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Abstract

Eosinophils, innate immune leukocytes elicited by Th2 cells, have long been associated with the
effector arm of Th2 immune responses. However, accumulating data over the past decade reveal a
much more dynamic picture of Th2 immunity, where eosinophils are present very early in
response to Th2-inducing agents and function in the initiation of Th2 immunity. Here we discuss
recent data showing immune functions of eosinophils distinct from their previously appreciated
tissue- and helminth-destructive capacities, providing strong evidence for a new paradigm of Th2
immunity defined by a dynamic interplay between eosinophils and T cells.
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EOSINOPHILS AND TH2 IMMUNITY: A NEW PARADIGM

Eosinophils have long been associated with Th2 immunity, elicited in response to helminth
infections and atopic diseases. Traditional dogma held that during the course of Th2
responses, eosinophils, elicited by interleukin (IL)-5-secreting Th2 lymphocytes, entered
tissue sites of localized helminths or allergic inflammation and released lipid mediators and
granule-stored cationic proteins, with anthelminthic and, in the case of allergic diseases,
tissue-destructive, consequences. This view held that eosinophils functioned strictly as an
effector arm of Th2 immunity, potentially effective weapons against some parasites, and
misguided purveyors of tissue damage in allergy. However, within the past decade,
complimentary studies from several laboratories have probed the immunobiology of
eosinophils, and have uncovered functional capacities for eosinophils incompatible with the
view that eosinophils function solely as terminal effector cells. Taken together, more recent
findings reveal a new paradigm for the relationship of eosinophils with Th2 immunity, based
on a dynamic, self-perpetuating interplay between eosinophils and Th2 lymphocytes, where
eosinophils contribute both to the initiation and effector functions of Th2 immunity.

Mouse models of eosinophil deficiencies

Major factors involved in eosinophil differentiation and trafficking include IL-5 and
eotaxins 1, 2 and 3 (CCL11, CCL24 and CCL26, respectively). IL-5 is critical for eosinophil
differentiation within bone marrow,1-3 and the eotaxins are key chemoattractants involved
in the selective recruitment of eosinophils into tissues.}# The importance of these molecules
to the basic functioning of eosinophils /n vivois evidenced by the substantial overproduction
of eosinophils in IL-5 overexpressing transgenic (Tg) mice, and conversely the significantly

© 2010 Australasian Society for Immunology Inc. All rights reserved

Correspondence: Dr LA Spencer, Department of Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School, 330
Brookline Avenue, E/CLS Room 935, Boston, MA 02215, USA. Ispencer@bidmc.harvard.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Weller

Page 2

reduced production of eosinophils in genetically deficient IL-57~ mice. Similarly,
eotaxin-1-deficient mice, or mice deficient in the receptor for eotaxins (CCR3), exhibit a
severe defect in eosinophil recruitment from the blood into tissues, a phenotype made more
complete by the combined deletion of IL-5 and eotaxin (reviewed in Rothenberg and
Hogan®). The above strains of genetically engineered mice have been enormously valuable
in deciphering /n vivo consequences of eosinophil functions, and studies using these models
are discussed in greater detail below. However, the persistence of residual eosinophils in the
knockout or antibody-depleted animals, especially within tissues, limits the extent to which
these Tg models are capable of reversing all eosinophil-mediated effects. In addition, the
potential for secondary consequences on other cell types can make it difficult to draw
absolute conclusions. These caveats were recently overcome with the development of two
independent strains of eosinophil-deficient mice.

