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Eosinophils in mucosal immune responses
J Travers' and ME Rothenberg'

Eosinophils, multifunctional cells that contribute to both innate and adaptive immunity, are involved in the initiation,
propagation, and resolution of immune responses, including tissue repair. They achieve this multifunctionality by
expression of a diverse set of activation receptors, including those that directly recognize pathogens and opsonized
targets, and by their ability to store and release preformed cytotoxic mediators that participate in host defense, to
produce a variety of de novo pleotropic mediators and cytokines, and to interact directly and indirectly with diverse cell
types, including adaptive and innate immunocytes and structural cells. Herein, we review the basic biology of
eosinophils and then focus on new emerging concepts about their role in mucosal immune homeostasis, particularly
maintenance of intestinal IgA. We review emerging data about their development and regulation and describe new
concepts concerning mucosal eosinophilic diseases. We describe recently developed therapeutic strategies to modify
eosinophil levels and function and provide collective insight about the beneficial and detrimental functions of these

enigmatic cells.

INTRODUCTION

For most of its history since its discovery in the late nineteenth
century, the eosinophil was considered a proinflammatory
effector cell whose usefulness was limited to defense against
parasites. However, knowledge gained in the past few decades
has called this view into question. Eosinophils are now known
to contribute to both innate and adaptive immune responses
and tissue repair processes. Because they contribute to multiple
phases of the immune response (initiation/polarization,
effector phases, and resolution/repair), they have the potential
to profoundly and diversely influence disease processes
(Figure 1). Eosinophils are able to sense pathogens and pro-
mote innate immune responses via expression of complement
receptors (CD11b), Fc receptors (FcoR, FcyRIL, FceRI, and
FceRII), and pattern recognition receptors, including multiple
Toll-like receptors. It should be noted that FceRI and FceRII are
expressed in human but not murine eosinophils.” Upon
activation, eosinophils release a variety of soluble mediators,
such as cytokines, chemokines, growth factors, and bioactive
lipids. Murine and human eosinophils can secrete cytokines
associated with both type 1 T helper cells (Thl) (such as
interferon-y and interleukin-12 (IL-12)) and type 2 T helper
cells (Th2) (such as IL-4), as well as the profibrotic cytokine
transforming growth factor-f3 (TGE-B).? Eosinophil-derived IL-
4 is especially important in regulating a variety of immune and

metabolic processes, including beige fat development.® In
addition, upon activation, eosinophils also release cytotoxic,
basically charged proteins, including major basic protein (MBP-
1 and MBP-2), eosinophil peroxidase (EPO), eosinophil-derived
neurotoxin (EDN), and eosinophil cationic protein.”
Eosinophils develop from eosinophil progenitor cells that are
derived from hematopoietic stem cells, express CD34 (see ref. 8)
and IL-5Ra, and undergo differentiation in the bone marrow
upon exposure to IL-3, granulocyte-macrophage colony-
stimulating factor, and IL-5. Of these three, IL-5 is unique
to eosinophil differentiation and is critical for expansion of the
pool of eosinophil progenitor cells.® IL-5Ra expression is
maintained throughout all subsequent stages of eosinophil
development and promotes eosinophil activation and survival,
making it an attractive target for modulation of eosinophil
levels. In fact, eosinophilia is enhanced in IL-5 transgenic mice’
but is lost upon deletion of II5 (see ref. 10) or Il5ra."! Eosinophil
development is also dependent on a complex interplay of the
transcription factors GATA-binding protein 1 (GATA-1),
CCAAT/enhancer-binding protein-o. (C/EBPa), PU box-
binding protein (PU.1), and interferon consensus sequence-
binding protein (ICSBP). The critical importance of GATA-1 in
eosinophil development is attested to by the fact that
AdblGATA mice, in which the high-affinity palindromic
GATA site in the Gatal promoter has been genetically deleted,
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Figure 1 Eosinophil characteristics and effector functions. Eosinophil activation is mediated by a wide variety of surface receptors that respond to
diverse stimuli, including cytokines, chemokines, bioactive lipids, and pathogen-associated molecular patterns. Upon activation, eosinophils promote
host protection via direct effects on pathogens, immune responses by modulation of lymphocyte and dendritic cell function, and inflammation via tissue
damage, remodeling, and mast cell activation. CCR, CC-chemokine receptor; CysLTR, cysteinyl leukotriene receptor; EMR, epidermal growth factor-like
module containing mucin-like hormone receptor; Fc, fragment crystallizable; GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor; Ig,
immunoglobulin; IL, interleukin; ILT, immunoglobulin-like transcript; PAFR, platelet-activating factor receptor; PGDR, prostaglandin D2 receptor; PIR,
paired immunoglobulin-like receptor; R, receptor; SIGLEC, sialic acid-binding immunoglobulin-like lectin; TGF, transforming growth factor; Th2, type 2 T
helper cell; TLR, Toll-like receptor; TSLP, thymic stromal lymphopoietin.

have selective loss of eosinophils.'* Notably, this unique double
palindromic site is found within the promoter of several
eosinophil-specific genes, including Mbp, Epo, and Ccr3."”
Eosinophil development also depends on the interplay of the
surface receptors immunoglobulin (Ig)-like transcript 2 and Ig-
like transcript 5 (ILT2 and ILT5) and their murine orthologs,
paired Ig-like receptors A and B (PIR-A and PIR-B), within the
bone marrow. PIR-B is more highly expressed during
eosinophil development and prevents PIR-A from inducing
a pro-apoptotic effect.'* Loss of PIR-B leads to apoptosis
of eosinophils and prevents IL-5-mediated eosinophil
expansion.'*

Eosinophils exit the bone marrow fully differentiated and
circulate within the vasculature before extravasation into
tissues, where they undergo apoptosis in the absence of the
proper cytokine milieu."” Tissue eosinophils survive for a
prolonged time relative to the time that they are in circulation.
For instance, in a murine adoptive transfer model, eosinophil
half-life in the allergic lungs after allergen challenge was 8
days.'® Conversely, in vivo studies indicate that both human'”
and murine'® eosinophils only spend ~1 day in the blood-
stream. The destination of eosinophils extravasating into the
tissue is dominantly regulated by the action of CC-chemokine
receptor 3 (CCR3),” which is relatively selective for eosinophils
and is the primary receptor for the eotaxin subfamily of

MucosallImmunology | VOLUME 8 NUMBER 3 | MAY 2015

chemokines, CC-chemokine ligand 11 (CCL11), CCL24, and
CCL26 (eotaxin-1, eotaxin-2, and eotaxin-3, 1respf:ctively).3
Eotaxin-3 is unique among the three eotaxins in that it is a
nonfunctional pseudogene in mice but a functional gene in
humans." Although there is not a substantial overlap in the
primary amino-acid sequences among the three eotaxins, their
shared three-dimensional structure accounts for the common
activity of these sequence-divergent proteins.*’

REGULATION OF EOSINOPHILS IN HOMEOSTASIS

Eosinophil trafficking to mucosal tissues during homeostasis is
regulated by eotaxin-1 and Th2 cytokines. Under homeostatic
conditions, most eosinophils migrate to nonesophageal
portions of the gastrointestinal (GI) tract under the direction
of eotaxin-1 (see ref. 21) that is primarily produced by
F4/80 " CD11b*CCR2* Ly6Chigh monocytes®” in response to
calprotectin® but can also be produced by intestinal epithelial
cells.** Notably, mice deficient in CCR3 or eotaxin-1 have
defective tissue homing of eosinophils to the lamina propria of
the GI tract.”® In addition, PIR-B, which decreases eosinophil
responsiveness to eotaxin-1, also decreases baseline GI homing
of eosinophils.*® In addition to eotaxin-1, the Th2 cytokines
IL-5 and IL-13 also are critical in sustaining GI trafficking of
eosinophils during homeostasis (Figure 2). IL-5 promotes GI
eosinophil trafficking by increasing eosinophil development

465



REVIEW

-

Bone marrow

Eosinophil

Intestine

© <« Inflammatory
Eotaxin monocyte

IL-13

Activated °
- |L-5
ez

t

Tvip

Food
intake

Circulating eosinophil

Figure 2 Homeostatic trafficking to intestine. IL-5, and to a lesser extent IL-3 and GM-CSF, promote eosinophil development in the bone marrow,
trafficking into the bloodstream, and survival in the tissue. IL-13 induces eotaxin-1 release from inflammatory monocytes that causes eosinophil

recruitment to the intestine via ligation of CCR3. Entry of eosinophils into the intestine is mediated by binding of o, integrin to VCAM-1, o3, integrin to
MAdCAM1, and CD18 family members to ICAM-1. It has been proposed that after food consumption, the neurohormone vasoactive intestinal peptide
(VIP) is secreted and activates type 2 innate lymphoid cells (ILC2) within the intestine to secrete IL-5 and IL-13. BM, bone marrow; C/EBP«, CCAAT/
enhancer-binding protein alpha; CCR3, CC-chemokine receptor 3; CD, cluster of differentiation; EoP, eosinophil progenitor; GATA-1, GATA-binding
protein 1; GM-CSF; granulocyte-macrophage colony-stimulating factor; HSC, hematopoetic stem cell; ICAM-1, intercellular adhesion molecule 1;

ICSBP, interferon consensus sequence-binding protein; IL, interleukin; MAdCAM-1, mucosal vascular addressin adhesion molecule 1; PU.1, PU box

binding protein; VCAM-1, vascular cell adhesion molecule 1.

and mobilization in the bone marrow, responsiveness to
eotaxin-1,%” and survival once the eosinophils have entered the
GI mucosal tissue. IL-13 increases eotaxin-1 expression.”®
Recently, the importance of type 2 innate lymphoid cells
(ILC2), which are resident, IL-33-responsive cells in tissues
such as the lungs and small intestine, has become appre-
ciated. Murine ILC2 not only maintain IL-5 levels in the
circulation but also link GI eosinophil levels to murine host
metabolism and circadian rhythms by producing IL-5 and
IL-13.>® Vasoactive intestinal peptide, a GI neuropeptide
required for maintenance of circadian rhythms, is released
upon feeding and stimulates ILC2 secretion of IL-5 via ligation
of the vasoactive intestinal peptide receptor type 2 (CPAC2).*®
In this manner, circadian modulation of eosinophil levels in
mice is dependent on caloric intake (Figure 2). The relevance of
these novel findings to humans is yet to be uncovered, however.

