergic diseases.
Innate immunity is a mechanism for quickly recognizing invading
pathogens and alarmin (self-components that alert to danger;
described later in detail), and it acts as the front-line of biological
defense. The defense functions of neutrophils and/or platelets
described above are also important players in innate immunity. The
innate immune system is an evolutionarily ancient biological de-
fense mechanism that is present in almost all multicellular organ-
isms, including plants, whereas acquired immunity exists only in
organisms more highly evolved than jawless vertebrates such as
the lamprey. Its activation in response to pathogens or tissue injury
is mediated via pathogen-associatedmolecular patterns (PAMPs) or
danger-associated molecular patterns (DAMPs), respectively.28,29

Regarding the relationship between innate immunity and allergic
disease, hitherto the innate immune system has been explained on
the basis of a “hygiene hypothesis”. That is, at an early age viral and
bacterial infections can act as adjuvants to stimulate toll-like re-
ceptors (TLRs) on dendritic cells. TLRs are a type of PAMPs receptor
and can potentially inhibit development of allergic diseases by
inducing inhaled-antigen-specific Th1 cells and regulatory T cells.30

DAMPs, including high-mobility group box 1 protein (HMGB-1),
heat-shock proteins (HSPs), uric acid and S100 proteins, are
endogenous danger signals, also referred to as “alarmin”.31,32

Alarmins are constitutively present in normal tissues and can be
released at any time. Once tissues are accidentally damaged by
trauma or an infection, alarmins are rapidly released from the
damaged tissue to alert the immune system. A novel IL-1 family
cytokine, IL-33, is an important alarmin that is constitutively
expressed in the nuclei of epithelial and endothelial cells. IL-33 is
released by necrotic cells after tissue injury and acts on its target
cells (described later in detail).

A new concept regarding development of allergic diseases

It should be carefully noted that allergic diseases such as atopic
dermatitis, hay fever and food allergy, as well as bronchial asthma,
have common features. That is, these diseases all occur especially
on the tissue surface/epidermis of the body due to excessive im-
mune responses to foreign antigens that are harmless per se. During
the past 10 years, our understanding of the onset of allergic dis-
eases has changed dramatically. Today, researchers in the field of
allergy share a new concept that emphasizes epithelial barrier
functions, innate immunity and epicutaneous sensitization. One of
the first reports serving as the impetus for this novel concept was a
prospective birth cohort study by Lack et al. that demonstrated that
low-dose exposure of inflamed skin of infants to peanut allergen, in
the form of a skin care cream containing arachis oil, was signifi-
cantly associated with increased risk of peanut allergy at 5 years of
age.33 Furthermore, in 2008, Lack proposed a “dual-allergen
exposure hypothesis”, suggesting that sensitization to allergen
occurs through environmental exposure of eczematous skin to
allergen. That hypothesis also suggests that consumption of food
allergens at an appropriate time and in adequate quantity can
induce oral immune tolerance.34 Thus, the dual-allergen exposure
hypothesis may explain the significant association between early
severe eczema in infancy and subsequent development of food
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allergy. Indeed, loss-of-function mutations in the filaggrin gene,
which is a key player in formation of the skin barrier, were strongly
associated with atopic dermatitis.35 Taken together, these reports
have suggested that epidermal barrier dysfunction plays a key role
in development of allergic diseases. Our group also reported that
skin care by application of a moisturizer beginning from the
neonatal period can effectively prevent subsequent development of
atopic dermatitis.36 Furthermore, our recent randomized, double-
blind, placebo-controlled trial showed that for 6-montheold in-
fants with eczema, introduction of heated egg, starting from a small
dose in a stepwise manner, combined with optimal eczema treat-
ment, efficiently prevented hen's egg allergy at 1 year of age.37

Although little is known about the precise immunological
mechanisms underlying epithelial barrier dysfunction's role in
antigen sensitization, antigen sensitization does not occur only due
to physical invasion of allergens into the body as a result of
epidermal destruction. Of note, endogenous factors released in
eczema, such as “alarmins”, may be involved in establishment of
antigen sensitization by modulating tissue-resident immune cells,
including antigen-presenting cells.