For the creation of dbIGATA1~~ eosinophil-deficient mice, Yu et a/8 deleted a high-
affinity GATA binding site in the GATA1 promoter of BALB/c mice, selectively ablating
the eosinophil lineage but leaving other GATA1-dependent lineages intact. At around the
same time, Lee et al.’ used the strategy of expressing diphtheria toxin A under the control of
the eosinophil peroxidase promoter to create £H/L~/~ eosinophil null mice on the C57BL/6
background. /n vivo studies of allergic inflammation and helminth infections in these
eosinophil-deficient mice have allowed, for the first time, clear demonstrations of
nonredundant functions for eosinophils, particularly in airway remodeling events, -8
supporting the paradigm shift in our view of eosinophilic contributions to allergic diseases.
New questions have also arisen from some apparent discrepancies between these mouse
models. For example, C57BL/6 PHIL mice subjected to ovalbumin (OVA) sensitization and
airways challenge exhibited a significant defect in the generation of Th2 cells and Th2-
associated cytokines, and in the recruitment of effector Th2 cells to the lungs, manifest in
diminished mucus production and improved airway hyperreactivity.” In contrast, BALB/c
GATA1~ mice subjected to a similar OVA sensitization and challenge protocol mounted a
Th2 response comparable to that observed in wild-type (WT) mice, and showed no changes
in airway hyperreactivity.8 This apparent discrepancy at least partially reflects genetic
differences introduced by the different background strains of the eosinophil null mice, a
theory supported by work from Walsh et a/.? showing a diminished Th2 response following
OVA sensitization and airway challenge of GATA1~~ mice backcrossed to the C57BL/6
background. Observed differences between these models are discussed below in greater
detail within the context of specific eosinophil immunomodulatory functions.

Eosinophil functions relevant to the generation of Th2 immunity

Establishing a Th2 immune response involves the coordinated efforts of two critical
components: CD4* T cells, through interactions with cognate antigen-specific antigen-
presenting cells (APCs), are polarized within secondary lymphoid tissue to a Th2 phenotype;
and Th2-differentiated effector cells are recruited to affected tissue sites. Studies in humans
and mice have elucidated three key functions of eosinophils that may contribute to the
induction of Th2 immunity by promoting Th2 differentiation and/or recruiting effector Th2
cells to tissue sites. (1) Eosinophils provide sources of Th2-inducing cytokines (principally
IL-4 and IL-13) very early in an immune response within tissues and lymph nodes; (2)
eosinophils directly process and present antigen to naive or primed CD4* T cells, promoting
Th2 differentiation and clonal proliferation and (3) eosinophils secrete chemoattractants that
specifically recruit Th2 effector cells to inflamed tissues. That these capacities represent
critical and nonredundant functions of eosinophils in the development of Th2 responses, in
at least some genetic settings, is evidenced by acute and chronic mouse models of allergic
inflammation in eosinophil-deficient mice, in which the absence of eosinophils is
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accompanied by attenuated Th2 immunity,”-%-11 and adoptive transfer of eosinophils alone®
or in parallel with antigen-specific T cells1C rescues efficient Th2 responses.

Here we discuss the findings to date concerning the immunomodulatory potential of
eosinophils. There is some question as to how closely murine eosinophils mimic their
human counterparts, particularly with respect to degranulation events. Therefore, we will
highlight those findings validated in human cells throughout the text. Moreover, we will
discuss what is missing from our understanding of the role(s) of eosinophils in promoting
Th2 immunity, and future directions of the field.

EOSINOPHILS INITIATE TH2 CELL POLARIZATION

Eosinophils

Murine models of parasite or allergen challenge support a role(s) for eosinophils in the
efficient generation of Th2-polarized T cells. IL-13 production by Th2 lymphocytes of I1L-5/
eotaxin double-knockout mice is attenuated in response to aerosolized OVA, and the defect
in Th2 IL-13 production is rescued on eosinophil reconstitution.12 Th2 cytokines IL-4 and
IL-13 (but not IL-5), and Th2-associated pathological sequelae (that is, increased airway
hyperreactivity and mucus production) are diminished in CCR3~/~ mice and in eosinophil-
deficient dbIGATAL~/~ mice challenged with intranasal Aspergillus fumigatus ! Likewise,
Th2 cytokine and asthma outcomes are attenuated in both eosinophil-deficient PHIL"10 and
dbIGATAL~~9 mice on the C57BL/6 genetic background, and full restoration of Th2
immunity is achieved by reconstitution of eosinophils alone® or in combination with
antigen-specific T cells.1% Of note, in contrast to results with dboIGATAL ™/~ eosinophil-
deficient mice backcrossed onto the C57BL/6 background, acute OVA airway challenge or
infection with Niigpostrongylus brasiliensis'3 of dbIGATA1~/~ mice generated on the
BALBY/c background elicited comparable levels of Th2 cells and associated cytokines in
lymph nodes and lungs compared with WT counterparts. One might speculate from these
findings that the relative /in vivo dispensability of the Th2-promoting functions of
eosinophils is genetically determined. However, subsequent studies suggest a greater level
of complexity that call into question as well the specific allergen used, as dbIGATAL™/~
mice on the BALB/c background exhibit a diminished Th2 response following intranasal
challenges with A. fumigatus.1!