REGULATION OF EOSINOPHILS IN IMMUNE RESPONSES

Eosinophils are regulated by the epithelial-derived innate
cytokines thymic stromal lymphopoietin (TSLP) and IL-33 that
both directly activate eosinophils and promote their recruit-
ment via amplification of Th2 responses. TSLP is an IL-2 family
member that primes Th2 responses via activation of dendritic
cells (DCs)*” and basophils.”® IL-33 is an IL-1 cytokine family
member present in the nucleus of structural cells such as
fibroblasts, epithelial cells, and endothelial cells and is released
during inflammation and cellular necrosis.> It initiates Th2
responses by stimulating Th2 cytokine secretion (most notably
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IL-5 and IL-13) from ILC2.** In addition to promoting Th2
responses, TSLP and IL-33 act directly on eosinophils. TSLP
prevents apoptosis of eosinophils by direct activation of the
TSLPR present on eosinophils.*® IL-33 potently activates murine
eosinophils, including induction of marked gene expression
and release of chemokines and cytokines such as IL-4.** IL-33
also increases the survival of human eosinophils® and, in a
murine adoptive transfer model system, provides a survival
advantage that allows for greater pulmonary trafficking.'® This
result highlights the importance of the direct effects of these
innate cytokines on eosinophil function and justifies their use as
potential targets to modify eosinophil function in disease states.

IMMUNOMODULATORY ROLES OF EOSINOPHILS

Eosinophils have the capacity to initiate and polarize adaptive
immune responses. Eosinophils can present diverse classes of
antigen, including those derived from bacteria, viruses, and
parasites, to CD4 " T cells.”® Murine eosinophil expression of
major histocompatibility complex class II and co-stimulatory
molecules, such as CD40, CD80, and CD86, can be induced
under certain conditions, although typically at lower levels than
that of DCs.”” There is evidence of antigen presentation by
eosinophils in some experimental murine models®”*® and of
major histocompatibility complex class I expression by human
eosinophils under certain conditions.*® Eosinophils can also
promote the initiation of adaptive immune responses by
modulating DC migration, activation, and maturation through
their secreted granule proteins. The granule protein EDN is a
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known DC chemoattractant,* whereas EPO induces migration
of DCs to draining lymph nodes.*' In addition, both EDN and
EPO induce DC activation and maturation,*"** as evidenced by
(i) increased surface expression of co-stimulatory (CD80/
CD86) and major histocompatibility complex molecules;
(ii) release of proinflammatory soluble mediators (such as
tumor necrosis factor o and IL-6); and (iii) increased CCR7
expression. Moreover, EDN- or EPO-mediated maturation of
DC leads to enhanced antigen-specific Th2 responses to
ovalbumin.*"** Finally, eosinophil deficiency protects mice
from peanut food allergy by dysregulating DC activation; this
activation is restored with reconstitution of either wild-type or
IL-4-deficient eosinophils.*' This requirement of eosinophils is
site specific, as Th2 priming is unaffected with immunization in
areas normally devoid of eosinophils such as peritoneum, skin,
or rectum. These results emphasize both the potent ability that
eosinophils have in the modulation of DC function and the
importance of eosinophils themselves in initiating adaptive
immune responses in specific mucosal tissues.

In addition to the aforementioned effects on DCs, eosino-
phils can also regulate the magnitude and Th2 polarization of
adaptive immune responses through interactions with B and T
lymphocytes. Eosinophils promote Th2 cell recruitment by
inducing expression of T-cell chemoattractants like macro-
phage-derived chemokine (MDC/CCL22) and thymus and
activation-regulated chemokine (TARC/CCL17).** Eosino-
phils also promote Th2 polarization of naive T helper cells
by the release of IL-4, IL-25, and indoleamine 2,3-dioxygenase,
which is selectively pro-apoptotic toward Thl cells.*” Eosi-
nophil secretion of IL-4 is also important for B-cell function, as
in vivo murine studies have demonstrated that eosinophils
prime IgM production during primary immune responses to T
cell-dependent antigens by secreting IL-4 that induces B-cell
differentiation and thereby generates IgM-producing plasma
cells.** In addition, eosinophils promote B-cell proliferation,
survival, and antibody production upon co-culture in vitro.*’
However, eosinophils do not appear to be important in
secondary immune responses to T cell-dependent antigens as
eosinophil-deficient mice have defective IgM production in
response to antigen challenge” without impaired generation of
IgG or IgE.*® Through these interactions with lymphocytes,
eosinophils have the ability to influence both the type and
magnitude of adaptive immune responses.

HOMEOSTATIC FUNCTIONAL ROLES OF EOSINOPHILS
Eosinophils regulate a variety of homeostatic processes in
adipose, mucosal, and bone marrow tissues. In murine models,
eosinophils present in visceral adipose tissue secrete IL-4 (see
ref. 4) that causes subcutaneous white adipose tissue macro-
phages to polarize toward the alternatively activated pheno-
type* and express tyrosine hydroxylase.® The resulting
increase in catecholamine production then causes the devel-
opment of beige fat that ameliorates obesity-induced metabolic
changes.® Eosinophil accumulation in the adipose tissue in
these murine models is critically dependent on IL-5 and IL-13
production by resident ILC2.>°
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Eosinophils support immune homeostasis in both the gut
and the bone marrow via interactions with plasma cells.
Eosinophils are critical for the maintenance of plasma cell
populations in the bone marrow”" by preventing the apoptosis
of bone marrow plasma cells via secretion of plasma cell
survival factors like a proliferation-inducing ligand (APRIL)
and IL-6,>* of which eosinophils are the predominant source in
the bone marrow.”! It has recently been found that eosinophils
sustain levels of IgA  plasma cells in the small intestine and are
required for secretory IgA production.”>* One study has
indicated that eosinophils mediate this effect at least in part by
release of the aforementioned prosurvival factors APRIL and
IL-6, whereas another has proposed that eosinophil-derived IL-
1B is responsible.>* Eosinophils could also sustain levels of
IgA ™" plasma cells in the small intestine by causing increased
IgA class switching, as eosinophils were found to promote IgA
class switching of B cells in vitro through the secretion of
TGE-B.>> Regardless of the exact mechanism, eosinophil
maintenance of secretory IgA production has a profound
influence on gut homeostasis because of the important roles it
has in various immune processes, including immune exclu-
sion”> and M-cell sampling of antigens.’® That eosinophil-
deficient mice have an alteration in the intestinal microbial
content®>* substantiates this influence and also further
highlights the importance that eosinophils have in maintaining
mucosal immune homeostasis.

ROLE IN HOST DEFENSE

Eosinophils contribute to host defense against parasites and toa
lesser extent bacteria and viruses. The antiparasitic features of
eosinophils have been documented dating as far back as 1939.””
On the basis of human correlational studies and in vitro assays,
it was once considered almost dogmatic that eosinophils were
crucial for protection against parasite infections. Both per-
ipheral and tissue eosinophilia were noted in infected indivi-
duals. In addition, correlational studies found that parasitic
infections in human increase blood levels of eosinophil-derived
granule proteins®® and that eosinophilia was found to protect
from subsequent infection with Schistosoma species.” In vitro
studies found that eosinophils can directly kill a variety
of helminthic species via the action of eosinophil granule
proteins®*™®® and via antibody-dependent cellular cytotoxi-
city.** In contrast to these in vitro findings, in vivo murine
studies have shown that eosinophils protect against only a
limited number of parasites and that eosinophils directly
kill helminthic larvae®>® but not the adult forms that are
physiologically relevant.®” However, proper elucidation of the
role of eosinophils in murine models of parasite infections is
confounded by the fact that mice are often not a natural host of
the parasite of interest and the possibility of compensation by
other immune mechanisms. The picture is further complicated
by the emerging data that eosinophils promote successful
helminth infections. For example, eosinophils assist infection
with Trichinella spiralis because of stunting of Th1 immunity.*®
Though eosinophils are unlikely to contribute to antihelminth
immunity to the same extent as previously thought, we can
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conclude that eosinophilia is a hallmark of helminthic infec-
tion and that eosinophils are likely involved in a number of
immunoregulatory and/or host protective effects during these
infections.

