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Summary
Eosinophils are usually considered as end-stage degranulating effector cells of innate immunity.
However, accumulating evidence has revealed additional roles for eosinophils that are
immunoregulatory in nature in both the adaptive and innate arms of immunity. Specifically,
eosinophils have key immunoregulatory roles as professional antigen-presenting cells and as
modulators of CD4+ T cell, dendritic cell, B cell, mast cell, neutrophil, and basophil functions. This
review addresses the emerging immunoregulatory roles of eosinophils with a focus on recent data
that support this new paradigm. Recognizing both the effector and immunoregulatory functions of
eosinophils will enable a fuller understanding of the roles of eosinophils in allergic airways
inflammation and may be pertinent to therapies that target eosinophils both for their acute and
ongoing immunomodulatory functions.

Introduction
Eosinophils have been traditionally regarded as ‘end-stage’, terminally differentiated, non-
replicating effector cells, playing a central potentially beneficial role in the clearance of
parasitic infections, primarily through the exocytotic release of eosinophil granule-derived
cytotoxic proteins. Eosinophils have potentially maladaptive roles in asthma and other atopic
diseases, which have been viewed in the past singularly as actions of ‘end-stage’ effector cells
releasing specific eicosanoid lipids, i.e. leukotriene C4, and cationic granule-derived proteins
[1]. However, the traditional view of eosinophils has over time become more nuanced as
mechanisms governing the regulation and chemotaxis of eosinophils are better understood.
Data have now accumulated to a point where the old paradigm is no longer a sufficient model
for describing the place of eosinophils in health and disease. The complex roles of eosinophils
as initiators and perpetuators of asthma and allergic inflammation have gained attention, as
noted in several reviews [2–4]. The substantial array of cytokines and chemokines that are
produced by eosinophils has also gained increasing recognition, opening the door to a new
understanding of eosinophils as more than a final end-point in inflammatory pathways [5–9].
The overlap between mediators that govern other components of the immune system, such as
T cells, and those that are produced by eosinophils is also starting to attract attention [10]. Out
of these threads of evidence and recognition, a new paradigm for eosinophils as true
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immunoregulatory cells has emerged and has been increasingly discussed in the literature [1,
11–15]. The purpose of this review is to discuss the various immunoregulatory roles of
eosinophils as they are currently understood and to highlight the supporting data.

Eosinophils as antigen-presenting cells
Perhaps the most well-described immunoregulatory role of eosinophils, with developing lines
of evidence over the last 3 decades, is their action as antigen-presenting cells (APCs) (Fig. 1).
Despite the depth of the evidence supporting this important regulatory role, the notion of
eosinophils as important players in antigen presentation remains somewhat novel. However,
this role is becoming increasingly recognized and has been the subject of a prior review [16].

As early as 1980, Ia antigen, the term used for the MHC Class II molecule HLA-DR at that
time, was demonstrated to be expressed in early human eosinophils but not in mature
eosinophils [17]. At that point Ia antigen was thought to primarily be a maturation marker in
eosinophils and other haematopoietic cells. It was several years later, after the importance of
HLA-DR in antigen processing and presentation was recognized, before it was demonstrated
that mature eosinophils express MHC Class II when stimulated with granulocyte-macrophage
colony-stimulating factor (GM-CSF) [18]. So while unstimulated mature eosinophils did not
express MHC Class II in eight of the nine subjects studied, eosinophils could be stimulated in
vitro with GM-CSF to express MHC Class II proteins [18]. Though this observation did not
prove that eosinophils could actually function as APCs, it did show that they can produce the
central MHC Class II proteins required for antigen presentation.

Eosinophils are known to express MHC Class II on their cell membrane in various pathologic
processes in which they are ‘activated’. Sputum eosinophils from asthmatics not on
glucocorticoids express HLA-DR, as opposed to blood eosinophils from the same subjects
[19]. Similar observations have been made in comparing bronchoalveolar lavage (BAL) fluid
eosinophils to peripheral blood eosinophils in a patient with chronic eosinophilic pneumonia
[20]. Allergic rhinitis patients who were exposed to segmental lung allergen challenge
demonstrated greater HLA-DR expression on airways recruited eosinophils recovered by BAL
than on peripheral blood eosinophils [21]. In mice infected intraperitoneally (i.p.) with the
helminthic parasite Brugia malayi, eosinophils recovered from the peritoneum had a high level
of MHC Class II expression on the cell surface [22]. The difference between local vs. remote
cells with respect to inflammation suggests that eosinophils can be induced by the local
environment into an antigen-presentation phenotype. This phenomenon of separate
compartments of activation has been reproduced in vitro utilizing a human pulmonary
microvascular endothelial cell monolayer system. After peripheral blood eosinophils were
incubated with endothelial cell monolayers, eosinophils that migrated through the monolayers
had significantly increased HLA-DR expression compared with those that did not migrate
through endothelial cells [23].