Although the jury is still out about specific genetic and physiological conditions under
which eosinophils are required for eliciting Th2 immunity, functional capacities by which
eosinophils instruct Th2 polarization are established, and include very rapid secretion of
immune-polarizing cytokines, secretion of non-cytokine factors that modulate T cell or
dendritic cell (DC) activities and direct antigen presentation functions, as described in the
following subsections.

provide a rapid source of Th2-inducing cytokines

In vitro studies show the overwhelming effect immunomodulatory cytokines have on
promoting T-cell differentiation. For induction of Th2 polarization IL-4 is a critical driving
force in vitro, 2416 and studies in IL-47/~, IL-4/IL-137/~, IL-4 Ra™~ and Stat6™~ mice
implicate activation of Stat6 by signaling through IL-4Ra bound by IL-4 or IL-13 in the /n
vivo generation of Th2 immunity.1718 | -6 has also been shown to promote Th2
polarization, through induction of naive T-cell-derived 1L-4.1° Th2-polarizing cytokines
may be supplied directly by the APC, or by accessory cells at the site of T-cell priming.
Findings from several laboratories show rapid secretion of eosinophil-derived IL-4, 1L-13
and IL-6, as discussed below. Of note, Th2-associated responses are not entirely ablated in
the absence of IL-4 and IL-13; a subset of CD4*, IL-4-producing cells are elicited and
accumulate within lymph nodes of IL-4Ra. ™/~ mice in response to infection with A.
brasiliensis, and are likely natural killer (NK) T cells.20
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Studies in mice reveal constitutive expression of Th2-associated IL-4 and I1L-13 mRNAs
early in eosinophil ontogeny, early production of IL-4 and IL-13 by mature eosinophils,2!
and a constitutively active 1L-4 gene locus in circulating eosinophils.22:23 Eosinophils are
rapidly recruited in response to Th2-eliciting pathogens or allergens, even in the absence of
adaptive immunity,23-24 and are the dominant IL-4-producing cell type within the peritoneal
cavities of mice inoculated with Schistosoma mansoni eggs?® and in the airways of mice
infected with AV brasiliensis or challenged with intranasal OVA.13:22 Early tissue sources of
eosinophil-derived IL-4 may act on resident DCs, provoking these APCs to a Th2-inducing
phenotype. In addition, observations of eosinophil migration from airways into T-cell zones
of draining lymph nodes26-30 reveal another microenvironment within which eosinophil-
derived IL-4 might directly promote Th2 polarization.

Importantly, the capacity for eosinophil secretion of Th2-inducing cytokines is validated in
studies of human eosinophils. Human blood eosinophils store quantities of preformed
cytokines, localized predominantly to intracellular granules.31:32 This storehouse of proteins,
available for immediate secretion, sets eosinophils apart from most other cytokine-secreting
leukocytes (including NK T cells and lymphocytes) requiring de novo synthesis, or at least
protein translation, for their cytokine secretory responses. Human eosinophils respond to
multiple chemokine, cytokine and microbial stimuli with the very rapid and stimulus-
specific secretion of a plethora of cytokines, including IL-4, 1L-13 and 1L-6.31-37