In contrast to defense against helminthes, eosinophils are not
typically regarded as effectors of antibacterial or antiviral
responses. In fact, eosinophil numbers typically decrease in
response to bacterial infection in both humans® and mice.”
However, eosinophils have been shown to promote defense in
murine models against some bacteria, such as Pseudomonas
aeruginosa.”" Eosinophil-mediated clearance of bacteria in
these models is most likely mediated by release of cytotoxic
granule proteins,72’73 release of extracellular nets of mitochon-
drial DNA,” and, to a lesser extent, phagocytosis.”” Similar to
antibacterial defense, eosinophils have been shown to be
important in defense against certain viruses, notably respira-
tory viruses. Murine eosinophils promote viral clearance upon
infection with respiratory syncytial virus’® and parainfluenza
virus.”” This is achieved both by limiting viral replication via
production of nitric oxide’® and direct digestion of RNA viruses
by the granule proteins EDN and eosinophil cationic protein,
both of which have ribonuclease activity.”® Despite the hall-
mark symptom being peripheral eosinophilia, eosinophils do
not contribute to the enhanced disease response to respiratory
syncytial virus infection after previous immunization with the
respiratory syncytial virus G protein in murine models.”” The
generalizability of these findings to other pathogens and to
infection in humans, who usually have coinfections with
multiple pathogens, is yet to be determined.

ROLES OF EOSINOPHILS IN THE PATHOGENESIS OF
MUCOSAL INFLAMMATORY DISORDERS

Asthma

Eosinophils have a critical role in asthma pathogenesis in a
number of experimental murine models,**"** although strain-
specific differences in the requirement for eosinophils have been
noted.®* The recruitment of eosinophils to the lungs is primarily
mediated by eotaxin-1 and eotaxin-2."* A strong driver of the
expression of these eotaxins is IL-13 (ref. 19), which has
increased expression in patients with atopic asthma.®>® A
newly developed system for monitoring the trafficking of
adoptively transferred murine eosinophils has demonstrated
that eosinophil recruitment to the lungs in response to antigen
challenge requires IL-5 and IL-13Ral expression by the
recipient and CCR3 and ST2 expression by the eosinophil,'®
highlighting the importance of eotaxins and the cytokines IL-13
and IL-33 to pulmonary eosinophil recruitment.

Upon recruitment to the lungs, eosinophils promote acute
disease pathology, including airway edema and bronchocon-
striction, via modulation of the function of leukocytes,
including mast cells and T lymphocytes, and structural cells
like epithelial cells and smooth muscle nerves. Eosinophils
promote both the recruitment and function of Th2 cells in the
lungs. Eosinophils are required for pulmonary recruitment of
effector T cells via their secretion of IL-13,%® CCL17, and
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CCL22.** Eosinophils are required for the function of effector T
lymphocytes, as defects in producing IL-13, but not IL-4, are
seen in T cells in the absence of eosinophils.*” In addition,
eosinophils promote disease pathology by promoting mast cell
responses through the release of nerve growth factor, which acts
in an autocrine manner on the eosinophils to induce EPO release
that then enhances mast cell survival.”® In addition, eosinophils
also activate mast cells via the release of their granule proteins
that induce the release of a plethora of soluble mast cell-derived
mediators, including cytokines, histamine, and serotonin.”’~*?
Eosinophil degranulation also further promotes disease pathol-
ogy through epithelial cell damage and modulation of smooth
muscle function. Though only correlative, bronchial biopsies
from patients with asthma show an association between
eosinophil levels and epithelial damage,’* and eosinophil granule
proteins are cytotoxic toward epithelial cells in vitro. In addition,
MBP-1is an antagonist of the inhibitory M2 muscarinic receptor
function in airway smooth muscle nerves of guinea pigs.”>*®
Though this result has not been reproduced in humans, it is
likely that eosinophils contribute to bronchoconstriction via this
mechanism. On the basis of its interactions with these diverse cell
types, eosinophils have an important contributory role to disease
pathology.

In addition to causing tissue damage, eosinophils are key
regulators of repair and tissue remodeling. Extensive studies
utilizing multiple eosinophil-deficient mouse strains have
implicated eosinophils in airway remodeling.”””*® In fact,
attenuation of eosinophils with anti-IL-5 treatment in patients
with asthma decreases deposition of extracellular matrix
components within the reticular basement membrane.”
Eosinophils modulate the activity of fibroblasts and smooth
muscle cells by the release of TGF-f that stimulates smooth
muscle hyperplasia and hypertrophy and regulates the pro-
fibrotic activity of fibroblasts. Therefore, in asthma, eosinophils
not only significantly cause damage to the airway but also
contribute to the aberrant healing response.

These roles for eosinophils in the pathogenesis of allergic
asthma have been solidified by clinical trials testing the efticacy
of two different humanized, IL-5-neutralizing antibodies,
mepolizumab and reslizumab. These two therapeutics are
very effective in reducing peripheral blood eosinophil levels'”’
and have efficacy in patients with sputum eosinophilia and
persistent asthma. Reslizumab has been found to improve lung
function,'®’ whereas mepolizumab has been found to reduce
both exacerbations'®'** and maintenance corticosteroid
doses.'” Similarly, benralizumab, which depletes IL-5Ro™
cells such as eosinophils, reduces asthma exacerbations and
improves lung function in patients with steroid-resistant
asthma and elevated blood eosinophil levels.'® On the basis
of these clinical trial results, it is now agreed upon that
eosinophils significantly contribute to asthma, at least in the
distinct disease endotype characterized by sputum eosinophi-
lia."”” A key question is to identify a priori the patients who are
most likely to benefit from anti-eosinophil-directed therapies,
and recent studies indicate that blood eosinophils levels of
>300 cells per pl are a key determinant.'*>'%>1%¢
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Eosinophilic gastrointestinal disorders/eosinophilic
esophagitis (EoE)
Eosinophilic gastrointestinal disorders are disorders that are
characterized by abnormal accumulation of eosinophils in the
GI tract and include eosinophilic esophagitis (EoE), eosino-
philic gastritis, eosinophilic enteritis, and eosinophilic colitis.
Of these, EoE is the most prevalent by a considerable margin
and is the best studied. The prominent histological features of
EoE include eosinophil accumulation and basal layer expansion
in the epithelium and fibrosis of the lamina propria. The
eosinophilic infiltrate is notable, as the esophagus is the only GI
segment that is free of eosinophils under homeostatic
conditions. Clinical features of this disorder include atopy,
dysphagia, food impaction, and proton pump inhibitor
unresponsiveness.'”® Food allergens are critical drivers of
the disease, as the most effective therapies are strict elimination
diets and the disease reoccurs upon food reintroduction.'*!'
Although food-specific IgE is readily detectable in EoE,""" most
patients do not have food anaphylaxis.''* Despite the lack of IgE
involvement, it has recently been proposed that food-specific
IgG4 may be a key pathoetiological component.'"
Eosinophil accumulation in the esophagus in EoE con-
tributes to its cardinal features in most experimental murine
models."**""” The critical driver of eosinophil recruitment to
the esophagus in this disorder is IL-13 (see ref. 118) (Figure 3),
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which is derived from several sources. One source of IL-13 is
Th2 cells, whose development from naive CD4" T cells is
promoted by DCs under the regulation of TSLP*® and the
microRNA miR-21; miR-21 is upregulated in EoE, is primarily
restricted in its expression to DCs and macrophages, and
promotes Th2 differentiation by silencing transcription of IL-
12p35.""? Other sources of IL-13 include invariant natural killer
T cells' and IL-13-secreting FoxP3 ™ T cells."*" The critical
importance of this cytokine to the disease is highlighted by the
fact that IL-13 stimulation results in an EoE-like transcriptome
in in vitro cultures of primary esophageal epithelial cells.''®
Two critical downstream targets of IL-13 are CCL26 (eotaxin-3)
and periostin. In contrast with asthma, which primarily has
increased eotaxin-1 and eotaxin-2 expression, EoE features
CCL26, which is the predominant eotaxin family member with
increased expression'** and is strongly induced in esophageal
epithelial cells by IL-13.''® Periostin increases eosinophil
adhesion in vitro and likely facilitates eosinophil infiltration
into the esophagus.'>’ It is secreted from fibroblasts in response
to IL-13 and TGF-B."** Because eosinophils can both secrete
TGE-f directly and induce TGF-f secretion from mast cells
through the release of MBP, eosinophils have the capacity
to auto-amplify their own infiltration. Moreover, decreased
epithelial expression of the intercellular cadherin desmoglein 1
(DSG1) by IL-13 stimulation results in increased periostin
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Figure 3 Pathogenesis of eosinophilic esophagitis (EoE). TSLP is released from the epithelium and activates basophils and food antigen-presenting
dendritic cells to induce Th2 polarization of naive CD4 * T cells. Th2 polarization is aided by miR-21 that represses Th1 polarization by degradation of IL-
12. These Th2 cells, in addition to invariant natural killer T (iNKT) cells and IL-13-producing FoxP3 " T cells, then secrete IL-13 that increases CCL26 and
periostin (POSTN) expression and decreases desmoglein 1 (DSG1) expression in the epithelium. Decreased DSG1 level impairs barrier function that
forms a propagation loop by allowing further penetration of food antigen, and also leads to increased POSTN levels. The increased CCL26 and POSTN
promote eosinophil recruitment from the bloodstream. The accumulating activated eosinophils further increase POSTN expression via the release of
TGF-B and also cause epithelial cell cytotoxicity. CCL, CC-chemokine ligand; ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin;
EPO, eosinophil peroxidase; IL, interleukin; MBP, major basic protein; miR, microRNA; TGF, transforming growth factor; Th0, naive T helper cell; Th1,
type 1 T helper cell; Th2, type 2 T helper cell; Treg, regulatory T cell; TSLP, thymic stromal lymphopoietin.
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expression, as well as impaired barrier function.'** It is
interesting to note that periostin levels predict responsiveness
to biological agents for asthma (such as anti-IgE and anti-
IL-13),"** highlighting the key relationship between these
factors in a variety of human atopic diseases. Esophageal
biopsies procured from patients with EoE typically have
evidence of eosinophil degranulation,'**'*” suggesting that
direct damage to esophageal epithelial cells by granule proteins
may contribute to the pathogenesis of the disorder. Similar to
their proposed role in asthma, eosinophils contribute to
subepithelial fibrosis and dysmotility present in the EoE by
secretion of TGF-P, of which they are the main source in the
lamina propria."”® TGF-B promotes fibrosis by inducing
myofibroblast activation and proliferation, increased extra-
cellular matrix synthesis, and dysmotility by inducing eso-
phageal smooth muscle hyperplasia. Eosinophils thus have
important contributions to both the damage and subsequent
tissue remodeling seen in the disorder.