In addition to expression of MHC Class II, eosinophils can express necessary co-stimulatory
molecules for antigen presentation on their cell membranes. Resting eosinophils from IL-5
transgenic mice express both CD80 and CD86, and the expression of both surface molecules
is increased after stimulation with GM-CSF [24]. Mice subjected to allergic airways challenge
also have CD80- and CD86-positive airway eosinophils [25,26]. Additionally, human
eosinophils can be stimulated to express CD86 by IL-3 [27]. The co-stimulatory protein CD40
has been recognized on peripheral blood eosinophils as well as on lesional allergic airways
recruited eosinophils [28].

Beyond merely expressing the requisite surface molecules for antigen presentation, eosinophils
have been shown to actually function as APCs in several different experimental settings. An
early demonstration of their antigen-presenting capabilities featured the ability of eosinophils
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exposed to tetanus toxoid to induce T cell proliferation in co-culture [29]. In fact the ability
was preserved if the eosinophils were fixed after exposure to antigen but not if they were fixed
before exposure [29]. Similarly, peripheral blood eosinophils from normal subjects stimulate
T cell proliferation in a HLA-DR and intercellular adhesion molecule-1 (ICAM-1) dependent
fashion, as the presence of anti-HLA-DR and anti-ICAM-1 antibodies both inhibit the process
[30]. Eosinophils also elicit T cell proliferation as presenters of staphylococcal superantigens
[31]. Eosinophils from mice infected with Mesocestoides corti have been demonstrated to be
capable of stimulating T cell proliferation [32]. Mouse eosinophils exposed to Strongyloides
stercoralis antigens not only express high levels of MHC Class II and CD86 but also induce
both naïve and primed CD4+ T cells to produce IL-5 in co-culture [33]. The ability of
eosinophils to function as APCs in murine Strongyloides infection has also been demonstrated
in vivo [34]. Strongyloides antigen-exposed eosinophils induce an antigen-specific T-helper
type 2 (Th2) response in naïve mice and boost the response in previously-immunized mice
[34]. Furthermore, in an ovalbumin (OVA) airways challenge model, eosinophils promote
IL-4, IL-5, and IL-13 secretion in co-culture with in vitro polarized Th2 cells and promote IL-5
production in co-culture with antigen-specific CD4+ T cells [25,35]. This ability of eosinophils
is CD80 and CD86 dependent; monoclonal antibodies against the CD80 and CD86 surface co-
stimulatory molecules are inhibitory [35].

Important in making the case for eosinophils as antigen-presenting cells are several studies that
demonstrate their trafficking to regional lymph nodes after exposure to antigen in murine
allergic airways models [26,35–37]. Trafficking to draining thoracic lymph nodes occurs both
with native eosinophils [36] and with eosinophils transferred intratracheally to sensitized mice
[26,35,37]. Importantly, eosinophil migration to regional lymph nodes is independent of
eotaxin, as both CCR3+ and CCR3 − cells are capable of migration [26]. Eosinophils also show
a change in phenotype in their migration from airway to draining thoracic lymph nodes,
expressing greater amounts of MHC Class II and CD86 in the lymph nodes than in lung tissue
[36]. Eosinophils have been observed by fluorescence microscopy to interact directly with
antigen-specific CD4+ T cells in draining thoracic lymph nodes [38].