Non-eosinophil innate cell sources of IL-4 include NK T cells, y& T cells, basophils and
mast cells. Of these, NK T, -y6 T cells and mast cells reside primarily within tissues,
whereas eosinophils and basophils are recruited from the blood into affected tissues. (A
notable exception being the gastrointestinal tract, where resident eosinophils are also found.)
Delineation of nonredundant contributions of these distinct cell types to the induction of Th2
polarization is hampered somewhat by likely overlapping and interrelated functions as well
as insufficient reagents to eliminate selectively each of the specific innate immune cell
types, and further clouded by clear fundamental differences between cells of mouse and
human origin. Nonetheless, human eosinophils stand out in this group at least about their
intracellular content of preformed cytokine proteins, available for immediate release without
the need for de novo protein synthesis. Although -y8 T cells and NK T cells may provide
tissue sources of IL-4, cytokine production in these cells relies on stimulated de novo
synthesis or translation of nascent mMRNA. The extent to which basophils (particularly
human basophils) are capable of very rapid secretion of preformed cytokines has yet to be
fully explored, but early studies suggest that IL-4 is likely rapidly secreted, whereas
secretion of 1L-13 from human basophils is delayed (reviewed in Schroeder38).

Recently, another cytokine has captured attention for its potential role in augmenting Th2
immune responses. IL-25, a member of the 1L-17 family of cytokines, has been shown to
promote Th2 differentiation of naive CD4* T cells through an IL-4- and STAT6-dependent
mechanism.3% Eosinophils and basophils from normal and atopic patients have been shown
to produce and secrete I1L-25, suggesting eosinophil-derived I1L-25 may represent an
additional means by which eosinophils contribute to the initiation of Th2 responses.*? Th2
central memory cells express high levels of the receptor for IL-25, and IL-25 stimulation of
Th2 memory cells promotes T-cell expansion and Th2 cytokine production.*0 A potential
function for eosinophils in the activation of Th2 memory cells is discussed below.

Non-cytokine, eosinophil-derived factors affecting immunomodulation

In addition to the secretion of Th2-polarizing cytokines, eosinophils also secrete mediators
with the potential to promote Th2 immunity indirectly through actions on other cell types.
One such eosinophil-derived factor with the potential to shift the balance toward Th2
immunity is indoleamine 2,3-dioxygenase (IDO), an enzyme that catalyzes the oxidative

Immunol Cell Biol. Author manuscript; available in PMC 2013 March 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Weller

Page 5

catabolism of tryptophan to kynurenines. Kynurenines inhibit proliferation and promote
apoptosis in T cells,*! preferentially in Thi cells.#243 Human eosinophils from the blood of
atopic donors constitutively express IDO, as did eosinophils infiltrating the lungs and
pulmonary lymphoid tissue of a patient with Churg—Strauss syndrome, and eosinophils from
the thymi of children.4445

Another immunomodulating factor generated by human eosinophils is eosinophil-derived
neurotoxin (EDN), an RNase A superfamily member. In addition to its antiviral properties,
EDN is a chemoattractant*® and activator*’ of DCs. /nn vivo, EDN-activated DCs enhance
Th2 responses through a TLR2-dependent mechanism, identifying EDN as an innate
immune “alarmin’.*8 Therefore, eosinophil secretion of EDN represents a capacity for
eosinophils to instruct adaptive immunity by providing a ‘danger signal’ to nearby DCs.