Despite being effective in decreasing esophageal eosinophil
infiltration, the humanized, IL-5-neutralizing antibodies mepo-
lizumab and reslizumab have only shown limited clinical
improvement.'*”'** A preliminary phase II trial with the IL-
13-neutralizing antibody QAX576 showed trends for clinical
improvement in EoE."””! In addition, molecular analysis of
esophageal biopsies procured from participants in this trial
showed that IL-13 neutralization markedly corrected the EoE
transcriptome, as there was altered expression of genes in several
pathways known to be dysregulated in EoE, including eosinophil
recruitment, mastocytosis, tissue fibrosis, and epithelial barrier
function. Though larger clinical trials still need to be performed,
these collective data suggest that IL-13 is important in the
development of EoE and has significant eosinophil-independent
contributions to the pathogenesis of the disease.

There has been considerable progress with elucidating the
genetic basis of EoE on the basis of candidate gene approaches,
studies of EoE-associated Mendelian disorders, and genome-
wide association studies. These interrogations have confirmed
that EoE is a multifactorial disorder driven by dysregulation of
several biological processes, including eosinophil recruitment,
epithelial barrier function, tissue remodeling, and innate
immune activation (Figure 4). Using a candidate gene approach,
the first single-nucleotide polymorphism to be associated with
EoE (rs2302009) was found within the 3’ untranslated region of
CCL26."** Though the functional effect of this single-nucleo-
tide polymorphism has not yet been determined, it likely
promotes eosinophil recruitment to the esophagus by increas-
ing CCL26 mRNA transcription. Another candidate gene study
found an association between EoE and a loss-of-function
mutation of the epithelial barrier gene filaggrin (FLG) that
results in reduced epithelial barrier function and increased
allergen sensitization.'> Genetic studies have also implicated
TGF-p in the pathogenesis of the disorder. Candidate gene
studies have shown that there is a genetic variant in the TGFB
promoter, C509T, that increases transcription by creating a new
binding site for the transcription factor YY1."*> A preliminary
study indicated that homozygous expression of the minor 509T
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allele increases the number of TGF-B-expressing cells in
the esophageal lamina propria.'** In addition, EoE is often
a comorbid condition in patients with connective tissue
disorders,"** such as Marfan syndrome, Loeys-Dietz syn-
drome, and Ehlers-Danlos syndrome (Figure 4), that are
associated with increased TGF-p signaling. EoE is enriched in
patients with PTEN hamartoma tumor syndrome'® that is
caused by loss-of-function mutations in PTEN that result in
dysregulation of cell proliferation and epithelial hyperplasia.
Interestingly, loss of PTEN is known to cooperate with TGF-f3
in the induction of colon cancer,””” suggesting that such
interactions could also be important for the epithelial hyper-
proliferation seen in EoE. In many ways, TGF-f is an important
contributor to disease pathogenesis in EoE. The first genome-
wide association study identified a strong association at 5q22
that encodes the TSLP and WDR36 genes."*® On the basis of the
known biology of TSLP and its overexpression in the esophagus
of patients with EoE, it is the likely gene responsible for
the genetic association. Indeed, genetic variants in the TSLP
receptor CRLF2 have also been linked with EoE using a
candidate gene approach.'*” In addition to the known effects of
TSLP on DCs and eosinophil function described earlier, a
recent functional study has demonstrated that the 5q22
genotype affects basophil responses that have been proposed
to contribute to a murine model of EoE."** Notably, the 5q22
locus (TSLP) has been linked with other atopic diseases, and
hence it is unlikely to explain the tissue-specific nature of
EoE (Figure 4). In addition to linkage to the TSLP gene, EoE has
also been linked to the LRRC32 gene,"*"'** which has been
associated with other allergic disorders (Figure 4). Although
not yet studied in EoE, a humanized anti-TSLP antibody (AMG
157) has been shown to lower eosinophil levels in patients
with asthma.'*> A larger, recent genome-wide association
study has identified a major susceptibility locus for EoE
at 2p23, wherein the esophagus-specific protein calpain 14
(CAPN14) is encoded.'** Interestingly, CAPN14 is selectively
expressed in esophageal epithelial cells, induced by IL-13,
and located in an epigenetic hotspot regulated by IL-13.'*?
Although the substrate(s) for CAPN14 have not yet been
identified, it is notable that other calpain family members
proteolytically regulate the activity of STAT6 (see ref 144) and
intracellular IL-33."*> Because of the multifactorial nature of
EoE, further work is needed to expand the number of known
causal variants and their mechanistic functions. To this end, the
recent development of a 96-gene EoE diagnostic panel,"*® based
on analysis of esophageal biopsies, provides deep information
concerning the contribution of individual genes to the
pathogenesis of EoE, especially on a patient-to-patient basis.
This diagnostic panel, which is now commercially available
and differentiates EoE from controls including gastro-
esophageal reflux disease, can also distinguish patients
with active and inactive disease and identify glucocorticoid
exposure, providing substantial clinical value in providing
personalized medicine. In addition, it should prove helpful in
further elucidation of the pathogenesis of mucosal eosinophilic
disorders.
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associated with other allergic disorders, as some are specific for EoE (e.g., CAPN14). This figure was derived in part from a publication with permission of
the copyright holder."*® CAPN, calpain; CCL, CC-chemokine ligand; COL5A, collagen, type 5, o; CRLF, cytokine receptor-like factor; FBN1, fibrillin 1,
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Inflammatory bowel disease

Eosinophils are thought to contribute to the pathogenesis of
inflammatory bowel disease on the basis of eosinophilia in
human patient biopsy specimens and experimental murine
modeling. Patients with inflammatory bowel disease often have
biopsies that are notable for eosinophilia and eosinophil degra-
nulation, especially patients with ulcerative colitis."*” More-
over, eosinophil levels positively correlate with disease severity
in these patients.'** In addition, deficiency in MBP,'*” eotaxin-1,>*
or eosinophils themselves'* protects against experimental murine
models of colitis, although not in all cases.'”" Eosinophils also have
important roles in remodeling and fibrosis that occur in ulcerative
colitis, as eosinophil-depleted mice have protection from
spontaneous ileitis and tissue remodeling.'>* Because levels of
eotaxin-1 in the circulation and intestine are unique biomarkers
for ulcerative colitis that correlate with disease severity and are
useful for differentiating between active and quiescent disease,**a
phase II trial is currently underway to investigate the efficacy of
bertilimumab, an eotaxin-1-neutralizing antibody, in ulcerative
colitis (ClinicalTrials.gov identifier: NCT01671956). Clinical
intervention studies such as this will also help to elucidate the
extent to which eosinophils contribute to the pathogenesis of
inflammatory bowel disease.
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PERSPECTIVE

The traditional view of eosinophils as only the “bad guys,”
particularly in the GI tract, has been challenged by a series of
studies now implicating eosinophils as key immunoregulatory
cells with a particular role in shaping the adaptive immune
response (e.g., secretory IgA production) and host protection
against a variety of pathogens. At the same time, there are now
substantial data supporting that eosinophils contribute to the
initiation, effector phase, and resolution of diverse mucosal
immune responses and are thus potentially involved in a
number of disorders; recent attention is now focused on eosino-
philic asthma and EoE. Strong evidence for the effector role of
eosinophils in mediating allergic diseases is now derived from
clinical studies with anti-IL-5, anti-IL-5R, and anti-IL-13
therapeutics, at least in some subpopulations of patients with
mucosal inflammatory disorders. In light of these results, IL-5
neutralization is currently being tested in eosinophilic granulo-
matosis with polyangiitis, an autoimmune vasculitis formerly
known as Churg-Strauss syndrome with concomitant asthma
and peripheral eosinophilia (ClinicalTrials.gov identifier:
NCT02020889). The emerging evidence that eosinophils are
pathogenic cells is prompting the development of additional
eosinophil-directed therapeutics such as agents that interfere
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receptor.

with the eosinophil-specific surface receptors sialic acid-

binding Ig-like lectin 8 (SIGLEC-8) and the epidermal growth T

factor-like module containing mucin-like hormone receptor 1
(EMR1)."**'5> A recent study showed that an EMR1-specific 2
antibody induced depletion of peripheral blood eosinophils in
cynomolgus monkeys, although its effects on tissue eosinophil
levels are unclear."”® The expanding number of drugs that
directly target eosinophils or eosinophil-associated pathways 4
(Figure 5) provide an unprecedented opportunity to advance
our understanding of this enigmatic cell and improve the
health of patients who have a variety of eosinophil-associated
diseases.

