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Oeosinophils are pleiotropic multi-functional leukocytes that are typically associated with the
initiation and propagation of inflammatory responses, particularly helminth infection and allergic
disease. However, expanding evidence supports a broader role for oeosinophils in homoeostatic
function and organ development and modulation of local immune responses via interaction with
other effector cells. In this review, the biology of oeosinophils in the healthy gut is summarised.
In particular, the molecular steps involved in oeosinophil development and trafficking are de-
scribed, with special attention to the important role of the transcription factor GATA-I, the
oeosinophil-selective cytokine IL-5 and the eotaxin subfamily of chemokines. In addition, the
regulation of oeosinophil survival by inhibitory and death receptors and the expanding role
for oeosinophils in health and disease are reviewed.
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DEVELOPMENT AND MATURATION OF OEOSINOPHILS

Oeosinophils are generated from pluripotential haematopoietic stem cells in the bone
marrow via a process that is highly regulated by transcription factors and cytokines
(Figure 1)." Oeosinophil lineage development is dictated by an interplay of at least
three classes of transcription factors including GATA-I (a zinc family finger member),
PU.I (an ets family member), and C/EBP members (CCAAT/enhancer-binding protein
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Figure |. Schematic representation of oeosinophil maturation and trafficking. Oeosinophils differentiate
from haematopoietic progenitor cells into mature oeosinophils in the bone marrow under the control of
critical transcription factors, especially GATA-1. The oeosinophil-promoting cytokines, IL-3, GM-CSF, and
IL-5, regulate oeosinophil expansion. Oeosinophil migration from the bone marrow into the peripheral cir-
culation is primarily regulated by IL-5. Circulating oeosinophils interact with the endothelium in the gastro-
intestinal tract by a regulated process involving the coordinated interaction between adhesion molecules,
chemokines and their receptors.

family).2 While these three transcription factors are expressed in a variety of haema-
topoietic lineages, their mechanism of action in oeosinophils is unique. In particular,
the effects of PU.I on specific lineage commltment are dosage-related with higher con-
centrations favouring myeloid differentiation.>* Whereas GATA-1 and PU.| antagonise
each other in most cell types, they have synergistic activity in regulatlng oeosinophil
lineage specification (and oeosinophil granule protein transcription).* Of these tran-
scrlptlon factors, GATA-1 is clearly the most important for oeosinophil lineage spec-
ification.” While GATA-1 is expressed in erythroid cells, megakaryocytes, mast cells,
and oeosinophils, the specificity of GATA-| activity for the oeosmophll lineage is me-
diated by a high-affinity palindromic (or double) GATA binding site.® Targeted deletion
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of this double GATA binding site in the promoter for the transcription factor GATA-1
resulted in the loss of the oeosinophil lineage in mice.® Further, this double GATA site
is also present in the regulatory regions of oeosinophil-specific genes, including the eo-
taxin receptor CC chemokine receptor 3 (CCR3), the granule protein major basic
protein (MBP), and the IL-5 receptor alpha gene.

Three cytokines, interleukin (IL)-3, IL-5, and granulocyte—-macrophage colony-
stimulating factor (GM-CSF) are particularly important in regulating oeosinophil
development.®~'® These oeosinophil-promoting haematopoietic cytokines, or oeosino-
philpoietins, are encoded by closely linked genes on human chromosome 5q31 and si$-
nal through receptors that share a common beta-chain but have unique alpha chains."'
Oeosinophilpoietins likely provide proliferative and differentiation signals specified by
the transcription factors GATA-I, PU.1, and C/EBPs (Figure I). Of these three cyto-
kines, IL-5 is most specific to the oeosinophil lineage and is responsible for selective dif-
ferentiation of oeosinophils and stimulation of oeosinophil release from the bone
marrow into the peripheral circulation.'>'? The overproduction of one or a combina-
tion of IL-5, IL-3 and GM-CSF occurs in humans with oeosinophilia and diseases with
selective oeosinophilia are often accompanied by overproduction of IL-5 and IL-3.'*
'¢ The critical role of IL-5 in regulating oeosinophils in humans has been demonstrated
by clinical trials with humanised anti-IL-5 antibody lowering oeosinophil levels in the
blood and in inflamed tissues, including lung, skin, nasal mucosa and oesophagus.'’