Eosinophils as antigen-presenting cells

The minimum requirements for antigen presentation are the ability to internalize, process
and present antigenic peptides within the context of surface-expressed major
histocompatibility complex (MHC) Il, the capacity to provide co-stimulatory signals to T
cells through surface expression of molecules such as CD80, CD86 and CD40, and
availability to physically interact with CD4* T cells. Antigen-pulsed eosinophils
administered intratracheally into mice migrate to draining thoracic lymph nodes and localize
primarily within T-cell zones.26:27.29 Similarly, following airway allergen challenge of mice,
eosinophils traffic to and accumulate within regional lymph nodes, where they upregulate
molecules associated with antigen presentation (that is, MHC II, CD86 and CD54),28 and
eosinophils recovered from mice infected with Brugia malayi exhibit elevated MHC 11
surface expression.® These findings show that /7 vivo eosinophils are physically prepared
and anatomically positioned to function as APCs. /n vitro, murine eosinophils process and
present antigen to T-cell clones and hybridomas,° and to Ag-primed and naive CD4* T
cells.®1 /n vivo, antigen-pulsed eosinophils transferred into WT recipients are sufficient to
prime naive mice and boost immunized mice for subsequent infection with Strongyloides
stercoralis;®? and antigen-loaded eosinophils instilled intratracheally into WT recipient mice
are sufficient for the expansion of Th2 cells within endobronchial lymph nodes, regardless
of whether the donor eosinophils were recovered directly from the airways of OVA-
sensitized and challenged mice,2” or pulsed ex vivowith OVA antigen.>3 Thus, i vitro and
in vivo, murine eosinophils function as APCs to acquire, process and present parasitic and
allergenic antigens, initiating antigen-specific Th2 cell expansion.

Of note, in contrast to the published reports described above, van Rijt et a/2° found that
eosinophils recovered from the bronchoalveolar lavage fluid of OVA-challenged mice were
incapable of stimulating naive T-cell expansion within draining lymph nodes of recipient
mice. A likely explanation for the discrepancies between this one conflicting report and the
others showing the sufficiency of eosinophils to induce naive T-cell activation is the
difference in the isolation procedure used to procure the donor eosinophil population. In the
van Rijt paper, eosinophils recovered from bronchoalveolar lavage fluid were treated with
ammonium chloride, a standard procedure for lysing red blood cells.2® However, in addition
to red blood cell lysis, ammonium chloride diminishes lysosomal antigen processing and
inhibits MHC I1-dependent antigen presentation,>455 raising the possibility that through red
blood cell lysis, these investigators may have inadvertently incapacitated the eosinophil
input population. In support of this interpretation, Wang et a/.53 showed that antigen-
exposed eosinophils transferred into recipient mice were sufficient to prime naive T cells,
and that this capacity was abrogated by earlier exposure of the eosinophils to ammonium
chloride.
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Importantly, these findings are validated by studies with human eosinophils. Although
circulating eosinophils from healthy donors are generally devoid of surface MHC 11
expression, with appropriate cytokine stimulation human blood eosinophils are induced to
express antigen presentation machinery, including MHC 11 molecules®® and the co-
stimulatory molecules CD86°’ and CD40.58 /i vitro, passage through a pulmonary
microvascular endothelial cell monolayer elicited MHC 11 expression by human peripheral
blood eosinophils.>® /n vivo expression of MHC 11 has been further confirmed on
eosinophils isolated from the bronchoalveolar lavage fluid of a patient with chronic
eosinophilic pneumonia,0 from the sputum of patients with asthma,®? and in eosinophils
recovered from patients with allergic rhinitis following segmental lung allergen challenge.52
Notably, eosinophils exposed to superantigen53.64 or tetanus toxoid®® induced antigen-
specific T-cell proliferation in in vitro co-cultures. In the latter case, T-cell expansion was
abrogated by fixation of eosinophils before (but not following) antigenic exposure,
indicating eosinophil processing of antigens is required for successful priming.%°

In the above-mentioned studies, the CD4* T cells expanded through eosinophil APC
functions exhibited a Th2 phenotype. Whether this observation reveals a true proclivity of
eosinophils toward Th2 induction, or reflects the particularity of the choice of antigen (for
example, helminthic parasites and allergens) or anatomic location (mucosal surfaces of the
airways and Gl tract) has yet to be elucidated. The latter explanation is likely correct, as
human blood eosinophils infected ex vivo with rhinovirus promoted Thl-associated
interferon-y secretion from autologous (but not allogeneic), virus-specific T cells.®
However, some circumstantial evidence suggests the default programming of eosinophils
might predispose toward Th2 immunity. First, as discussed above, CD4* T-cell polarization
is heavily influenced by the immunomodulatory cytokine(s) present at the time of priming.
Human blood eosinophils, although preloaded with cytokines capable of eliciting either Thl
(that is, IL-12) or Th2 (that is, IL-4, IL-13, IL-6) polarization, preferentially secreted Th2-
inducing cytokines on exposure to Th1- or Th2-immunomodulatory cytokine stimuli.3!