ACKNOWLEDGMENTS 6.

Funding for this project was provided by the NIAID and NIDDK (U19
Al066738, U19 Al070235, RO1 DK076893, and R37 A1045898), as well as
the Campaign Urging Research For Eosinophilic Diseases (CURED)
Foundation, Buckeye Foundation, and Sunshine Charitable Foundation
and its supporters, Denise A. Bunning and David G. Bunning.

DISCLOSURE

M.E.R. is a consultant for Immune Pharmaceuticals, Celsus, and Receptos
and has an equity interest in each and royalties from reslizumab, a drug
being developed by Teva Pharmaceuticals. M.E.R. is an inventor of several
patents owned by Cincinnati Children’s, and a set of these patents, related
to molecular diagnostics, has been licensed to Diagnovus, LLC. J.T.
declares no conflict of interest.

© 2015 Society for Mucosal Immunology

472

. Wu, D. et al

REFERENCES

Rosenberg, H.F., Dyer, K.D. & Foster, P.S. Eosinophils: changing
perspectives in health and disease. Nat. Rev. Immunol. 13, 9-22
(2013).

. de Andres, B. et al. Lack of fc-epsilon receptors on murine eosinophils:

implications for the functional significance of elevated IgE and eosinophils
in parasitic infections. Blood 89, 3826-3836 (1997).

. Rothenberg, M.E. & Hogan, S.P. The eosinophil. Annu. Rev. Immunol. 24,

147-174 (2006).
Eosinophils sustain adipose alternatively activated
macrophages associated with glucose homeostasis. Science 332,
243-247 (2011).

. Wang, H.B. &Weller, P.F. Pivotal advance: eosinophils mediate early alum

adjuvant-elicited b cell priming and IgM production. J. Leukoc. Biol. 83,
817-821 (2008).

Qiu, Y. et al. Eosinophils and type 2 cytokine signaling in macrophages
orchestrate development of functional beige fat. Cell 157, 1292-1308
(2014).

. Mogbel, R. &Lacy, P. Exocytotic events in eosinophils and mast cells. Clin.

Exp. Allergy 29, 1017-1022 (1999).

. Mori, V. et al. Identification of the human eosinophil lineage-committed

progenitor: revision of phenotypic definition of the human common
myeloid progenitor. J. Exp. Med. 206, 183-193 (2009).

. Dent, L.A., Strath, M., Mellor, A.L. & Sanderson., C.J. Eosinophilia in

transgenic mice expressing interleukin 5. J. Exp. Med. 172, 1425-1431
(1990).

. Kopf, M. et al. Il-5-deficient mice have a developmental defect in CD5 +

B-1 cells and lack eosinophilia but have normal antibody and cytotoxic T
cell responses. Immunity 4, 15-24 (1996).

. Yoshida, T. et al. Defective B-1 cell development and impaired immunity

against angiostrongylus cantonensis in IL-5R alpha-deficient mice.
Immunity 4, 483-494 (1996).

VOLUME 8 NUMBER 3 | MAY 2015 | www.nature.com/mi


http://www.nature.com/mi

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yu, C. et al. Targeted deletion of a high-affinity GATA-binding site in the
GATA-1 promoter leads to selective loss of the eosinophil lineage in vivo.
J. Exp. Med. 195, 1387-1395 (2002).

Uhm, T.G., Kim, B.S. & Chung, I.Y. Eosinophil development, regulation of
eosinophil-specific genes, and role of eosinophils in the pathogenesis of
asthma. Allergy Asthma Immunol. Res. 4, 68-79 (2012).

Ben Baruch-Morgenstern, N. et al. Paired immunoglobulin-like receptor A
is an intrinsic, self-limiting suppressor of IL-5-induced eosinophil
development. Nat. Immunol. 15, 36-44 (2014).

Ackerman, S.J. & Bochner, B.S. Mechanisms of eosinophilia in the
pathogenesis of hypereosinophilic disorders. Immunol. Allergy Clin. North
Am. 27, 357-375 (2007).

Wen, T., Besse, J.A., Mingler, M.K., Fulkerson, P.C. & Rothenberg, M.E.
Eosinophil adoptive transfer system to directly evaluate pulmonary eosinophil
trafficking in vivo. Proc. Natl. Acad. Sci. USA 110, 6067-6072 (2013).
Farahi, N. et al. Use of 111-indium-labeled autologous eosinophils to
establish the in vivo kinetics of human eosinophils in healthy subjects.
Blood 120, 4068-4071 (2012).

Jacobsen, E.A. et al. Eosinophil activities modulate the immune/
inflammatory character of allergic respiratory responses in mice. Allergy
69, 315-327 (2014).

Pope, S.M. et al. Identification of a cooperative mechanism involving
interleukin-13 and eotaxin-2 in experimental allergic lung inflammation.
J. Biol. Chem. 280, 13952-13961 (2005).

Ye, J., Mayer, K.L., Mayer, M.R. & Stone, M.J. NMR solution structure and
backbone dynamics of the CC chemokine eotaxin-3. Biochemistry 40,
7820-7831 (2001).

Matthews, A.N. et al. Eotaxin is required for the baseline level of tissue
eosinophils. Proc. Natl. Acad. Sci. USA 95, 6273-6278 (1998).
Waddell, A. et al. Colonic eosinophilic inflammation in experimental colitis
is mediated by Ly6C(high) CCR2(+) inflammatory monocyte/macro-
phage-derived CCL11. J. Immunol. 186, 5993-6003 (2011).

Waddell, A. et al. Intestinal CCL11 and eosinophilic inflammation is
regulated by myeloid cell-specific RelA/p65 in mice. J. Immunol. 190,
4773-4785 (2013).

Ahrens, R. et al. Intestinal macrophage/epithelial cell-derived CCL11/
eotaxin-1 mediates eosinophil recruitment and function in pediatric
ulcerative colitis. J. Immunol. 181, 7390-7399 (2008).

Humbles, A.A. et al. The murine CCR3 receptor regulates both the role of
eosinophils and mast cells in allergen-induced airway inflammation and
hyperresponsiveness. Proc. Natl. Acad. Sci. USA 99, 1479-1484 (2002).
Munitz, A., McBride, M.L., Bernstein, J.S. & Rothenberg, M.E. A dual
activation and inhibition role for the paired immunoglobulin-like receptor B
in eosinophils. Blood 111, 5694-5703 (2008).

Mould, A.W., Matthaei, K.l., Young, I.G. & Foster, P.S. Relationship
between interleukin-5 and eotaxin in regulating blood and tissue
eosinophilia in mice. J. Clin. Invest. 99, 1064-1071 (1997).
Nussbaum, J.C. et al. Type 2 innate lymphoid cells control eosinophil
homeostasis. Nature 502, 245-248 (2013).

Ziegler, S.F., Roan, F., Bell, B.D., Stoklasek, T.A., Kitajima, M. & Han, H.
The biology of thymic stromal lymphopoietin (TSLP). Adv. Pharmacol. 66,
129-155 (2013).

Siracusa, M.C. et al. TSLP promotes interleukin-3-independent basophil
haematopoiesis and type 2 inflammation. Nature 477, 229-233 (2011).
Schuijs, M.J., Willart, M.A., Hammad, H. & Lambrecht, B.N. Cytokine targets
in airway inflammation. Curr. Opin. Pharmacol. 13, 351-361 (2013).
Mjosberg, J.M. et al. Human IL-25- and IL-33-responsive type 2 innate
lymphoid cells are defined by expression of CRTH2 and CD161. Nat.
Immunol. 12, 1055-1062 (2011).

Wong, C.K, Hu, S., Cheung, PF. & Lam, C.W. Thymic stromal
lymphopoietin induces chemotactic and prosurvival effects in eosino-
phils: implications in allergic inflammation. Am. J. Respir. Cell Mol. Biol.
43, 305-315 (2010).

Bouffi, C. et al. IL-33 markedly activates murine eosinophils by an
NF-kappaB-dependent mechanism differentially dependent upon an
IL-4-driven autoinflammatory loop. J. Immunol. 191, 4317-4325
(2013).

Cherry, W.B., Yoon, J., Bartemes, K.R., lijima, K. & Kita, H. A novel IL-1
family cytokine, IL-33, potently activates human eosinophils. J. Allergy
Clin. Immunol. 121, 1484-1490 (2008).