MIGRATION OF OEOSINOPHILS FROM THE BLOOD STREAM

Oeosinophil trafficking from the circulating blood into peripheral tissues is a multi-step
process involving rolling, tethering and firm adhesion to the vascular endothelium fol-
lowed by transendothelial migration into the tissue. This complex process is orches-
trated by the coordinated interaction between networks involving chemokine and
cytokine signalling, adhesion molecules and their receptors expressed on vascular en-
dothelial cells (Figure 1).23 Although the adhesion processes involved in oeosinophil
tissue accumulation have not been extensively elucidated in the gastrointestinal tract,
they have been examined in vitro and in the lung.2* The initial steps of oeosinophil roll-
ing and tethering are regulated by selectins, single-chain transmembrane glycoproteins,
on the surface of oeosinophils and their ligands expressed on the endothelium. %
Oeosinophils have been shown to constitutively express L-selectin which regulates
oeosinophil rolling on the endothelium.?”*® Ligands for L-selectin include CD34 and
mucosal addressin cell adhesion molecule-I (MAdCAM-1) expressed by endothelial
cells.?’ Oeosinophils also express CD 162 (P-selectin glycoprotein ligand-1 or PSGL-1)
and sialyl-Lewis X (CD | 5s) which interact with E-selectin and P-selectins and contribute
to oeosinophil tethering to endothelium %3’

Integrins, another family of cell adhesion receptors involved in cell-extracellular
matrix and cell-cell interactions, are heterodimeric surface molecules consisting of
an o- and B-chain. Oeosinophils express members of the B, (a4B; and agB))-, B2
(oLB2, amBa, 0Br and apBy)- and B7 (a4P7)-integrin families.>**3 These various integ-
rin molecules also selectively interact with adhesion receptors expressed on the vas-
cular endothelium. These adhesion interactions have been shown to be important for
oeosinophil recruitment into the lung and skin, but their role in oeosinophil recruit-
ment to the gastrointestinal tract has not been extensively evaluated.®*~* The a4,
molecule, which is co-expressed on lymphocytes and oeosinophils, may be the most
important integrin for gastrointestinal oeosinophils. This integrin binds to
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MAdCAM-I, a major adhesion molecule expressed on high endothelial venules in the
intestinal lamina propria, lymph nodes, and Peyer’s patches.>*3¢ In B, gene targeted
mice, there is a delay and reduced magnitude in the development of intestinal oeosi-
nophilia following Trichinella spiralis infection.?” Recent experimental studies have dem-
onstrated that oeosinophil recruitment into different compartments of the
gastrointestinal tract is regulated by differential adhesion pathways. For example, oeo-
sinophil recruitment to the small intestine of the gastrointestinal tract is MAdCAM-1/
a4B7-integrin-dependent, whereas oeosinophil accumulation in the colon is regulated
by a Bz-inte%rin pathway (ICAM-1) and can occur independently on o4- and B7-integrin
pathways.38‘ ? Determining the role of the a4 and 7 integrins on gastrointestinal oeo-
sinophils has important therapeutic implication since there are several clinical agents
that block these molecules; in particular, a recent study has shown a beneficial effect
of anti-o4-integrin in patients with IBD. ! Finally, oeosinophils express several other
adhesion receptors, including CD48, a CD2-subfamily receptor, CD44, a receptor for
hyaluronan and members of the immunoglobulin receptor superfamily, including the
sialic acid binding immunoglobulin-like lectin protein-8 (siglec-8), which have been
shown to regulate multiple oeosinophil responses.**

MIGRATION OF OEOSINOPHILS INTO THE INTESTINE

Oeosinophils have been noted to be present at low levels in numerous tissues. Au-
topsy and biopsy specimens show tissue oeosinophil infiltration at substantial levels
in the gastrointestinal tract, spleen, lymph nodes, and thymus.*¢ Whereas the healthy
oesophagus is essentially devoid of oeosinophils, the rest of the gastrointestinal mu-
cosa contains varying numbers of oeosinophils. Examination of oeosinophils through-
out the gastrointestinal tract of conventional healthy mice (untreated mice maintained
under specific pathogen-free conditions) has revealed that oeosinophils are normally
present in the lamina propria of the stomach, small intestine, caecum, and colon.*” Pre-
natal mice have oeosinophils located in similar regions and concentrations as observed
in adult mice, providing evidence that oeosinophil homing into the gastrointestinal
tract occurs independent of endogenous flora.*’ In humans, the appendix, caecum
and ascending colon contain the highest concentration of oeosinophils in the gastro-
intestinal tract.*®* Interestingly, the number of oeosinophils found in normal colon
mucosa is influenced by geography, as there was a 35-fold increase in the number of
oeosinophils counted in colonic mucosal biopsy samples from asymptomatic patients
in New Orleans compared to Boston.>® Taken together, these studies suggest that
a number of factors may account for resident gastrointestinal oeosinophil populations,
including local environmental exposures.