IL-33: a novel innate immune cytokine that acts as an alarmin in
development of allergic diseases

In this context, two major discoveries in the past decade pro-
vided important clues to the significance of the innate immune
system in onset and progression of allergic diseases. First, several
large-scale genome-wide association studies (GWAS) demon-
strated that the genes for the alarmin cytokine, IL-33,38 and its
receptor, ST2/IL1RL1, are responsible for development of bronchial
asthma.39e42 Second, group 2 innate lymphoid cells (ILC2) were
discovered to strongly evoke antigen-non-specific type 2 inflam-
mation in response to IL-33.43e46 ILCs are classified into 3 groups
based on their cytokine production patterns (see a recent review of
ILCs for details47). These findings suggest that the innate immune
system including the IL-33/ST2 axis is strongly involved in
Fig. 1. Putative roles of platelets and platelet-derived IL-33 as physical and immunological ba
to be activated at sites of injury, leading to their adhesion, aggregation and release of granule
IL-33 can act on intact vascular endothelial cells near the injured site inducing large amounts
circulate in the bloodstream in an inactivated state, quickly and sequentially participate in
fibrinogen plasma protein (secondary hemostasis). Neutrophils are rapidly recruited to the le
recruited neutrophils, leading to release of NETs to more effectively protect the body from
development of bronchial asthma. To date, various immune
cellsdsuch as ILC2, mast cells, eosinophils, basophils, dendritic
cells and Th2 cellsdhave been reported to be target cells of IL-33.42

In particular, ILC2 were robustly activated by IL-33 alone or in
combination with IL-2 to produce large amounts of such type 2
cytokines as IL-5 and IL-13.43,44 Indeed, intranasal administration of
IL-33 to mice significantly induced airway hyperresponsiveness,
with increased type 2 airway inflammation, in the absence of the
acquired immune system.48 Our group also demonstrated that IL-
33 is essential for papain-induced airway eosinophilia in mice,
even in the absence of Tcells, B cells andmast cells, which aremajor
players in acquired immunity.49 These results suggest that IL-33 is
the crucial factor for induction of airway inflammation via the
antigen-non-specific innate immune system. We previously
demonstrated that human airway epithelial cells andmicrovascular
endothelial cells in the lung constitutively express ST2/IL1RL1
protein and respond to IL-33 stimulation, resulting in rapid pro-
duction of neutrophil-attracting CXCR2 chemokines, including IL-8
(50; and Matsuda et al., unpublished data). Recently, we demon-
strated that platelets constitutively express full-length IL-33 pro-
tein, which is the biologically active form of the cytokine,51 and are
crucially involved in papain-induced airway eosinophilic inflam-
mation,52 suggesting possible involvement of platelets in innate
immune-mediated allergic diseases. Figure 1 depicts the putative
roles of platelets and platelet-derived IL-33 as physical and
immunological barriers in hemostasis.

Role of platelets in allergic inflammation and bronchial
asthma

Platelets are known to be involved in the development of
various kinds of disease, including cancer and inflammatory dis-
eases, and platelet abnormalities in allergic states were already
reported half a century ago.53 Numerous subsequent clinical and
experimental studies confirmed that platelets play important roles
in the regulation of allergic inflammation.54,55
rriers in hemostasis. (A) Vascular endothelial injury due to trauma, etc., causes platelets
s, and formation of platelet thrombi (primary hemostasis). At that time, platelet-derived
of neutrophil-attracting CXCR2 chemokines such as IL-8. (B) Coagulation factors, which
the so-called “coagulation cascade”, resulting in fibrin mesh formation from inactive
sion site by the CXCR2 chemokines. The activated platelets may then further act on the
foreign pathogens.
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Role of platelets in acquired immunity

Platelets are known to also play a role in antigen-specific ac-
quired immunity. For instance, platelets from allergic donors
expressed both high- and low-affinity IgE receptors on their sur-
face, and exposure to appropriate antigens led to production of
inflammatorymediators such as serotonin and CCL5 (also known as
“regulated on activation, normal T cell expressed and secreted”;
RANTES).56e59 In a murine model of OVA-induced allergic inflam-
mation, platelets fromOVA-sensitizedwild-typemice, but not mice
lacking high-affinity IgE receptor, migrated to the lung in response
to allergen-specific stimuli, suggesting that platelets may actively
contribute to antigen-dependent allergic inflammation.60

Recently, Hayashizaki et al. reported that platelets are necessary
for recruitment of antigen-specific CD69-expressing CD4 T cells
into inflamed lung tissue.61 In antigen-specific airway inflamma-
tion, platelets adhered to the vascular endothelial cell surface of the
lung, and myosin light-chain 9/12 (Myl9/12) contained in the
platelets was released to form intravascular net-like structures.
Myl9/12 bound to its ligand, CD69-expressing CD4 T cells, thereby
allowing these antigen-specific helper T cells to invade extravas-
cular, inflammed lung tissues. Furthermore, blockade of CD69-
Myl9/12 interaction effectively reduced airway eosinophilic
inflammation in an antigen-induced murine model of bronchial
asthma, suggesting that platelets are critically involved in antigen-
specific Tecell responses.