MucosallImmunology | VOLUME 8 NUMBER 3 | MAY 2015

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

REVIEW

Akuthota, P., Wang, H. & Weller, P.F. Eosinophils as antigen-presenting
cells in allergic upper airway disease. Curr. Opin. Allergy Clin. Immunol.
10, 14-19 (2010).

Wang, H.B., Ghiran, I., Matthaei, K. & Weller, P.F. Airway eosinophils:
allergic inflammation recruited professional antigen-presenting cells.
J. Immunol. 179, 7585-7592 (2007).

Padigel, U.M. et al. Eosinophils act as antigen-presenting cells to
induce immunity to strongyloides stercoralis in mice. J. Infect. Dis. 196,
1844-1851 (2007).

Lucey, D.R., Nicholson-Weller, A. & Weller, P.F. Mature human eosinophils
have the capacity to express HLA-DR. Proc. Natl. Acad. Sci. USA 86,
1348-1351 (1989).

Yang, D., Rosenberg, H.F., Chen, Q., Dyer, K.D., Kurosaka, K. &
Oppenheim, J.d. Eosinophil-derived neurotoxin (EDN), an antimicrobial
protein with chemotactic activities for dendritic cells. Blood 102,
3396-3403 (2003).

Chu, D.K. et al. Indigenous enteric eosinophils control DCs to initiate
a primary Th2 immune response in vivo. J. Exp. Med. 211, 1657-1672
(2014).

Yang, D. et al. Human ribonuclease a superfamily members, eosinophil-
derived neurotoxin and pancreatic ribonuclease, induce dendritic cell
maturation and activation. J. Immunol. 173, 6134-6142 (2004).

Yang, D. et al. Eosinophil-derived neurotoxin acts as an alarmin to activate
the TLR2-MYD88 signal pathway in dendritic cells and enhances Th2
immune responses. J. Exp. Med. 205, 79-90 (2008).

Jacobsen, E.A. et al. Allergic pulmonary inflammation in mice is
dependent on eosinophil-induced recruitment of effector T cells.
J. Exp. Med. 205, 699-710 (2008).

Odemuyiwa, S.O. et al. Cutting edge: human eosinophils regulate T cell
subset selection through indoleamine 2,3-dioxygenase. J. Immunol. 173,
5909-5913 (2004).

Jordan, M.B., Mills, D.M., Kappler, J., Marrack, P. & Cambier, J.C.
Promotion of B cell immune responses via an alum-induced myeloid cell
population. Science 304, 1808-1810 (2004).

Wong, T.W., Doyle, A.D., Lee, J.J. & Jelinek, D.F. Eosinophils regulate
peripheral B cell numbers in both mice and humans. J. Immunol. 192,
3548-3558 (2014).

McKee, A.S. et al. Alum induces innate immune responses through
macrophage and mast cell sensors, but these sensors are not required
for alum to act as an adjuvant for specific immunity. J. Immunol. 183,
4403-4414 (2009).

Chawla, A., Nguyen, K.D. & Goh, Y.P. Macrophage-mediated inflamma-
tion in metabolic disease. Nat. Rev. Immunol. 11, 738-749 (2011).
Molofsky, A.B. et al. Innate lymphoid type 2 cells sustain visceral adipose
tissue eosinophils and alternatively activated macrophages. J. Exp. Med.
210, 535-549 (2013).

Chu, V.T. et al. Eosinophils are required for the maintenance of plasma
cells in the bone marrow. Nat. Immunol. 12, 151-159 (2011).

Chu, V.T. & Berek, C. Immunization induces activation of bone marrow
eosinophils required for plasma cell survival. Eur. J. Immunol. 42,130-137
(2012).

Chu, V.T. et al. Eosinophils promote generation and maintenance of
immunoglobulin-A-expressing plasma cells and contribute to gutimmune
homeostasis. Immunity 40, 582-593 (2014).

Jung, V. et al. II-1B in eosinophil-mediated small intestinal homeostasis
and IgA production. Mucosal Immun; e-pub ahead of print (2015).
Stokes, C.R., Soothill, J.F. & Turner, M.W. Immune exclusion is a function
of IgA. Nature 255, 745-746 (1975).

Weltzin, R., Lucia-Jandris, P., Michetti, P., Fields, B.N., Kraehenbuhl, J.P.
& Neutra, M.R. Binding and transepithelial transport of immuno-
globulins by intestinal M cells: demonstration using monoclonal IgA
antibodies against enteric viral proteins. J. Cell. Biol. 108, 1673-1685
(1989).

Taliaferro, W.H. & Sarles, M.P. The cellular reactions in the skin, lungs and
intestine of normal and immune rats after infection with nippostrongylus
muris. J. Infect. Dis. 64, 157-192 (1939).

Tischendorf, FW., Brattig, N.W., Buttner, D.W., Pieper, A. & Lintzel, M.
Serum levels of eosinophil cationic protein, eosinophil-derived neurotoxin
and myeloperoxidase in infections with filariae and schistosomes. Acta
Trop. 62, 171-182 (1996).

473



REVIEW

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

474

Sturrock, R.F. et al. Observations on possible immunity to reinfection
among kenyan schoolchildren after treatment for schistosoma mansoni.
Trans. R. Soc. Trop. Med. Hyg. 77, 363-371 (1983).

Waters, L.S., Taverne, J., Tai, P.C., Spry, C.J., Targett, G.A. & Playfair, J.H.
Killing of plasmodium falciparum by eosinophil secretory products. Infect.
Immun. 55, 877-881 (1987).

Singh, A. & Batra, J.K. Role of unique basic residues in cytotoxic,
antibacterial and antiparasitic activities of human eosinophil cationic
protein. Biol. Chem. 392, 337-346 (2011).

Butterworth, A.E., Wassom, D.L., Gleich, G.J., Loegering, D.A. & David,
J.R. Damage to schistosomula of schistosoma mansoni induced directly
by eosinophil major basic protein. J. Immunol. 122, 221-229 (1979).
Wassom, D.L. &Gleich, G.J. Damage to Trichinella spiralis newborn larvae by
eosinophil major basic protein. Am. J. Trop. Med. Hyg. 28, 860-863 (1979).
Butterworth, A.E. et al. Antibody-dependent eosinophil-mediated
damage to 51Cr-labeled schistosomula of Schistosoma mansoni:
damage by purieid eosinophils. J. Exp. Med. 145, 136-150 (1977).
Rotman, H.L. et al. Strongyloides stercoralis: eosinophil-dependent
immune-mediated killing of third stage larvae in BALB/cBydJ mice. Exp.
Parasitol. 82, 267-278 (1996).

Lange, A.M., Yutanawiboonchai, W., Scott, P. & Abraham, D. IL-4- and
IL-5-dependent protective immunity to Onchocerca volvulus infective
larvae in BALB/cBYJ mice. J. Immunol. 153, 205-211 (1994).
Meeusen, E.N. & Balic, A. Do eosinophils have a role in the killing of
helminth parasites? Parasitol. Today 16, 95-101 (2000).

Fabre, V. et al. Eosinophil deficiency compromises parasite survival in
chronic nematode infection. J. Immunol. 182, 1577-1583 (2009).

Gil, H., Magy, N., Mauny, F. & Dupond, J.L. Value of eosinopenia in
inflammatory disorders: an "old" marker revisited. Rev. Med. Interne 24,
431-435 (2003).

Bass, D.A. Behavior of eosinophil leukocytes in acute inflammation. II.
Eosinophil dynamics during acute inflammation. J. Clin. Invest. 56,
870-879 (1975).

Linch, S.N., Kelly, A.M., Danielson, E.T., Pero, R., Lee, J.J. & Gold, J.A.
Mouse eosinophils possess potent antibacterial properties in vivo. Infect.
Immun. 77, 4976-4982 (2009).

Lehrer, R.l., Szklarek, D., Barton, A., Ganz, T., Hamann, K.J. & Gleich,
G.J. Antibacterial properties of eosinophil major basic protein and
eosinophil cationic protein. J. Immunol. 142, 4428-4434 (1989).
Persson, T., Andersson, P., Bodelsson, M., Laurell, M., Malm, J. &
Egesten, A. Bactericidal activity of human eosinophilic granulocytes
against Escherichia coli. Infect. Immun. 69, 3591-3596 (2001).
Yousefi, S. etal. Catapult-like release of mitochondrial DNA by eosinophils
contributes to antibacterial defense. Nat. Med. 14, 949-953 (2008).
Yazdanbakhsh, M., Eckmann, C.M., Bot, A.A. & Roos, D. Bactericidal
action of eosinophils from normal human blood. Infect. Immun. 53, 192—
198 (1986).

Phipps, S. et al. Eosinophils contribute to innate antiviral immunity
and promote clearance of respiratory syncytial virus. Blood 110,
1578-1586 (2007).

Adamko, D.J., Yost, B.L., Gleich, G.J., Fryer, AD. & Jacoby, D.B.
Ovalbumin sensitization changes the inflammatory response to
subsequent parainfluenza infection. Eosinophils mediate airway hyper-
responsiveness, M(2) muscarinic receptor dysfunction, and antiviral
effects. J. Exp. Med. 190, 1465-1478 (1999).