In addition to the presence of specific immunomodulatory cytokines within the
microenvironment where T-cell priming takes place, accessory molecules expressed by
APCs provide critical signals (commonly referred to as ‘signal 3’) for the specific
polarization of CD4* T cells toward Th1, Th2 or Th17 fate. Notch ligands have been
identified as one such class of polarizing molecules, with APC expression of Jagged1
instructing Th2 differentiation independently of I1L-4 and STAT®6,57:68 APC expression of
Delta 1 promoting development of Th1 progeny,®® and APC Delta 4 expression promoting
polarization toward Th187 or Th17.70 Differential expression of Notch ligands has been
proposed to explain discrepancies in the polarization potential of immature versus mature
DCs. Liotta et a/58 showed that immature DCs (which classically polarize T cells toward a
‘default” Th2 fate) express surface Jaggedl molecules, whereas TLR-stimulated maturation
of DCs in response to microbial signals caused a replacement of Jagged1 with expression of
Delta 1 and a concomitant induction of Thl polarization. /n vivo significance of Notch
signaling, specifically to Th2 immunity, is revealed in a murine model of airway
inflammation, where Th2 responses are dependent on an intact, Jagged1-dependent Notch
signaling pathway.’! Of note, we have recently shown that human eosinophils constitutively
express Jaggedl mRNA and protein while in circulation,’2 a finding that may further
support the contention that promotion of Th2 immunity is the ‘default’ setting of human
eosinophils, and that they, like immature DCs, might be ‘educated’ to alter their Notch
ligand repertoire through specific pathogen-derived signals to provoke Th1 immunity.

It is clear from the above-described studies that eosinophils are fully competent to
participate in CD4* T-cell instruction toward a Th2 phenotype. Eosinophils store and, on
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stimulation, rapidly secrete preformed Th2-initiating cytokines, including IL-4, IL-13, IL-6
and IL-25. In addition to immunomodulatory cytokines, eosinophils are sources of alarmins,
the secretion of which provides a danger signal to local DCs. Further, eosinophils are fully
competent APCs, directly activating naive or previously primed CD4* T cells. How
widespread a requirement the Th2-initiating capacities of eosinophils represent in response
to specific infectious agents or allergens remains unclear. Eosinophil-dependent initiation of
Th2 differentiation is critically required /n vivo for the generation of protective Th2
immunity to S. stercoralis.>152 In contrast, Th2 immunity against an aerosolized OVA
challenge is restored by eosinophil reconstitution of dbIGATA1™~ C57BL/6 recipients, even
when eosinophil reconstitution occurs after OVA sensitization (but before OVA challenge).?
Elucidating infectious and/or genetic conditions under which innate immune cells in general
and eosinophils in particular might be critical adjuncts to the well-established roles of
professional APCs (that is, DCs) is currently an important area of research. Notably, the
existence of preformed pools of Th1l-inducing cytokines and the capacity of eosinophils
presenting viral antigens to instruct Th1 differentiation suggest that eosinophils are not
solely committed to Th2 immunity, but are also fully competent to drive immunity toward
Th1 under the appropriate conditions.

EOSINOPHILS RECRUIT TH2 EFFECTOR CELLS

As discussed above, effective Th2 immunity requires not only efficient induction of Th2
differentiation, but also the recruitment of Th2 effector cells to the site of infection or
allergen deposition and enhancement of Th2 cell activities within tissue sites. Eosinophils,
through the secretion of Th2-specific chemokines and factors that specifically enhance Th2
effector functions, promote the maintenance of efficient Th2 immunity within tissues.