There has been some controversy regarding whether eosinophils can truly function as
‘professional’ APCs, with the ability to stimulate previously naïve T cells. It had been reported
that eosinophils isolated from the BAL fluid of OVA-challenged mice were incapable of
priming T cells from naïve mice either in vivo or in vitro [37]. However, the eosinophils in this
study had been exposed to ammonium chloride for the purposes of erythrocyte lysis.
Ammonium chloride is an inhibitor of lysosomal acidification and therefore of antigen-
processing [39,40]. Further investigation has shown that when eosinophils are purified with
alternative erythrocyte lysis methods, such as hypotonic saline, they do indeed function as true
professional APCs [38]. In the absence of ammonium chloride during purification, eosinophils
that were incubated with OVA and subsequently instilled intratracheally were able to induce
activation, proliferation, and IL-4 cytokine production of OVA-specific CD4+ T cells in mice
that had received infusions of these T cells in a naïve state [38]. The observation that eosinophils
act as professional APCs when exposed to hypotonic saline but not when exposed to
ammonium chloride indicates that eosinophils are able to intracellularly process and then
present antigen [30,32].

As professional APCs, eosinophils are similar to dendritic cells (DCs) in their potential to prime
naïve T cells [33]. Padigel et al. [33] demonstrated that eosinophils pulsed with
Strongyloides antigen primed naïve T cells to the same extent as DCs pulsed with
Strongyloides antigen. Unpublished data from our laboratory also suggest that eosinophils may
be as potent as lung DCs in their ability to stimulate T cells in a murine airways inflammation
model. However, the finding that eosinophils are potent professional APCs does not diminish
the role of DCs and other professional APCs; it does support the notion that eosinophils have
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an additional immunoregulatory role in modulating adaptive T cell responses. This is a novel
concept given the traditional characterization of eosinophils as exclusively end-stage effector
cells.

The presence of IgE receptors on the surface of eosinophils provides additional indirect
evidence that they participate in antigen processing and presentation. The high-affinity IgE
receptor, FcεRI, had been first noted on human eosinophils in the context of its cytotoxic role
against parasites [41]. Subsequently, it was noted that eosinophils from the BAL fluid of human
subjects after allergen airways challenge produce both FcεRI mRNA and protein, suggesting
that FcεRI is involved in the role of eosinophils as mediators of airways inflammation [42].
Eosinophils also express the low-affinity FcεRII receptor, though there is little published data
to support a role in antigen presentation [43]. However, unpublished data from colleagues in
our laboratory indicate that both FcεRII- and FcεRI – facilitated uptake of antigen by
eosinophils promote T cell proliferation in vivo in a murine airways inflammation model and
in vitro as well, suggesting that IgE receptors are involved in the APC function of eosinophils.

Overall, there is now a robust store of evidence supporting the important immunoregulatory
role of eosinophils as professional APCs.

T cell regulation and polarization
Eosinophils have the ability to regulate T cell function with respect to polarization of T cells
to either the Th2 or Th1 pathway (Fig. 2). This section will discuss evidence that addresses the
role of eosinophils in both pathways; subsequent sections will focus on evidence that
specifically addresses each individual pathway. Important to establishing the
immunoregulatory function of eosinophils toward T cells is the observation that they express
both Th1- and Th2-associated cytokines [44,45]. Intracellular flow cytometry and
immunohistochemistry experiments show that human eosinophils express the Th1 cytokines
IFN-γ and IL-2 as well as the Th2 cytokines IL-4, IL-5, IL-10 and IL-13 [44–46]. More recent
evidence indicates that TNF-α has an important role in the production of both Th1- and Th2-
type chemokines by human eosinophils [47]. Culture of eosinophils with IL-4 and TNF-α
upregulates the production of CCL17 and CCL22, which attract Th2 cells; culture with IFN-
γ and TNF-α upregulates the production of CXCL9 and CXCL10, which attract Th1 cells
[47]. Furthermore, the same study demonstrated that TNF-α induces nuclear factor-κB, IL-4
induces STAT6, and IFN-γ induces STAT1 [47]. It is known that STAT6 is a key transcription
factor in the Th2 pathway, while STAT1 is similarly important in the Th1 pathway [48,49].
Therefore, not only are eosinophils capable of expressing Th1- and Th2-associated cytokines
and chemokines, they are capable of eliciting transcription factors associated with each
pathway. Colleagues in our laboratory have been able to show that eosinophils constitutively
express Th1 and Th2 cytokines and are able to rapidly and differentially secrete each group of
cytokines (unpublished data).