Role of platelets in the pathogenesis of bronchial asthma

Bronchial asthma is a chronic inflammatory disease of the air-
ways that is immunologically characterized by type 2 inflammation
with increased eosinophilic infiltration of the airway.62 In asth-
matic airway, persistent structural changes in the airway walls due
to chronic airway inflammation, called “airway remodeling”, are
known to exacerbate the clinical condition.63 Airway remodeling
includes goblet cell hyperplasia, shedding of epithelial cells, thick-
ening of the basement membrane, extracellular matrix deposition
and fibrosis, smooth muscle cell hypertrophy/hyperplasia and
accelerated submucosal angiogenesis.64e67

To date, a number of studies investigated the association be-
tween bronchial asthma and platelets. For instance, platelets of
patients with bronchial asthma are known to be more activated
than those of healthy individuals.68e72 In house-dust-sensitive
patients, plasma levels of b-thromboglobulin, PF-4 and soluble P-
selectin were increased after loading of mite antigen.73 Activated
platelets were able to produce platelet-derived microparticles
(PMP), and Duarte et al. proposed that increased circulating PMP
might serve as a biomarker for bronchial asthma.74 Furthermore,
platelets were shown to be actively involved in the processes of
asthma progression, such as eosinophilic infiltration into the
airway walls and airway remodeling. For instance, in a murine
model of asthma using ovalbumin (OVA) antigen, platelet-
depletion effectively ameliorated both OVA-induced infiltration of
various leukocytes, including eosinophils, into the lung and airway
remodeling.75e77

On the other hand, although substantial platelet activation is
observed in patients with allergic diseases, including bronchial
asthma, it should be noted that these patients tend to have a mild
hemostatic defect, rather than increased incidence of throm-
bosis.78,79 This may explain why platelets activated due to contin-
uous inflammatory stimuli release various mediators, and are thus
refractory to further activation (aggregation). Such platelets are
thought to represent an “exhausted platelet” phenotype resulting
from having been continuously activated in vivo.80 A recent ran-
domized, double-blind, placebo-controlled crossover study showed
that prasugrel, an anti-platelet drug that targets the platelet P2Y12
receptor, slightly improved airway hyperresponsiveness measured
by the mannitol test, while the difference between the prasugrel-
treated and placebo-control groups was borderline statistically
significant.81 Meanwhile, prasugrel treatment did not change the
fractional exhaled NO (FeNO) level, a surrogate marker for eosin-
ophilic airway lung inflammation.81 Therefore, further study is
needed as to whether “exhausted platelets” can be a true target for
asthma treatment.

Aspirin-exacerbated respiratory disease (AERD), which has
three major symptoms, i.e., asthma, eosinophilic sinusitis and
aspirin intolerance, is considered to be a special type of bronchial
asthma. In AERD, asthma-like symptoms are thought to be caused
by reduced production of prostaglandin E2 and excessive produc-
tion of cysteinyl leukotriene (cysLT) as a result of aspirin's inhibition
of cyclooxygenase-1 activity.82,83 Indeed, in AERD patients, platelet
activation was observed even at times of no attack, and activated
platelets and eosinophils formed complexes.84,85 Although plate-
lets themselves cannot produce cysLT, eosinophil-adherent plate-
lets can convert the leukocyte-derived precursor leukotriene (LT)
A4 to LTC4 in a transcellular manner.83 Thus, platelet activation can
be observed in various types of bronchial asthma and may be
involved in their pathogenesis.

Why are platelets activated in allergic inflammation and bronchial
asthma?