Domachowske, J.B., Dyer, K.D., Bonville, C.A. & Rosenberg, H.F.
Recombinant human eosinophil-derived neurotoxin/RNase 2 functions
as an effective antiviral agent against respiratory syncytial virus. J. Infect.
Dis. 177, 1458-1464 (1998).

Castilow, E.M., Legge, K.L. & Varga, S.M. Cutting edge: eosinophils do
not contribute to respiratory syncytial virus vaccine-enhanced disease.
J. Immunol. 181, 6692-6696 (2008).

Ochkur, S.I. et al. Coexpression of IL-5 and eotaxin-2 in mice creates an
eosinophil-dependent model of respiratory inflammation with character-
istics of severe asthma. J. Immunol. 178, 7879-7889 (2007).
Bochner, B.S. & Gleich, G.J. What targeting eosinophils has taught us
about their role in diseases. J. Allergy Clin. Immunol. 126, 16-25. quiz
26-17 (2010).

Lee, J.J. et al. Defining a link with asthma in mice congenitally deficient in
eosinophils. Science 305, 1773-1776 (2004).

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

106.

106.

Song, D.J. et al. Anti-Siglec-F antibody reduces allergen-induced
eosinophilic inflammation and airway remodeling. J. Immunol. 183,
5333-5341 (2009).

Walsh, E.R. et al. Strain-specific requirement for eosinophils in the
recruitment of T cells to the lung during the development of allergic
asthma. J. Exp. Med. 205, 1285-1292 (2008).

Kotsimbos, T.C., Ernst, P. & Hamid, Q.A. Interleukin-13 and interleukin-4
are coexpressed in atopic asthma. Proc. Assoc. Am. Physicians 108,
368-373 (1996).

Naseer, T. et al. Expression of IL-12 and IL-13 mRNA in asthma and their
modulation in response to steroid therapy. Am. J. Respir. Crit. Care Med.
155, 845-851 (1997).

Prieto, J. et al. Increased interleukin-13 mRNA expression in bronch-
oalveolar lavage cells of atopic patients with mild asthma after repeated
low-dose allergen provocations. Respir. Med. 94, 806-814 (2000).
Walsh, E.R., Thakar, J., Stokes, K., Huang, F., Albert, R. & August, A.
Computational and experimental analysis reveals a requirement for
eosinophil-derived IL-13 for the development of allergic airway responses
in C57BL/6 mice. J. Immunol. 186, 2936-2949 (2011).

Mattes, J. et al. Intrinsic defect in T cell production of interleukin (IL)-13 in
the absence of both IL-5 and eotaxin precludes the development of
eosinophilia and airways hyperreactivity in experimental asthma. J. Exp.
Med. 195, 1433-1444 (2002).

Solomon, A. et al. Nerve growth factor is preformed in and activates
human peripheral blood eosinophils. J. Allergy Clin. Immunol. 102,
454-460 (1998).

Piliponsky, A.M., Gleich, G.J., Bar, |. & Levi-Schaffer, F. Effects of
eosinophils on mast cells: a new pathway for the perpetuation of allergic
inflammation. Mol. Immunol. 38, 1369-1372 (2002).

Piliponsky, A.M., Gleich, G.J., Nagler, A., Bar, I. & Levi-Schaffer, F. Non-
IgE-dependent activation of human lung- and cord blood-derived mast
cells is induced by eosinophil major basic protein and modulated by the
membrane form of stem cell factor. Blood 101, 1898-1904 (2003).
Furuta, G.T., Ackerman, S.J., Lu, L., Wiliams, R.E. & Wershil, B.K. Stem
cell factor influences mast cell mediator release in response to eosinophil-
derived granule major basic protein. Blood 92, 1055-1061 (1998).
Wilson, S.J., Rigden, H.M., Ward, J.A., Laviolette, M., Jarjour, N.N. &
Djukanovic., R. The relationship between eosinophilia and airway
remodelling in mild asthma. Clin. Exp. Allergy 43, 1342-1350 (2013).
Evans, C.M., Fryer, A.D., Jacoby, D.B., Gleich, G.J. & Costello, R.W.
Pretreatment with antibody to eosinophil major basic protein prevents
hyperresponsiveness by protecting neuronal M2 muscarinic receptors in
antigen-challenged guinea pigs. J. Clin. Invest. 100, 2254-2262 (1997).
Fryer, A.D. et al. Neuronal eotaxin and the effects of CCR3 antagonist on
airway hyperreactivity and M2 receptor dysfunction. J. Clin. Invest. 116,
228-236 (2006).

Cho, J.Y. et al. Inhibition of airway remodeling in IL-5-deficient mice.
J. Clin. Invest. 113, 551-560 (2004).

Humbles, A.A. et al. A critical role for eosinophils in allergic airways
remodeling. Science 305, 1776-1779 (2004).

Flood-Page, P. et al. Anti-IL-5 treatment reduces deposition of ECM
proteins in the bronchial subepithelial basement membrane of mild atopic
asthmatics. J. Clin. Invest. 112, 1029-1036 (2003).

Leckie, M.J. et al. Effects of an interleukin-5 blocking monoclonal
antibody on eosinophils, airway hyper-responsiveness, and the late
asthmatic response. Lancet 356, 2144-2148 (2000).

Castro, M. et al. Reslizumab for poorly controlled, eosinophilic asthma: a
randomized, placebo-controlled study. Am. J. Respir. Crit. Care Med.
184, 1125-1132 (2011).

Ortega, H.G. et al. Mepolizumab treatment in patients with severe
eosinophilic asthma. N. Engl. J. Med. 371, 1198-1207 (2014).

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

Pavord, I.D. et al. Mepolizumab for severe eosinophilic asthma (DREAM):
a multicentre, double-blind, placebo-controlled trial. Lancet 380,
651-659 (2012).

Bel, E.H. et al. Oral glucocorticoid-sparing effect of mepolizumab in
eosinophilic asthma. N. Engl. J. Med. 371, 1189-1197 (2014).
Castro, M. et al. Benralizumab, an anti-interleukin 5 receptor alpha
monoclonal antibody, versus placebo for uncontrolled eosinophilic

VOLUME 8 NUMBER 3 | MAY 2015 | www.nature.com/mi


http://www.nature.com/mi

107.

108.

109.

110.

111,

112.

113.

114.

116.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

asthma: a phase 2b randomised dose-ranging study. Lancet Respir.
Med. 2, 879-890 (2014).

Gibson, P.G. Inflammatory phenotypes in adult asthma: clinical applica-
tions. Clin. Respir. J. 3, 198-206 (2009).

Miehlke, S. Clinical features of eosinophilic esophagitis. Dig. Dis. 32,
61-67 (2014).

Kagalwalla, A.F. et al. Effect of six-food elimination diet on clinical and
histologic outcomes in eosinophilic esophagitis. Clin. Gastroenterol.
Hepatol. 4, 1097-1102 (2006).

Kagalwalla, A.F. et al. Identification of specific foods responsible forinflammation
in children with eosinophilic esophagitis successfully treated with empiric
elimination diet. J. Pedliatr. Gastroenterol. Nutr. 53, 145-149 (2011).

Erwin, E.A., James, H.R., Gutekunst, H.M., Russo, J.M., Kelleher, K.J. &
Platts-Mills, T.A. Serum IgE measurement and detection of food allergy in
pediatric patients with eosinophilic esophagitis. Ann. Allergy Asthma
Immunol. 104, 496-502 (2010).

Sugnanam, KK. et al. Dichotomy of food and inhalant allergen
sensitization in eosinophilic esophagitis. Allergy 62, 1257-1260 (2007).
Clayton, F. et al. Eosinophilic esophagitis in adults is associated with
IgG4 and not mediated by IgE. Gastroenterology 147, 602-609 (2014).
Masterson, J.C. et al. Local hypersensitivity reaction in transgenic mice
with squamous epithelial IL-5 overexpression provides a novel model of
eosinophilic oesophagitis. Gut 63, 43-53 (2014).

Mishra, A., Hogan, S.P,, Brandt, E.B. & Rothenberg., M.E. An etiological
role for aeroallergens and eosinophils in experimental esophagitis. J. Clin.
Invest. 107, 83-90 (2001).

Mishra, A., Hogan, S.P,, Brandt, E.B. & Rothenberg., M.E. IL-5 promotes
eosinophil trafficking to the esophagus. J. Immunol. 168, 2464-2469
(2002).

Rubinstein, E. et al. Siglec-F inhibition reduces esophageal eosinophilia
and angiogenesis in a mouse model of eosinophilic esophagitis.
J. Pediatr. Gastroenterol. Nutr. 53, 409-416 (2011).

Blanchard, C. et al. IL-13 involvement in eosinophilic esophagitis:
transcriptome analysis and reversibility with glucocorticoids. J. Allergy
Clin. Immunol. 120, 1292-1300 (2007).

Lu, T.X., Munitz, A. & Rothenberg, M.E. Microrna-21 is up-regulated
in allergic airway inflammation and regulates iL-12p35 expression.
J. Immunol. 182, 4994-5002 (2009).

Lexmond, W.S. et al. Involvement of the iINKT cell pathway is associated
with early-onset eosinophilic esophagitis and response to allergen
avoidance therapy. Am. J. Gastroenterol. 109, 646-657 (2014).
Frischmeyer-Guerrerio, P.A. et al. TGFbeta receptor mutations impose a
strong predisposition for human allergic disease. Sci. Transl. Med. 5,
195ra194 (2013).