Not only do eosinophils produce T cell polarizing cytokines, the presence of eosinophils
induces CD4+ T cells themselves to produce T cell polarizing cytokines [50]. CD4+ T cells,
when placed in co-culture with staphylococcal superantigen and either blood or airway
eosinophils, exhibit increased production of IL-5, IL-13, and IFN-γ [50].

It has also been demonstrated that eosinophils themselves may be subject to inhibition that
could in turn affect their immunomodulatory effect on T cells [51]. They have been found to
express the inhibitory receptor IRp60, and cross-linking of the receptor leads to decreased
release of IFN-γ and IL-4 [51].
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T-helper type 2 polarization
The presence of eosinophils in general has been considered an end-stage effect of Th2
polarization, but it can now be alternatively viewed as immunoregulatory, itself tilting T cell
polarization toward a Th2 response. IL-5 is known as a Th2 cell product, but it is also a potent
autocrine growth and survival cytokine produced by eosinophils themselves [52–55]. IL-5 is
produced by eosinophils in a wide variety of pathologic settings in human disease [56–58]. In
a mouse model of respiratory syncytial virus infection, inhibiting eosinophil chemotaxis by
blocking eotaxin reduced both CD4+ T cell influx into the lungs and production of IL-5 [59].

Critical to making the case that eosinophils are able to cause Th2 polarization is the observation
that eosinophils produce IL-4, a key Th2-polarizing cytokine [60,61]. Sabin et al. [60] showed
in a murine model of Schistosoma infection, a known potent Th2 stimulus, that there was a
non-T cell population responsible for IL-4 production. They went on to demonstrate that in
this model, IL-5 was produced and caused eosinophil recruitment. Eosinophils recruited to the
i.p. site of Schistosoma egg injection proved to be responsible for local IL-4 production,
suggesting that eosinophils are the primary early drivers of Th2 polarization in the immune
response to murine schistosomiasis [61]. There appears to be an additional amplification effect
of IL-4 as well; IL-4 itself recruits antigen-specific IL-4 producing eosinophils to the airways
in a murine OVA-challenge system [62]. The recruited eosinophils had increased expression
of IL-4 than local CD4+ T cells, suggesting that eosinophils are the dominant source of this
Th2 cytokine [62]. Zhu et al. [63] observed that bone marrow progenitor cells stimulated with
IL-5 differentiated into IL-4 producing cells, the majority of which were eosinophils.

Studies utilizing bicistronic IL-4 reporter mice, known as 4get mice, have also been important
in establishing IL-4 production by eosinophils [64]. 4get mice infected with Nippostrongylus
brasiliensis demonstrate recruitment of IL-4 producing eosinophils to infected lung tissue
[65,66]. Additionally, eosinophils from 4get mice constitutively express IL-4 and IL-13
transcripts, which are able to facilitate rapid cytokine production in response to stimulation
[67]. Though further data from 4get mice infected with N. brasiliensis indicate a non-
eosinophil, IL-4 producing innate immune cell is required for Th2 cell recruitment, the
demonstration of IL-4 production by eosinophils furthers the case for important
immunoregulatory function of eosinophils in Th2 polarization [68].

As noted previously, the presence of eosinophils promotes the production of Th2-associated
cytokines from sensitized CD4+ T cells and from already polarized Th2 cells, pointing toward
a regulatory role of eosinophils in amplifying and perpetuating allergic inflammation [25,35].
Antigen-exposed eosinophils from a murine airways inflammation model are able to promote
the production of IL-4, IL-13, and IL-5 by Th2 cells in co-culture [25]; the same group of
cytokines is similarly produced by sensitized CD4+ T cells in co-culture with eosinophils
[35]. Through these three cytokines respectively, eosinophils act as immunoregulators via
CD4+ T cells to amplify Th2-polarization, amplify downstream Th2-mediated inflammation,
and promote their own survival. The ability of eosinophils to affect Th2 responses via IL-4,
IL-13, and IL-5 in vivo has been observed as well [35,69]. Eosinophils that were transferred
intratracheally from OVA-challenged mice to sensitized mice trafficked to draining
paratracheal lymph nodes, where they promoted IL-4, IL-13, and IL-5 production by Th2 cells
[35]. Significantly, this ability was dependent on CD80 and CD86 on eosinophils, providing
a link between the antigen-presenting and Th2 polarization immunoregulatory roles of
eosinophils in allergic inflammation [35]. A similar effect is seen with mice subjected to
ragweed challenge, with airways eosinophils expressing IL-4, IL-5, and the Th2 transcription
factor GATA-3 [70]. The demonstration of Th2 cytokine production in airways inflammation
has been mirrored in murine schistosomiasis, in which eosinophils are an important source of
IL-2, IL-4, and IL-5 in the schistosome granuloma [71].
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It has been demonstrated that IL-4 is rapidly released in a vesicle-mediated fashion from human
eosinophils in response to eotaxin and RANTES (regulated on activation, normal T cell
expressed and secreted) [72]. Additionally, the rapid release of IL-4 that is stimulated by
eotaxin is enhanced in the presence of IL-5, with the entire process being mediated by CCR3
receptors to eotaxin [72]. The eosinophil chemoattractant cytokine IL-16 promotes release of
preformed IL-4 preferentially to the Th1-polarizing cytokine IL-12 via autocrine mechanisms
acting on CCR3 receptors on eosinophils [73]. The fact that IL-4 is able to be released in such
a manner provides a mechanism by which eosinophils are able to rapidly modulate T cell
responses toward a Th2 phenotype.