Numerous inflammatory mediators have been implicated in regulating oeosinophil
accumulation, including IL-1, IL-3, IL-4, IL-5, IL-13 and GM-CSF and the chemokines
RANTES, monocyte chemoattractant protein (MCP)-3, MCP-4, macrophage inflam-
matory protein-lo, and eotaxin-|, eotaxin-2 and eotaxin-3.”*' In collaboration with
IL-5, chemokines and lipid mediators (platelet activating factor and cysteinyl leukotri-
ene [LT] C,) induce oeosinophil trafficking by promoting chemoattraction into the
gastrointestinal tract and other tissues. Of the mediators implicated in regulating
oeosinophil accumulation, IL-5 and the subfamily of eotaxin chemokines are relatively
specific for oeosinophils.>? Studies suggest that eotaxin-| has a particularly important
role in the modulation of oeosinophil accumulation in the gastrointestinal tract
(Figure 1).>® For example, eotaxin-|-deficient mice have a defect in oeosinophil
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trafficking to the gastrointestinal tract and are protected from experimental oral
antigen-induced gastrointestinal pathology.>* In contrast, IL-5-deficient mice fail to
mount expansion of oeosinophils in the bone marrow and blood, and have markedly
impaired oeosinophil accumulation in the allergen-challenged lung.>> These studies
have identified IL-5 as a critical oeosinophil growth factor and the eotaxin subfamily
of chemokines as critical tissue recruitment factors.

Eotaxin-| was initially discovered using a biological assay in guinea pigs designed to
identify the molecules responsible for allergen-induced oeosinophil accumulation in
the lungs.>? Subsequently, utilising genomic analyses, two additional chemokines
have been identified in the human genome that encode for CC chemokines with oeo-
sinophil-selective chemoattractant activity designated eotaxin-2 and eotaxin-3.>"%
The mouse genome was shown to only contain functional eotaxin-| and eotaxin-2.>>¢°
Under baseline conditions, eotaxin-1 and eotaxin-2 are constitutively expressed in a
variet;l of tissues, with especially high levels in the gastrointestinal tract and thy-

us.*”¢%¢! The specific activity of all eotaxins is mediated by the selective expression
of the seven-transmembrane spanning, and G-protein coupled receptor CCR3, a re-
ceptor highly expressed on oeosinophils.®>¢® Recently, CCR3-deficient mice have
been developed, and have been shown to have a decreased level of jejunal oeosinophils
at baseline and following T. spiralis infection.* The finding that gene targeting of the
CCR3 locus (a locus not genetically linked to eotaxin-1) induces a phenotype similar
to eotaxin-|-deficient mice definitively links the eotaxin/CCR3 pathway as a prime
regulator of gastrointestinal oeosinophils (Figure 1).

There is now substantial pre-clinical evidence supporting a role for eotaxins in human
gastrointestinal disease, including markedly increased levels of eotaxin-| mRNA in the
lesions of patients with IBD.®' In addition, a recent study correlated eotaxin-3 expres-
sion with mucosal oeosinophilia in oeosinophilic oesophagitis.®® Collectively, these stud-
ies and others have provided the impetus for the development of therapeutic agents
aimed at blocking the action of eotaxins and/or CCR3. As such, small molecule inhibitors
of CCR3 and a humanised anti-human eotaxin-| antibody have been developed.®¢™¢’

EFFECTOR FUNCTIONS OF OEOSINOPHILS

The beneficial function of oeosinophils has been primarily attributed to their ability to
defend the host against parasitic helminths. This is based on several lines of evidence
including the ability of oeosinophils to mediate antibody (or complement) dependent
cellular toxicity against helminths in vitro, the observation that oeosinophil levels in-
crease during helminth infections, and that oeosinophils aggregate and degranulate
in the local vicinity of damaged parasites in vivo.”>”" Although results in experimental
models have largely supported this cytotoxic effector function, recent studies demon-
strate an expanded role for oeosinophils in organogenesis, tissue repair and remodel-
ling and immune regulation (Figure 2).”%”3

The finding that oeosinophils home into the gastrointestinal tract during gestational
develo?ment suggests that oeosinophils may have a role in tissue or organ develop-
ment.*’ A role for oeosinophils in developmental processes in the gastrointestinal tract
has not yet been identified. However, a physiological function for oeosinophils in post-
natal mammary gland development has been recently proposed.”* In addition, the pres-
ence of constitutive eotaxin-| and oeosinophils in other endocrine organs (e.g. uterus),
as well as in the gastrointestinal tract suggests that the involvement of tissue oeosino-
phils in developmental processes is not likely to be restricted to the mammary gland.”®
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Figure 2. Schematic diagram of an oeosinophil and its multi-functional effects. Oeosinophils release their
preformed cytotoxic granules in response to diverse stimuli. In addition, oeosinophils can modulate and per-
petuate immune responses through the release of a variety of cytokines, chemokines, lipid mediators and
neuromediators. Oeosinophils regulate T-cell activation via antigen presentation and cytokine production
and activate mast cells through effects of MBP and NGF.