Next, we will discuss the causes and immunological implica-
tions of platelet activation in patients with bronchial asthma. In the
asthmatic airway, microvascular abnormalities such as accelerated
angiogenesis and increased vascular permeability are commonly
observed, and the degree of the abnormalities is known to be
significantly associated with disease severity and decreased respi-
ratory function.64e67 It is presumed that blood vessels in the
asthmatic airway tend to be damaged by various inflammatory cells
and mediators. Therefore, it may be that, in order to repair such
blood vessels, platelets may be always activated in asthmatics as
compared with healthy individuals. Since platelets constitutively
contain active IL-33 protein,52 we hypothesize that activated
plateletsmaintain levels of functional IL-33 in the airway, as a result
of which its target cells, including ILC2, are mildly but continuously
activated. In patients with bronchial asthma, chronic type 2
inflammation mediated by active platelet-derived IL-33 may serve
as the basis for development and progression of the disease. In a
murine model of papain-induced eosinophilic inflammation in the
airway, heat-inactivated papain did not induce airway eosinophilia
at all,49,52 indicating that the protease activity of papain was
necessary for induction of airway inflammation in that model. Such
strong tissue injury activity by the protease may reach the micro-
vessels beyond the airway epithelium in that model, leading to
airway eosinophilia through promotion of platelet-derived IL-33
activation. Viral infection in the airways also causes tissue injury,
leading to activation of alarmin IL-33. Figure 2 depicts the in-
teractions among the cells/cytokines involved in the type 2 innate
immune system, centering on ILC2 in the asthmatic airways, based
on reports to date. According to this, IL-33 is certainly likely to play
a central role in orchestrating communications among all cells
involved in type 2 innate immune responses, including tissue cells
and immune cells.

Role of IL-33 in the immune defense system

Both platelets and IL-33 are activated by tissue damage and act
as crucial initiators of tissue repair. In particular, platelets are
essential components for rapid hemostasis when blood vessels are



Fig. 2. Type 2 inflammatory responses to airway tissue injury. Viral infection- and/or protease antigen-induced airway tissue injury causes IL-33 protein to be released from the
damaged tissue. When tissue damage extends to microvessels beyond the airway epithelium, activated platelets initiate repair of the injured vessels. Also, platelet-derived IL-33 is
activated in concert with tissue-derived alarmin IL-33, and they target cells such as ILC2, leading to type 2 inflammation in the airway. In particular, when pathological angiogenesis
is enhanced and fragile new blood vessels are increasing, platelet activation may be further enhanced in order to repair those vessels. Platelet-derived IL-33 activity is also assumed
to be maintained at a high level.
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damaged and bleeding. Although IL-33 is an essential cytokine for
type 2 inflammation in the airways, the action of IL-33 on tissue
cells (including vascular endothelial cells) centers onmigration and
activation of neutrophils (50; and Matsuda et al., unpublished data).
An important advantage of IL-33 protein's presence in platelets as a
biological defense mechanism is that it can act on intact tissue cells
near injured blood vessels to produce large amounts of CXCR2
chemokines at the same time that hemostasis is occurring. This
would be a reasonable system as the frontline of biological defense
since the chemokines would rapidly recruit neutrophils to lesion
sites (Fig. 1B). Activated platelets may then further act on the
accumulated neutrophils, leading to release of NETs to more
effectively protect the body from foreign pathogens. In addition, IL-
33 was found to possess anti-fungal activity through CXCR2 che-
mokine, which acts directly on neutrophils and elevates their
migration and phagocytosis activities at sites of infection.86 In a
murine experimental sepsis model induced by cecal ligation and
puncture, IL-33 effectively reduced mortality by recruiting neu-
trophils to the site of inflammation.87 These results also show IL-
33's participation in rapid immune defense via neutrophils and
bacterial clearance, suggesting multiple roles for IL-33 in immune
defense.
Conclusion

Taken together, platelets and IL-33 may play at least in part a
common role in vivo. That is, both platelets and IL-33 respond to
tissue damage and are promptly involved in biological defense
mechanisms and initiation of the tissue repair process. From this
perspective, activated platelets may also be regarded as an alarmin
that convey a danger signal. Although platelets are anuclear cells
derived from the cytoplasm of megakaryocytes, in emergency sit-
uations such as trauma and infection, activation of a defense system
as quickly as possible is essential. For that reason, since a control
mechanism routed through de novo gene expression in cell nuclei
would likely be too cumbersome and slow to respond to an urgent
threat, platelets, which already contain various mediators, seem
wellesuited for dealing with emergency situations. On the other
hand, while inhaled corticosteroids are used as a standard treat-
ment for bronchial asthma, they will not target or affect platelets.
That is because the anti-inflammatory action of corticosteroids is
mediated via nuclear glucocorticoid receptors, but platelets have no
nucleus. Therefore, platelets may be involved in the development of
steroiderefractory asthma, including irreversible airway remodel-
ing, but further study of this point is needed.

Acknowledgments

We thank Lawrence W. Stiver (Tokyo, Japan) for proofreading
the manuscript. This work was supported in part by National
Institute of Biomedical Innovation grant ID10-43 (to K.M.), grant
from the National Center for Child Health and Development #26-9
(to K.M.), and JSPS KAKENHI grant no. 15K19581 (to T.T.) and
23591666 (to A.M.). The first author (T.T.) received the 2014 JSA Best
Presentation Award from Japanese Society of Allergology for this
work.