New evidence indicates that eosinophils also regulate Th2 responses via secretion of IL-25
[74]. Eosinophils have now been found to secrete IL-25, and, in turn, promote amplification
of the Th2 response by memory Th2 cells that have been stimulated by thymic stromic
lymphopoietin-activated DCs [74]. The Th2 cells exposed to eosinophil-derived IL-25 have
increased Th2 cytokine production, and Th2 cells exposed to exogenous IL-25 have increased
proliferation and Th2 polarization; the effect of IL-25 is independent of IL-4 [74].

Eosinophils may act to promote Th2 polarization through inhibition of the Th1 pathway [75].
DCs transfected to produce indoleamine 2,3 dioxygenase (IDO), which breaks down
tryptophan, have been noted in the past to have cytotoxic effects to T cells, presumably through
the action of tryptophan metabolites [76]. Odemuyiwa et al. [75] demonstrated that human
eosinophils express IDO and that IDO is upregulated by IFN-γ. An IFN-γ producing T cell line
had decreased proliferation and increased apoptosis when co-cultured with eosinophils, while
an IL-4 producing T cell line did not show the same effect [75]. These data suggest that
eosinophils can mediate Th1 cell apoptosis via IDO when exposed to IFN-γ, causing
polarization to tilt away from Th1 and toward Th2 [75]. Similarly, Jung et al. [77] have recently
confirmed the finding that human eosinophils, both from peripheral blood and from an
eosinophil cell line, can be stimulated to express IDO when stimulated with IFN-γ, IL-3, and
GM-CSF.

Despite several lines of evidence that are in support of eosinophils actively regulating the Th2
response, there is evidence that suggests eosinophils may not be absolutely necessary to initiate
and perpetuate Th2 inflammation. IL-5 knockout mice, which are eosinophil deficient (but not
eosinophil devoid), continue to have an intact Th2 response after injection of antigen from the
parasite Nippostrongylus [78]. Hypereosinophilic mice produced via an IL-5 gene-containing
plasmid actually have reduced antigen-specific allergic inflammation when the gene is
delivered before sensitization to allergen [79]. Furthermore, this effect appeared to be mediated
by TGF-β produced by the eosinophils themselves [79]. However, a recent study by Jacobsen
et al. [80] provides the most convincing evidence to date that eosinophils play a central and
essential immunoregulatory function in the Th2 response characteristic of allergic pulmonary
inflammation. They demonstrated that PHIL mice, which are lacking in eosinophils, have
deficient recruitment of CD4+ T cells to the lung and airways in response to antigen challenge,
as well as reduced levels of Th2-cytokines (IL-4, IL-5, and IL-13) and Th2-chemokines (CCL
17 and CCL22) [80]. These findings support prior data from another eosinophil-deficient strain
(ΔdblGATA) and a strain deficient in eosinophil recruitment (CCR3 knockout) that both had
decreased airway IL-4 and IL-13 in response to airways challenge [81]. Perhaps more
significantly, Jacobsen et al. [80] also found that adoptive transfer of antigen-specific Th2-
polarized T cells alone was not sufficient to generate a Th2 response to airways challenge in
PHIL mice; adoptive transfer of eosinophils was needed as well to provoke Th2 inflammation.
This finding strongly suggests that eosinophils are a requirement for Th2 polarization in allergic
airways inflammation.
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Though eosinophils have long been recognized as a component of allergic inflammation, the
evidence reviewed in this section provides a basis for recognizing them as true regulators of
the Th2 response, rather than as bystanders or simply end-stage effectors.