Oeosinophils are stimulated by a variety of triggers. In vitro studies have shown that
oeosinophil granule constituents are toxic to a variety of tissues including intestinal ep-
ithelium.”® Oeosinophil granules contain a crystalloid core composed of major basic
protein (MBP)-1 (and MBP-2), and a matrix composed of oeosinophil cationic protein
(ECP), oeosinophil-derived neurotoxin (EDN), and oeosinophil peroxidase (EPO).
These cationic proteins share certain pro-inflammatory properties but differ in other
ways. For example, MBP, EPO, and ECP have cytotoxic effects on epithelium, in con-
centrations similar to those found in biological fluids from patients with oeosinophilia.
Additionally, ECP and EDN belon7% to the Ribonuclease A superfamily and possess anti-
viral and ribonuclease activity.””’® Further, oeosinophils express a number of toll-like
receptors (TLRs) important in innate immune responses.’’ Importantly, oeosinophils
have been shown to promote viral clearance from the lung via TLR-mediated
activation.®

Triggering of oeosinophils by engagement of receptors for cytokines, immunoglob-
ulins, and complement can lead to the generation of a wide range of inflammatory cy-
tokines including IL-1, IL-3, IL-4, IL-5, IL-13, GM-CSF, transforming growth factors,
TNF-a, RANTES, MIP-la, vascular endothelial cell growth factor, and eotaxin-1, indi-
cating that they have the potential to modulate multiple aspects of the immune re-
sponse.s' Further, oeosinophil-derived transforming growth factor-B is linked with
epithelial growth, fibrosis, and tissue remodelling.5>*
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REGULATION OF OEOSINOPHIL LIFE

Oeosinophils are terminally differentiated granulocytes believed to possess a limited
ability to survive in tissues in absence of survival promoting cytokines. There is increas-
ing evidence that oeosinophil numbers are regulated, not only by their production in the
bone marrow, but also by the amount of programmed cell death or apoptosis. At sites
of inflammation, oeosinophil apoptosis can be delayed with production of survival fac-
tors (e.g. IL-5) by neighbouring cells or by oeosinophils themselves. Like many other
cells, oeosinophils do not only undergo apoptosis in the absence of survival factors,
but can also be triggered to die via specific surface death receptors. One of these death
receptors expressed by oeosinophils is CD95 (Fas).2*% The ligand of CD95 (CD95L/
FasL) is highly expressed by activated T cells.®¢ Thus, the same cells that produce oeo-
sinophil survival factors also express at least one death factor for oeosinophils. Interest-
ingly, activation of the CD95-mediated apoptotic pathway in oeosinophils occurs even
in the presence of oeosinophil survival factors.®*8> Similarly, signal transduction through
other inhibitory receptors, including CD45, CD30, ICAM-3 and siglec-8, results in in-
duction of apoptosis in oeosinophils.2’~*® Oeosinophils have been shown to express
a number of other inhibitory receptors that can down regulate oeosinophil function
and inhibit survival.* These receptors likely represent an important regulatory mech-
anism controlling oeosinophil accumulation at sites of tissue inflammation. Defining the
signal transduction pathways and identifying the ligands for these inhibitory receptors
could lead to new therapeutic targets in oeosinophil-mediated diseases.