Eosinophil-derived chemokines are required for Th2 effector cell recruitment

Cytokines and chemokines secreted by Th2 effector cells, most prominently IL-5 and
eotaxins, enhance eosinophil differentiation in the bone marrow and recruit eosinophils to
tissue sites, respectively (reviewed in Rothenberg and Hogan®), suggesting Th2 lymphocytes
promote eosinophilia and promote eosinophil recruitment into tissues. However, in vivo
studies designed to examine Th2-associated responses revealed an earlier wave of eosinophil
influx into inflammatory sites preceding that of lymphocytes in WT mice, 132225 gven in the
absence of adaptive immunity.23:24 Notably, T-cell recruitment and accumulation into the
airways of acute or chronically allergen-challenged mice was attenuated in mice made
deficient or devoid of eosinophils through CCR3 depletion,! genetic eosinophil ablation10
or genetic eosinophil deficiency.11 Inefficient Th2 cell recruitment was associated with
diminished pulmonary expression of the Th2-associated cytokines IL-4 and 1L-13,7:%-11 and
attenuation of pathological outcomes normally associated with Th2 immunity (that is, mucus
production).”11 Importantly, Jacobsen et a/10 showed that observed deficiencies in Th2 cell
recruitment stemmed from more than a defect in Th2 differentiation. Adoptive transfer of
Th2-polarized T cells alone was insufficient to restore Th2 inflammatory lung responses;1°
transfer of eosinophils was required to rescue the WT phenotype of OVA-induced airway
inflammation in both PHIL1 and dbIGATA1~/~9 eosinophil-deficient hosts.

Despite the confirmatory findings of Jacobsen er /1% and Walsh et a/? of a requirement for
eosinophil-derived chemokines in the restoration of efficient Th2 effector cell recruitment,
the specific chemokines implicated in the two studies were different. In their study, Walsh et
al® noted deficient eotaxin 1 and 2 (CCL11 and CCL24) production in response to OVA
airway challenge associated with the lack of eosinophils in dbIGATA1~~ mice, and showed
that the addition of exogenous of eotaxin 1 was sufficient to restore Th2 cell influx and Th2-
associated cytokines. In contrast, using the PHIL eosinophil-deficient mice Jacobsen et al.
found no significant deficiencies in the expression of allergen-elicited eotaxins, but rather
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noted diminished levels of CCL22 (MDC) and CCL17 (TARC). Intratracheal administration
of eosinophils and antigen-specific Tg T cells restored the levels of CCL22 and CCL17 in
parallel with a recovery of Th2 immunity.10 Although the apparent discrepancies between
these different strains of eosinophil-deficient mice remain to be resolved, it would appear
that eosinophil-dependent chemokine expression is critical for the efficient recruitment of
Th2 effector cells in models of allergic airway inflammation. Although not yet as well
delineated as the cytokine potential of eosinophils, eosinophils are known to secrete several
chemokines with Th2-chemoattractive properties, including CCL22, CCL17, CCL11
(eotaxin 1), CXCLS8 (IL-8), CXCL1 and CCL2 (MCP-1).2:10.37.73 Of note, chemoattractants
associated with Th1l immunity are also secreted by eosinophils, including CXCL9 and
CXCL10.%7

may enhance Th2 memory cell function

In addition to secretion of T-cell chemoattractants, eosinophils may also participate in the
enhancement of Th2 effector cell function within tissues. As noted above, activated
eosinophils and basophils are sources of I1L-25.40 Although receptors for IL-25 are
expressed on naive T cells, and IL-25 signaling is implicated in promoting Th2
differentiation (see above), IL-25 receptors are more abundantly expressed on Th2 memory
cells, and receptor expression levels are further augmented on activation of Th2 memory
cells by T-cell receptor cross-linking or interactions with thymic stromal lymphopoietin-
activated DCs.40 Th2 memory cells are suggested to be the major cellular subset promoting
chronic allergic inflammatory responses and the acute allergic response mounted on
reexposure to allergens.’4-76 1L-25 enhances Th2 polarization, proliferation and cytokine
production (particularly IL-5) of Th2 memory cells,*? suggesting that eosinophil-derived
IL-25 may augment Th2 effector functions.