T-helper type 1 polarization
As discussed earlier, eosinophils are capable of producing Th1-associated cytokines. However,
the evidence that they actually function to promote a Th1 phenotype is less extensive than that
supporting its role in promoting a Th2 phenotype. The ability of eosinophils to differentially
express Th1 cytokines under experimental conditions provides the best clue that they may act
in vivo to effect Th1 polarization. Though there is no direct evidence of Th1-polarization by
eosinophils, they do express the Th1-polarizing cytokine IL-12 [82,83]. Ligation of CD28 in
purified eosinophils appears to selectively cause the secretion of IFN-γ and IL-2, known Th1
products [84]. Stimulation of human eosinophils with IFN-γ results in the production of the
Th1 cell-attracting chemokines CXCL9 and CXCL10; this effect was suppressed by the
addition of IL-4 to the system [85]. The same study showed by immunohistochemistry that
eosinophils in specimens from patients with Crohn's disease, a disorder characterized by Th1
inflammation, contain CXCL9 [85]. As is the case in Th2 inflammation, eosinophils can
produce cytokines that cause Th1 polarization, cytokines that mediate Th1 inflammation, and
chemokines that attract Th1 cells.

Another specific scenario in which the eosinophil as a Th1-promoting immunoregulatory cell
has emerged is viral upper airways infection. Eosinophils incubated with rhinovirus have been
found to present antigens to T cells in co-culture, leading to T cell proliferation and production
of IFN-γ [86]. Though the presence of eosinophils is often associated with allergic
inflammation in the setting of viral infection, the production of IFN-γ is indicative of
eosinophils mediating a Th1-type response.

Regulation of dendritic cells
There is now increasing support for eosinophils exerting an immunoregulatory role on DCs as
well. Yang et al. [87] found that eosinophil-derived neurotoxin (EDN), a component of
eosinophil granules, acts as a chemotactic agent for DCs in vitro. Similarly, injection of mouse
eosinophil-associated RNase 2, a mouse paralog of EDN, into air pouches of mice resulted in
recruitment of DCs in vivo [87]. The same group also discovered that EDN is able to induce
DCs to mature and activate [88]. They went on to demonstrate that EDN acts through the TLR2-
MyD88 signaling pathway; DCs activated by EDN can then facilitate increased Th2 cytokine
production (IL-5, IL-6, IL10, and IL-13) in response airways allergen challenge [89]. A
recently published study demonstrates that eosinophils in co-culture with DCs in the presence
of CpG DNA as a pathogen-associated molecular pattern molecule promote DC maturation
[90]. The induction of maturation of DCs may be dependent on major basic protein (MBP)
given that they are observed in this study to internalize MBP [90]. The fact that two prominent
components of eosinophil granules, EDN and MBP, can have profound effects on DC
maturation and function is suggestive that eosinophils may exert regulatory functions for DCs.

B cell priming
Prior work indicated that there exists a previously unrecognized Gr1+/CD11b+ IL-4-producing
population of murine splenic myeloid cells that mediate priming of splenic B cell responses
[91]. In this model, B cell priming was achieved with alum even in the absence of antigen
[91]. Based on this observation, members of our laboratory have been able to show that the
Gr1+/CD 11b+ IL-4 producing myeloid cells are eosinophils [92]. These eosinophils were
capable of effecting alum-elicited B cell priming as demonstrated by MHC Class II-mediated
calcium mobilization [92]. B cell priming was absent in eosinophil-deficient ΔdblGATA mice
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but present in wild-type mice and restored in knockout mice by adoptive transfer of wild-type
eosinophils [92]. Furthermore, early antigen-specific IgM antibody responses were diminished
in eosinophil-deficient ΔdblGATA mice but were fully restored by adoptive transfer of wild-
type eosinophils [92].