Conflict of interest
The authors have no conflicts of interest to declare.

References

1. Deutsch VR, Tomer A. Megakaryocyte development and platelet production. Br
J Haematol 2006;134:453e66.

2. Kaushansky K. Historical review: megakaryopoiesis and thrombopoiesis. Blood
2008;111:981e6.

3. Kaushansky K. Lineage-specific hematopoietic growth factors. N Engl J Med
2006;354:2034e45.

4. Davi G, Patrono C. Platelet activation and atherothrombosis. N Engl J Med
2007;357:2482e94.

5. Brass LF. Thrombin and platelet activation. Chest 2003;124(3 Suppl):18Se25.
6. Semple JW, Italiano Jr JE, Freedman J. Platelets and the immune continuum. Nat

Rev Immunol 2011;11:264e74.



T. Takeda et al. / Allergology International 67 (2018) 326e333332
7. von Hundelshausen P, Weber C. Platelets as immune cells e bridging inflam-
mation and cardiovascular disease. Circ Res 2007;100:27e40.

8. Stenberg PE, McEver RP, Shuman MA, Jacques YV, Bainton DF. A platelet alpha-
granule membrane protein (GMP-140) is expressed on the plasma membrane
after activation. J Cell Biol 1985;101:880e6.

9. Johnston GI, Cook RG, McEver RP. Cloning of GMP-140, a granule membrane
protein of platelets and endothelium: sequence similarity to proteins involved
in cell adhesion and inflammation. Cell 1989;56:1033e44.

10. Larsen E, Celi A, Gilbert GE, Furie BC, Erban JK, Bonfanti R, et al. PADGEM
protein: a receptor that mediates the interaction of activated platelets with
neutrophils and monocytes. Cell 1989;59:305e12.

11. Diacovo TG, Puri KD, Warnock RA, Springer TA, von Andrian UH. Platelet-medi-
ated lymphocyte delivery to high endothelial venules. Science 1996;273:252e5.

12. Yeaman MR, Norman DC, Bayer AS. Platelet microbicidal protein enhances
antibiotic-induced killing of and postantibiotic effect in Staphylococcus aureus.
Antimicrob Agents Chemother 1992;36:1665e70.

13. Yeaman MR. Platelets: at the nexus of antimicrobial defence. Nat Rev Microbiol
2014;12:426e37.

14. Yeaman MR, Yount NY, Waring AJ, Gank KD, Kupferwasser D, Wiese R, et al.
Modular determinants of antimicrobial activity in platelet factor-4 family
kinocidins. Biochim Biophys Acta 2007;1768:609e19.

15. Krijgsveld J, Zaat SA, Meeldijk J, van Veelen PA, Fang G, Poolman B, et al.
Thrombocidins, microbicidal proteins from human blood platelets, are C-ter-
minal deletion products of CXC chemokines. J Biol Chem 2000;275:20374e81.

16. McMorran BJ, Marshall VM, de Graaf C, Drysdale KE, Shabbar M, Smyth GK,
et al. Platelets kill intraerythrocytic malarial parasites and mediate survival to
infection. Science 2009;323:797e800.

17. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al.
Neutrophil extracellular traps kill bacteria. Science 2004;303:1532e5.

18. McDonald B, Urrutia R, Yipp BG, Jenne CN, Kubes P. Intravascular neutrophil
extracellular traps capture bacteria from the bloodstream during sepsis. Cell
Host Microbe 2012;12:324e33.

19. Yipp BG, Kubes P. NETosis: how vital is it? Blood 2013;122:2784e94.
20. Parker H, Albrett AM, Kettle AJ, Winterbourn CC. Myeloperoxidase associated

with neutrophil extracellular traps is active and mediates bacterial killing in
the presence of hydrogen peroxide. J Leukoc Biol 2012;91:369e76.

21. Branzk N, Lubojemska A, Hardison SE, Wang Q, Gutierrez MG, Brown GD, et al.
Neutrophils sense microbe size and selectively release neutrophil extracellular
traps in response to large pathogens. Nat Immunol 2014;15:1017e25.

22. Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al. Platelet
TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic
blood. Nat Med 2007;13:463e9.

23. Sreeramkumar V, Adrover JM, Ballesteros I, Cuartero MI, Rossaint J, Bilbao I,
et al. Neutrophils scan for activated platelets to initiate inflammation. Science
2014;346:1234e8.