SYNTHESIS AND FUTURE DIRECTIONS

The past decade has seen a tremendous advancement in our appreciation of eosinophils as
not only terminal effector cells elicited by Th2 cells engaged in allergic and anthelminthic
responses, but also as critical players in the initiation and maintenance of Th2 immunity.
Recognition of preformed stores within eosinophils of immunomodulatory cytokines and
chemokines, and demonstrations of the capacities of eosinophils for very rapid, stimulus-
induced secretion of these factors, in conjunction with /n vitroand in vivo demonstrations of
antigen presentation capabilities of eosinophils reveal previously ill-appreciated activities of
eosinophils pertinent to Th2 responses. Of note, in addition to intact eosinophils, the recent
identification of the secretion competence of cell-free eosinophil granules suggests that
eosinophil granules, deposited extracellularly in tissues, might themselves enhance Th2
immune responses in the absence of intact eosinophils.”” Fuller delineations of the
capacities of extracellularly released eosinophil granules, as well as the in vivo
significance(s) of free granules within tissue, are needed.

That some or all of these capacities of eosinophils fulfill non-redundant niches in Th2
immunity is shown by studies in newly derived eosinophil-deficient mice. However, due to
the discrepancies arising between nonredundant eosinophil functions in different models of
murine Th2-associated diseases, an important focus of future research will be the elucidation
of the specific genetic and disease-related conditions under which eosinophil Th2-
augmenting activities are indispensable to the generation and/or maintenance of an efficient
Th2 response. Of special interest will be the identification of specific microbial signals that
elicit Th2-inducing functions of eosinophils.

Along these same lines, some Th2-promoting activities of eosinophils are shared with other
innate immune cells. For example, mouse and human basophils also secrete Th2-associated

Immunol Cell Biol. Author manuscript; available in PMC 2013 March 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Weller

Page 9

cytokines (reviewed in Schroeder38), and murine basophils have recently been reported to
function as APCs.”8-80 Defining areas of redundancy between eosinophils and other innate
immune cells is critical to the successful development of novel therapeutic approaches.

In conclusion, a substantial body of data from several different laboratories now clearly
suggest a new paradigm of eosinophilic involvement in Th2 immunity, revealing a dynamic
interplay between eosinophils and T cells (summarized in Figure 1). Not only are
eosinophils elicited by Th2 effector cells and activated to secrete parasite-and tissue-
destructive mediators, they are also critically involved in the initiation, regulation and
maintenance of Th2 immunity.
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Figure 1.

Eosinophils and Th2 immunity. (a) Eosinophils are one of the first cell types elicited to
tissue sites of localized helminths or allergic inflammation, and secrete Th2-inducing
cytokines (that is, interleukin (IL)-4) and alarmins (that is, eosinophil-derived neurotoxin,
EDN), which exerts it effect on resident dendritic cells (DCs), enhancing DC activation and
promoting a Th2-inducing phenotype. (b) Eosinophils traffic from tissue sites to draining
lymph nodes, where they localize to T-cell zones. Within lymph nodes eosinophil-derived
cytokines promote DC initiation of Th2 polarization, and eosinophils function as antigen-
presenting cells to directly instruct Th2 polarization of naive, antigen-specific T cells. (c)
Eosinophils within the tissues participate in the effector phases of Th2 immunity by
secreting factors that inhibit Th1 lymphocytes (indoleamine 2,3-dioxygenase, IDO) and
enhance activities of Th2 memory cells (IL-25). Eosinophils also secrete Th2
chemoattractants required for efficient recruitment of Th2 effector cells into tissue sites. BV,
blood vessel.
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