Supporting the notion of eosinophils as immunoregulators of B cells is another recent study
that observed that serial inoculation with eosinophils that had been previously pulsed with S.
stercoralis antigen were able to induce antigen-specific IgM and IgG responses [34]. The data
presented in these two recent studies strongly suggest that eosinophils are capable of playing
key immunoregulatory roles in the priming of B cells.

Regulation of mast cells, basophils, and neutrophils
The previous sections discussed the immunoregulatory roles that eosinophils directly and
indirectly play in adaptive immunity, itself a novel concept. There are also immunoregulatory
functions of eosinophils within the context of their traditional home in the innate arm of
immunity. Mast cells appear to be a target for immunoregulation by eosinophils, as has been
reviewed elsewhere [15,93–95]. Though mast cells themselves exert regulatory effects on
eosinophils and have been demonstrated to mediate survival of eosinophils [96], a literature is
emerging to support eosinophils as regulators of mast cells. Piliponsky et al. and colleagues
showed that mast cells that had been previously activated in an IgE-dependent manner could
be reactivated to release histamine in an IgE-independent manner by exposure to eosinophil
sonicate or to purified MBP, a component of eosinophil granules [97,98]. It had been previously
observed that MBP causes histamine release not only from mast cells but from basophils as
well [99]. Piliponsky et al. [100] went on to demonstrate that the ability of MBP to re-stimulate
mast cells is dependent on the membrane form of stem cell factor (SCF) in a fibroblast co-
culture system. Eosinophils themselves have been proven to be a source of SCF [101]. Taken
together, these data support the hypothesis that eosinophils play a regulatory role in the
perpetuation of late-stage mast cell-mediated inflammation, after early initiation in an IgE-
dependent fashion.

There is some indirect evidence that nerve growth factor (NGF) plays some role in the
immunoregulation of mast cells by eosinophils. NGF is known to promote mast cell survival
[102], and eosinophils have been observed to be a source of NGF [103]. However, a direct line
of evidence connecting eosinophil production of NGF to mast cell regulation has not yet been
established.

Eosinophils have been observed to exert an immunoregulatory effect on neutrophils through
the action of MBP. MBP has the ability to bind to human neutrophils and cause their activation,
as measured by superoxide anion generation [104,105]. The MBP released by eosinophils has
also been demonstrated to stimulate IL-8 secretion by neutrophils [106].

Conclusion
A new understanding of eosinophils is beginning to emerge, with attention being drawn to
eosinophils as candidate regulators of immune responses. This review has sought to compile
the current evidence that supports the concept of eosinophils having key immunoregulatory
roles as professional APCs and as modulators of CD4+ T cells, DCs, B cells, mast cells,
neutrophils, and basophils. The immunoregulatory functions of eosinophils span both the
adaptive and innate arms of immunity, expanding the niche of eosinophils beyond simply end-
stage effectors in innate immunity. To varying degrees, understanding of the roles of
eosinophils in the processes discussed remains incomplete, but evidence continues to
accumulate. What is certain is that eosinophils are significantly more complex cells than had
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been conceived in the past and that eosinophils lie firmly entrenched in the interconnecting
web of immune system interactions. Eosinophils can no longer be regarded as isolated entities
working at the periphery of immune responses.
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Fig. 1.
Illustration of a Model of Eosinophils as Antigen Presenting Cells. Eosinophils can be
stimulated to express MHC Class II and co-stimulatory molecules by granulocyte-macrophage
colony stimulating factor (GM-CSF) under experimental conditions. Eosinophils achieve the
same expression of antigen presentation machinery in vivo in various disease states including
asthma, chronic eosinophilic pneumonia, and parasitic infection. They then traffick to regional
lymph nodes where they encounter CD4+ T cells, promoting proliferation and cytokine
production (IL-4, IL-5, IL-13) by T cells.
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Fig. 2.
Illustration of a Model of Eosinophil Immunoregulation on CD4+ T cells. Eosinophils are
capable of producing IL-12 and IL-4, which polarize T cells to Th1 cells and Th2 cells,
respectively. Eosinophils express both Th1- and Th2-associated cytokines and chemokines.
IL-25 is secreted by eosinophils and promotes Th2 activity. IL-4 has an amplifying effect on
the Th2 response and promotes further eosinophil recruitment. IL-5 is a potent autocrine and
paracrine growth and survival cytokine for eosinophils.
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