24. Ueki S, Melo RC, Ghiran I, Spencer LA, Dvorak AM, Weller PF. Eosinophil
extracellular DNA trap cell death mediates lytic release of free secretion-
competent eosinophil granules in humans. Blood 2013;121:2074e83.

25. Ueki S, Konno Y, Takeda M, Moritoki Y, Hirokawa M, Matsuwaki Y, et al.
Eosinophil extracellular trap cell death-derived DNA traps: their presence in
secretions and functional attributes. J Allergy Clin Immunol 2016;137:258e67.

26. Naqvi N, Ahuja K, Selvapandiyan A, Dey R, Nakhasi H, Puri N. Role of mast cells
in clearance of Leishmania through extracellular trap formation. Sci Rep
2017;7:13240.

27. Paul WE, Zhu J. How are T(H)2-type immune responses initiated and ampli-
fied? Nat Rev Immunol 2010;10:225e35.

28. Fukata M, Vamadevan AS, Abreu MT. Toll-like receptors (TLRs) and Nod-like
receptors (NLRs) in inflammatory disorders. Semin Immunol 2009;21:242e53.

29. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell
2010;140:805e20.

30. Schroder NW, Maurer M. The role of innate immunity in asthma: leads and
lessons from mouse models. Allergy 2007;62:579e90.

31. Oppenheim JJ, Yang D. Alarmins: chemotactic activators of immune responses.
Curr Opin Immunol 2005;17:359e65.

32. Foell D, Wittkowski H, Roth J. Mechanisms of disease: a ‘DAMP’ view of in-
flammatory arthritis. Nat Clin Pract Rheumatol 2007;3:382e90.

33. Lack G, Fox D, Northstone K, Golding J. Factors associated with the develop-
ment of peanut allergy in childhood. N Engl J Med 2003;348:977e85.

34. Lack G. Epidemiologic risks for food allergy. J Allergy Clin Immunol 2008;121:
1331e6.

35. Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, et al.
Common loss-of-function variants of the epidermal barrier protein filaggrin are
a major predisposing factor for atopic dermatitis. Nat Genet 2006;38:441e6.

36. Horimukai K, Morita K, Narita M, Kondo M, Kitazawa H, Nozaki M, et al.
Application of moisturizer to neonates prevents development of atopic
dermatitis. J Allergy Clin Immunol 2014;134:824e30. e6.

37. Natsume O, Kabashima S, Nakazato J, Yamamoto-Hanada K, Narita M, Kondo M,
et al. Two-step egg introduction for prevention of egg allergy in high-risk in-
fants with eczema (PETIT): a randomised, double-blind, placebo-controlled
trial. Lancet 2017;389:276e86.

38. Cayrol C, Girard JP. IL-33: an alarm in cytokine with crucial roles in innate
immunity, inflammation and allergy. Curr Opin Immunol 2014;31:31e7.

39. Gudbjartsson DF, Bjornsdottir US, Halapi E, Helgadottir A, Sulem P,
Jonsdottir GM, et al. Sequence variants affecting eosinophil numbers associate
with asthma and myocardial infarction. Nat Genet 2009;41:342e7.
40. Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, et al.
A large-scale, consortium-based genome wide association study of asthma.
N Engl J Med 2010;363:1211e21.

41. Melen E, Himes BE, Brehm JM, Boutaoui N, Klanderman BJ, Sylvia JS, et al.
Analyses of shared genetic factors between asthma and obesity in children.
J Allergy Clin Immunol 2010;126:631e7. e1-8.

42. Oboki K, Nakae S, Matsumoto K, Saito H. IL-33 and airway inflammation. Allergy
Asthma Immunol Res 2011;3:81e8.

43. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate
production of T(H)2 cytokines by adipose tissue-associated c-Kit(þ)Sca-1(þ)
lymphoid cells. Nature 2010;463:540e4.

44. Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, et al. Nuocytes
represent a new innate effector leukocyte that mediates type-2 immunity.
Nature 2010;464:1367e70.

45. Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ, et al. Sys-
temically dispersed innate IL-13-expressing cells in type 2 immunity. Proc Natl
Acad Sci U S A 2010;107:11489e94.

46. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cellsea proposal for uniform nomenclature. Nat Rev Immunol
2013;13:145e9.

47. Morita H, Moro K, Koyasu S. Innate lymphoid cells in allergic and nonallergic
inflammation. J Allergy Clin Immunol 2016;138:1253e64.