Blanchard, C. et al. Eotaxin-3 and a uniquely conserved gene-expression
profile in eosinophilic esophagitis. J. Clin. Invest. 116, 536-547 (2006).
Blanchard, C. et al. Periostin facilitates eosinophil tissue infiltration in
allergic lung and esophageal responses. Mucosal. Immunol. 1, 289-296
(2008).

Sherrill, J.D. et al. Desmoglein-1 regulates esophageal epithelial barrier
function and immune responses in eosinophilic esophagitis. Mucosal
Immunol. 7, 718-729 (2014).

Corren, J. et al. Lebrikizumab treatment in adults with asthma. N. Engl. J.
Med. 365, 1088-1098 (2011).

Mueller, S., Aigner, T., Neureiter, D. & Stolte, M. Eosinophil infiltration and
degranulation in oesophageal mucosa from adult patients with eosino-
philic oesophagitis: a retrospective and comparative study on patho-
logical biopsy. J. Clin. Pathol. 59, 1175-1180 (2006).

Saffari, H. et al. Electron microscopy elucidates eosinophil degranulation
patternsin patients with eosinophilic esophagitis. J. Allergy Clin. Immunol.
133, 1728-1734 (2014).

Aceves, S.S., Newbury, R.O., Dohil, R., Bastian, J.F. & Broide, D.H.
Esophageal remodeling in pediatric eosinophilic esophagitis. J. Allergy
Clin. Immunol. 119, 206-212 (2007).

Spergel, J.M. etal. Reslizumab in children and adolescents with eosinophilic
esophagitis: results of a double-blind, randomized, placebo-controlled trial.
J. Allergy Clin. Immunol. 129, 456-463. 463.e451-453 (2012).
Straumann, A. et al. Anti-interleukin-5 antibody treatment (mepolizumab)
in active eosinophilic oesophagitis: a randomised, placebo-controlled,
double-blind trial. Gut 59, 21-30 (2010).

MucosallImmunology | VOLUME 8 NUMBER 3 | MAY 2015

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

1563.

154.

165.

156.

REVIEW

Rothenberg, M.E. et al. Intravenous anti-il-13 mab gax576 for the
treatment of eosinophilic esophagitis. J. Allergy Clin. Immunol.; e-pub
ahead of print (2014).

Blanchard, C. et al. Coordinate interaction between IL-13 and epithelial
differentiation cluster genes in eosinophilic esophagitis. J. Immunol. 184,
4033-4041 (2010).

Silverman, E.S. et al. Transforming growth factor-betal promoter
polymorphism C-509T is associated with asthma. Am. J. Respir. Crit.
Care Med. 169, 214-219 (2004).

Aceves, S.S. et al. Resolution of remodeling in eosinophilic esophagitis
correlates with epithelial response to topical corticosteroids. Allergy 65,
109-116 (2010).

Abonia, J.P. et al. High prevalence of eosinophilic esophagitis in patients
with inherited connective tissue disorders. J. Allergy Clin. Immunol. 132,
378-386 (2013).

Henderson, C.J. et al. Increased prevalence of eosinophilic gastro-
intestinal disorders in pediatric PTEN hamartoma tumor syndromes.
J. Pediatr. Gastroenterol. Nutr. 58, 553-560 (2014).

Yu, M. et al. Inactivation of TGF-beta signaling and loss of pten cooperate
to induce colon cancer in vivo. Oncogene 33, 1538-1547 (2014).
Rothenberg, M.E. et al. Common variants at 5g22 associate with
pediatric eosinophilic esophagitis. Nat. Genet. 42, 289-291 (2010).
Sherrill, J.D. et al. Variants of thymic stromal lymphopoietin and its
receptor associate with eosinophilic esophagitis. J. Allergy Clin. Immunol.
126, 160-165. €163 (2010).

Noti, M. et al. Thymic stromal lymphopoietin-elicited basophil responses
promote eosinophilic esophagitis. Nat. Med. 19, 1005-1013 (2013).
Sleiman, PM et al. GWAS identifies four novel eosinophilic esophagitis
loci. Nat. Commun. 5, 5593 (2014).

Kottyan, L.C. et al. Genome-wide association analysis of eosinophilic
esophagitis provides insight into the tissue specificity of this allergic
disease. Nat. Genet. 46, 895-900 (2014).

Gauvreau, G.M. et al. Effects of an anti-TSLP antibody on allergen-
induced asthmatic responses. N. Engl. J. Med. 370, 2102-2110 (2014).
Zamorano, J., Rivas, M.D., Setien, F. & Perez, G.M. Proteolytic regu-
lation of activated STAT6 by calpains. J. Immunol. 174, 2843-2848
(2005).

Hayakawa, M., Hayakawa, H., Matsuyama, Y., Tamemoto, H., Okazaki, H.
& Tominaga, S. Mature interleukin-33 is produced by calpain-mediated
cleavagein vivo. Biochem. Biophys. Res. Commun. 387, 218-222 (2009).
Wen, T. et al. Molecular diagnosis of eosinophilic esophagitis by gene
expression profiling. Gastroenterology 145, 1289-1299 (2013).
Bischoff, S.C., Mayer, J., Nguyen, Q.T., Stolte, M. & Manns, M.P.
Immunnohistological assessment of intestinal eosinophil activation in
patients with eosinophilic gastroenteritis and inflammatory bowel dis-
ease. Am. J. Gastroenterol. 94, 3521-3529 (1999).

Saitoh, O. et al. Fecal eosinophil granule-derived proteins reflect
disease activity in inflammatory bowel disease. Am. J. Gastroenterol.
94, 3513-3520 (1999).

Furuta, G.T. et al. Eosinophils alter colonic epithelial barrier function: role
for major basic protein. Am. J. Physiol. Gastrointest. Liver Physiol. 289,
G890-G897 (2005).

Vieira, A.T. et al. Treatment with a novel chemokine-binding protein or
eosinophil lineage-ablation protects mice from experimental colitis. Am.
J. Pathol. 175, 2382-2391 (2009).

Masterson, J.C. et al. Eosinophil-mediated signalling attenuates inflamma-
tory responses in experimental colitis. Gut; e-pub ahead of print (2014).
Masterson, J.C. et al. CCR3 blockade attenuates eosinophilic ileitis and
associated remodeling. Am. J. Pathol. 179, 2302-2314 (2011).
Coburn, L.A. et al. High-throughput multi-analyte luminex profiling
implicates eotaxin-1 in ulcerative colitis. PLoS One 8, €82300 (2013).
Kiwamoto, T., Kawasaki, N., Paulson, J.C. & Bochner., B.S. Siglec-8 as a
drugable target to treat eosinophil and mast cell-associated conditions.
Pharmacol. Ther. 135, 327-336 (2012).

Hamann, J. et al. EMR1, the human homolog of F4/80, is an eosinophil-
specific receptor. Eur. J. Immunol. 37, 2797-2802 (2007).

Legrand, F. etal. The eosinophil surface receptor epidermal growth factor-
like module containing mucin-like hormone receptor 1 (EMR1): a novel
therapeutic target for eosinophilic disorders. J. Allergy Clin. Immunol.
133, 1439-1447 (2014).

475



	title_link
	INTRODUCTION
	REGULATION OF EOSINOPHILS IN HOMEOSTASIS
	Figure™1Eosinophil characteristics and effector functions. Eosinophil activation is mediated by a wide variety of surface receptors that respond to diverse stimuli, including cytokines, chemokines, bioactive lipids, and pathogen-associated molecular patte
	REGULATION OF EOSINOPHILS IN IMMUNE RESPONSES
	IMMUNOMODULATORY ROLES OF EOSINOPHILS
	Figure™2Homeostatic trafficking to intestine. IL-5, and to a lesser extent IL-3 and GM-CSF, promote eosinophil development in the bone marrow, trafficking into the bloodstream, and survival in the tissue. IL-13 induces eotaxin-1 release from inflammatory 
	HOMEOSTATIC FUNCTIONAL ROLES OF EOSINOPHILS
	ROLE IN HOST DEFENSE
	ROLES OF EOSINOPHILS IN THE PATHOGENESIS OF MUCOSAL INFLAMMATORY DISORDERS
	Asthma
	Eosinophilic gastrointestinal disorderssoleosinophilic esophagitis (EoE)

	Figure™3Pathogenesis of eosinophilic esophagitis (EoE). TSLP is released from the epithelium and activates basophils and food antigen-presenting dendritic cells to induce Th2 polarization of naive CD4+ T cells. Th2 polarization is aided by miR-21 that rep
	Inflammatory bowel disease

	PERSPECTIVE
	Figure™4Genetics of eosinophilic esophagitis (EoE). (a) Candidate gene and genome-wide association studies have identified genetic variants in the 5q22 locus (TSLPsolWDR36) and the 2p23 locus (CAPN14) as being associated with EoE susceptibility. (b) Other
	ACKNOWLEDGEMENTS
	Figure™5Targets of eosinophil-directed biological therapies. Eosinophil-directed biologic therapies function by either preventing eosinophil chemotaxis into tissues or impairing their survival upon recruitment. Eosinophil recruitment is hindered with neut