INTERPLAY OF OEOSINOPHILS WITH OTHER CELLS

In addition, to having a role in anti-parasite immunity, the localisation of gastrointesti-
nal oeosinophils with lymphocytes suggests a functional interaction between these two
leukocytes. While most studies have focused on the role of T lymphocytes in the reg-
ulation of oeosinophils via elaboration of cytokines that promote oeosinophil survival,
activation and recruitment, it is likely that oeosinophils also regulate immune re-
sponses through T-cell recruitment and activation (Figure 2). Although antigen presen-
tation to T cells is generally thought of as a process mediated by dendritic cells and
macrophages, oeosinophils have been demonstrated to be capable of inducing anti-
gen-specific T-cell proliferation.”’ Further, oeosinophils are known to express MCH
Il molecules and many of the costimulatory ligands (e.§. CD80, CD86) generally asso-
ciated with antigen presentation and T-cell activation.” %3 |n addition, oeosinophils se-
crete an array of cytokines capable of promoting T-cell proliferation and activation of
Thl or Th2 polarisation.”® Importantly, infiltrating oeosinophils have been shown to
produce IL-4, IL-5 and IL-13, suggesting oeosinophils are capable of modulating and
sustaining a T2 inflammatory response.”*?® Further, murine oeosinophils promote
IL-4, IL-5 and IL-13 secretion by CD4" T cells, suggesting a role for oeosinophils in
optimising T-cell inflammatory responses.96 Additional support for an interaction be-
tween oeosinophils and T cells has recently been derived from analysis of thymic
oeosinophils. As noted above, the thymus is a primary site for oeosinophils under healthy
conditions. In young mice, thymic oeosinophils express IL-4 and IL-13, and are CD1 Ib
and CD| I ¢ positive (similar to dendritic cells).”” During experimental induction of tol-
erance, the level of thymic oeosinophils increases and their location correlates with
areas of active T-cell apoptosis. Taken together, these studies indicate that regulation
of T-cell responses may be one of the physiological functions of oeosinophils.
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A substantial body of literature has emerged demonstrating that oeosinophils have
the capacity to regulate mast cell function (Figure 2). Notably, human umbilical cord
blood derived mast cells can be activated by the oeosinophil granule protein MBP to
release histamine, PGD-2, GM-CSF, TNF-a, and IL-8.°8 The activation of mast cells by
MBP elicits not only exocytosis, but also lipid mediator generation and cytokine pro-
duction.”® Oeosinophils also produce nerve growth factor (NGF),”® a cytokine not
only involved in survival and functional maintenance of sympathetic neurons, but
also in immune regulation, including promotion of mast cell survival and activation.'®
Interestingly, activation of oeosinophils with the mast cell protease chymase promotes
production of oeosinophil-derived stem cell factor, a critical mast cell growth factor.
Thus, oeosinophils and mast cells communicate in a bi-directional fashion.

SUMMARY

At baseline healthy conditions, oeosinophils normally account for a small subset of cir-
culating blood cells and primarily reside in the gastrointestinal tract and haemato-
poietic organs. Their production is tightly regulated by the transcription factors
GATA-I, GATA-2 and c/EBP that instruct the haematopoietic progenitor cell to differ-
entiate into the oeosinophil lineage and the expansion and tissue distribution of the
oeosinophil are primarily regulated by the cytokines IL-5 and eotaxin-l. As normal
constituents of the mucosal immune system, particularly in the gastrointestinal tract,
oeosinophils are likely to have a physiological function. While the beneficial function of
oeosinophils is not very well understood, the cell appears to be involved in the optimal
development of the female reproductive organs (e.g. mammary gland). In addition,
evidence is emerging indicating that oeosinophils contribute to the optimal innate
immune response against certain parasitic and viral infections. Breakthroughs in
identifying key oeosinophil regulatory cytokines such as IL-5 and the eotaxin subfamily
of chemokines have uncovered mechanisms that selectively regulate oeosinophil pro-
duction and localisation at baseline and during inflammatory responses.

Practice points

e While oeosinophil development in the bone marrow is orchestrated by a com-
plicated network of cytokines and transcription factors, IL-5 is the most spe-
cific for the oeosinophil lineage.

e Therapy targeted against IL-5 lowers oeosinophil levels in the blood and in in-
flamed tissues in oeosinophil-associated diseases.

e The gastrointestinal tract is the primary reservoir of oeosinophils in humans.

e Eotaxin-| and its receptor CCR3 are critical for oeosinophil trafficking into the
intestine.

e Small molecule inhibitors of CCR3 and anti-eotaxin directed therapies are in
development for oeosinophil-associated gastrointestinal diseases.

e Regulation of T-cell and mast cell activation is a physiological function of
oeosinophils.

e Oeosinophils have been shown to have a role in organogenesis, tissue repair
and remodelling, viral clearance and local microenvironment immune
regulation.
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Research agenda

e Detailed studies are necessary to define the potential of inhibitory receptors as
therapeutic targets in oeosinophil-mediated diseases.

e The specific mechanism of oeosinophil recruitment and activation in various
disorders remains to be better elucidated.

e The mechanisms that specifically control expression of the individual eotaxins
are not yet defined.
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