48. Kondo Y, Yoshimoto T, Yasuda K, Futatsugi-Yumikura S, Morimoto M,
Hayashi N, et al. Administration of IL-33 induces airway hyperresponsiveness
and goblet cell hyperplasia in the lungs in the absence of adaptive immune
system. Int Immunol 2008;20:791e800.

49. Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial
amplifier of innate rather than acquired immunity. Proc Natl Acad Sci U S A
2010;107:18581e6.

50. Yagami A, Orihara K, Morita H, Futamura K, Hashimoto N, Matsumoto K, et al.
IL-33 mediates inflammatory responses in human lung tissue cells. J Immunol
2010;185:5743e50.

51. Morita H, Nakae S, Saito H, Matsumoto K. IL-33 in clinical practice: size mat-
ters? J Allergy Clin Immunol 2017;140:381e3.

52. Takeda T, Unno H, Morita H, Futamura K, Emi-Sugie M, Arae K, et al. Platelets
constitutively express IL-33 protein and modulate eosinophilic airway
inflammation. J Allergy Clin Immunol 2016;138:1395e403. e6.

53. Caspary EA, Comaish JS. Release of serotonin from human platelets in hyper-
sensitivity states. Nature 1967;214:286e7.

54. Page C, Pitchford S. Platelets and allergic inflammation. Clin Exp Allergy
2014;44:901e13.

55. Idzko M, Pitchford S, Page C. Role of platelets in allergic airway inflammation.
J Allergy Clin Immunol 2015;135:1416e23.

56. Joseph M, Auriault C, Capron A, Vorng H, Viens P. A new function for platelets:
IgE-dependent killing of schistosomes. Nature 1983;303:810e2.

57. Joseph M, Gounni AS, Kusnierz JP, Vorng H, Sarfati M, Kinet JP, et al. Expression
and functions of the high-affinity IgE receptor on human platelets and mega-
karyocyte precursors. Eur J Immunol 1997;27:2212e8.

58. Hasegawa S, Tashiro N, Matsubara T, Furukawa S, Ra C. A comparison of
FcepsilonRI-mediated RANTES release from human platelets between allergic
patients and healthy individuals. Int Arch Allergy Immunol 2001;125(Suppl 1):
42e7.

59. Klouche M, Klinger MH, Kuhnel W, Wilhelm D. Endocytosis, storage, and
release of IgE by human platelets: differences in patients with type I allergy
and nonatopic subjects. J Allergy Clin Immunol 1997;100:235e41.

60. Pitchford SC, Momi S, Baglioni S, Casali L, Giannini S, Rossi R, et al. Allergen
induces the migration of platelets to lung tissue in allergic asthma. Am J Respir
Crit Care Med 2008;177:604e12.

61. Hayashizaki K, Kimura MY, Tokoyoda K, Hosokawa H, Shinoda K, Hirahara K,
et al. Myosin light chains 9 and 12 are functional ligands for CD69 that regulate
airway inflammation. Sci Immunol 2016;1:eaaf9154.

62. Wenzel S, Ford L, Pearlman D, Spector S, Sher L, Skobieranda F, et al. Dupilumab
in persistent asthma with elevated eosinophil levels. N Engl J Med 2013;368:
2455e66.

63. Busse W, Elias J, Sheppard D, Banks-Schlegel S. Airway remodeling and repair.
Am J Respir Crit Care Med 1999;160:1035e42.

64. Hashimoto M, Tanaka H, Abe S. Quantitative analysis of bronchial wall
vascularity in the medium and small airways of patients with asthma and
COPD. Chest 2005;127:965e72.

65. Vrugt B, Wilson S, Bron A, Holgate ST, Djukanovic R, Aalbers R. Bronchial
angiogenesis in severe glucocorticoid-dependent asthma. Eur Respir J 2000;15:
1014e21.

66. Matsuda A, Fukuda S, Matsumoto K, Saito H. Th1/Th2 cytokines reciprocally
regulate in vitro pulmonary angiogenesis via CXC chemokine synthesis. Am J
Respir Cell Mol Biol 2008;38:168e75.

67. Orihara K, Matsuda A. Pathophysiological roles of microvascular alterations in
pulmonary inflammatory diseases: possible implications of tumor necrosis
factor-alpha and CXC chemokines. Int J Chron Obstruct Pulmon Dis 2008;3:
619e27.

68. Knauer KA, Lichtenstein LM, Adkinson Jr NF, Fish JE. Platelet activation during
antigen-induced airway reactions in asthmatic subjects. N Engl J Med
1981;304:1404e7.

69. Averill FJ, Hubbard WC, Proud D, Gleich GJ, Liu MC. Platelet activation in the
lung after antigen challenge in a model of allergic asthma. Am Rev Respir Dis
1992;145:571e6.



T. Takeda et al. / Allergology International 67 (2018) 326e333 333
70. Sullivan PJ, Jafar ZH, Harbinson PL, Restrick LJ, Costello JF, Page CP. Platelet
dynamics following allergen challenge in allergic asthmatics. Respiration
2000;67:514e7.

71. Kornerup KN, Page CP. The role of platelets in the pathophysiology of asthma.
Platelets 2007;18:319e28.

72. Pitchford SC, Page CP. Platelet activation in asthma: integral to the inflam-
matory response. Clin Exp Allergy 2006;36:399e401.

73. Yamamoto H, Nagata M, Tabe K, Kimura I, Kiuchi H, Sakamoto Y, et al. The
evidence of platelet activation in bronchial asthma. J Allergy Clin Immunol
1993;91(1 Pt 1):79e87.

74. Duarte D, Taveira-Gomes T, Sokhatska O, Palmares C, Costa R, Negrao R, et al.
Increased circulating platelet microparticles as a potential biomarker in
asthma. Allergy 2013;68:1073e5.

75. Pitchford SC, Riffo-Vasquez Y, Sousa A, Momi S, Gresele P, Spina D, et al.
Platelets are necessary for airway wall remodeling in a murine model of
chronic allergic inflammation. Blood 2004;103:639e47.

76. Tian J, Zhu T, Liu J, Guo Z, Cao X. Platelets promote allergic asthma through the
expression of CD154. Cell Mol Immunol 2015;12:700e7.

77. Amison RT, Momi S, Morris A, Manni G, Keir S, Gresele P, et al. RhoA signaling
through platelet P2Y(1) receptor controls leukocyte recruitment in allergic
mice. J Allergy Clin Immunol 2015;135:528e38.

78. Szczeklik A, Milner PC, Birch J, Watkins J, Martin JF. Prolonged bleeding time,
reduced platelet aggregation, altered PAF-acether sensitivity and increased
platelet mass are a trait of asthma and hay fever. Thromb Haemost 1986;56:
283e7.
79. Hawrylowicz CM, Howells GL, Feldmann M. Platelet-derived interleukin 1 in-
duces human endothelial adhesion molecule expression and cytokine pro-
duction. J Exp Med 1991;174:785e90.

80. de Boer JD, Majoor CJ, Van 't Veer C, Bel EH, van der Poll T. Asthma and
coagulation. Blood 2012;119:3236e44.

81. Lussana F, Di Marco F, Terraneo S, Parati M, Razzari C, Scavone M, et al. Effect of
prasugrel in patients with asthma: results of PRINA, a randomized, double-
blind, placebo-controlled, cross-over study. J Thromb Haemost 2015;13:136e41.

82. Laidlaw TM, Cutler AJ, Kidder MS, Liu T, Cardet JC, Chhay H, et al. Prostaglandin
E2 resistance in granulocytes from patients with aspirin-exacerbated respira-
tory disease. J Allergy Clin Immunol 2014;133:1692e701. e3.

83. Laidlaw TM, Kidder MS, Bhattacharyya N, Xing W, Shen S, Milne GL, et al.
Cysteinyl leukotriene overproduction in aspirin-exacerbated respiratory dis-
ease is driven by platelet-adherent leukocytes. Blood 2012;119:3790e8.

84. Mitsui C, Kajiwara K, Hayashi H, Ito J, Mita H, Ono E, et al. Platelet activation
markers overexpressed specifically in patients with aspirin-exacerbated res-
piratory disease. J Allergy Clin Immunol 2016;137:400e11.

85. Laidlaw TM, Boyce JA. Platelets in patients with aspirin-exacerbated respira-
tory disease. J Allergy Clin Immunol 2015;135:1407e14.

86. Le HT, Tran VG, Kim W, Kim J, Cho HR, Kwon B. IL-33 priming regulates
multiple steps of the neutrophil-mediated anti-Candida albicans response by
modulating TLR and dectin-1 signals. J Immunol 2012;189:287e95.

87. Alves-Filho JC, Sonego F, Souto FO, Freitas A, Verri Jr WA, Auxiliadora-
Martins M, et al. Interleukin-33 attenuates sepsis by enhancing neutrophil
influx to the site of infection. Nat Med 2010;16:708e12.


