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Summary

The role of eosinophils in the progression and resolution of allergic respiratory inflammation is
poorly defined despite the commonality of their presence and in some cases their use as a
biomarker for disease severity and/or symptom control. However, this ambiguity belies the wealth
of insights that have recently been gained through the use of eosinophil-deficient/attenuated
strains of mice that have demonstrated novel immunoregulatory and remodeling/repair functions
for these cells in the lung following allergen provocation. Specifically, studies of eosinophil-
deficient mice suggest that eosinophils contribute to events occurring in the lungs following
allergen provocation at several key moments: (i) The initiating phase of events leading to Th2-
polarized pulmonary inflammation, (ii) The suppression Th1/Th17 pathways in lung draining
lymph nodes, (iii) The recruitment of effector Th2 T cells to the lung, and finally (iv) Mechanisms
of inflammatory resolution that re-establish pulmonary homeostasis. These suggested functions
have recently been confirmed and expanded upon using allergen provocation of an inducible
eosinophil-deficient strain of mice (iPHIL) that demonstrated an eosinophil-dependent
mechanism(s) leading to Th2 dominated immune responses in the presence of eosinophils in
contrast to neutrophilic as well as mixed Th1/Th17/Th2 variant phenotypes in the absence of
eosinophils. These findings highlighted that eosinophils are not exclusively downstream mediators
controlled by T cells, dendritic cells (DC), and/or innate lymphocytic cells (ILC2). Instead,
eosinophils appear to be more aptly described as significant contributors in complex interrelated
pathways that lead to pulmonary inflammation and subsequently promote resolution and the re-
establishment of homeostatic baseline. In this review we summarize and put into the context the
evolving hypotheses that are now expanding our understanding of the roles eosinophils likely have
in the lung following allergen provocation.
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Introduction

Eosinophils have been the primary target of asthma therapeutics for decades, in part due to
their specific and significant infiltration into the lungs and sputum of greater than 50% of
asthmatic patients. A tremendous effort was undertaken by many laboratories to develop
model systems (e.g., antigen-induced eosinophilic pulmonary inflammation (OVA/Alum [1]
and house dust mite (HDM)[2]) as well as physiological methodologies to measure
clinically relevant experimental endpoints (e.g., bronchoconstriction [3]). The majority of
this effort was aimed at identifying molecules that targeted eosinophil survival or functions
and, in turn, presumably asthma pathologies. Interleukin-5 (IL-5) was identified as critically
necessary for eosinophil hematopoiesis, survival, and recruitment in mouse models of
asthma and in humans (reviewed in [4]). Moreover, monoclonal antibodies targeting I1L-5
were initially shown to deplete eosinophils in peripheral blood and the airways of mouse
respiratory models [5] and subsequently in the blood and sputum samples derived from
asthma patients [6]. To date various monoclonal antibodies to IL-5 and IL-5 receptors (e.g.,
Mepolizumab [7, 8], Reslizumab [9], and Benralizumab [10]) are still in clinical trials as a
therapy for asthma and asthma exacerbations. Nonetheless, despite both the presence of
eosinophils and their suspected deleterious actions, the success of these targeted therapies is
controversial (e.g., [11, 12]) and a causative link between eosinophils and asthma symptoms
remains elusive (reviewed in [13]).

The origins of the controversies surrounding the use of IL-5 targeted therapies are
instructive as they provide the foundation for recent studies exploring the mechanisms of
action and the potential role(s) eosinophils in health and disease. The discovery of IL-5 as a
mediator of eosinophil hematopoiesis, entry into circulation, survival and activation in
allergic respiratory inflammation was first made in mice [14-16]. Subsequent studies in
mouse models of allergic respiratory inflammation also demonstrated monoclonal antibodies
to IL-5 failed to completely ablate eosinophils in the lung tissue or airways [5, 17, 18]
similar to that found in IL-5-deficient mice [19, 20]. This observation was also noted in IL-5
antibody treated asthma patients that retained eosinophils in the lung tissue [8, 10, 21],
despite reduced blood and sputum levels. These findings left open the possibility that
eosinophil pulmonary activities remained functional in treated asthma patients despite a
reduction in the blood and sputum easinophils in clinical settings. This is underscored in
more recent studies where IL-5 therapies led to reduced exacerbations and quality of life
scores but not necessarily improvement in lung function or other clinical scores (reviewed in
[22, 23]). What are the consequences or potential activities of these remaining pulmonary
eosinophils? This has led to the clinical conundrum - How can one deduce the role of
eosinophils in asthma patients if they cannot be effectively targeted in all lung compartments
and what threshold level of eosinophil depletion in lung tissue, lymphatic, blood, or the
airways (sputum) is necessary for significant clinical outcomes? These questions are
particularly poignant as asthma is continuously stratified into new phenotypes (e.g.,
eosinophilic versus neutrophilic [24, 25]) with complex contributing intrinsic and extrinsic
agents (e.g., genetic and microbiota, respectively [26—28]) of disease pathology.

Techniques to study eosinophil pathways and functions in mouse models of allergic
respiratory inflammation have expanded tremendously over the last decade. We suggest that
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careful use of these models provides the necessary reductionist approach to answer the
clinically relevant questions noted above. Most significant to this enterprise has been the
development of various eosinophil-deficient strains of mice. Although no model or mouse is
infallible, these strains have provided new foundation from which to discover
underappreciated role(s) of eosinophils in both health and diseases. This review summarizes
the remarkable number of mouse models targeting eosinophils and the many studies that
now indicate that eosinophils are important contributors to the immune/remodeling
responses that occur in the lung following allergen provocation.

Eosinophil assessments in mice

Are mouse eosinophils sufficiently “human” in character?

Several review articles have detailed the biology and activities of both mouse and human
eosinophils (see for example [29-33]). In particular, our laboratory recently published an
extensive review detailing the remarkable similarities between mouse and human
eosinophils [34]. These similarities include nearly identical homeostatic baseline levels of
eosinophils in tissues as well as at similar concentrations in blood (1-5%) and half-life in
blood (~1.2 days). Identification of eosinophils is comparable between mice and humans
through the use of cell surface markers (e.g., IL-5Ra, CCR3, Siglec-F (Siglec-8 (human)),
F4/80 (EMR1 (human)) yielding a cell surface phenotype whereby human eosinophils are
identified as SSChiIL-5Ra*CD16~CD14 Siglec-8* and mouse eosinophils are identified as
SSChi|L-5Ra*CCR3*Gr1Medsjglec-F*F4/80MedCd11bM. Unlike humans, CCR3 is uniquely
expressed on mouse eosinophils and thus allows for more direct identification/targeting.
Recruitment to tissues may rely on species-specific mechanisms as well. For example mice
have a pseudogene for eotaxin =3 (CCL26), although both express eotaxins-1 (CCL11) and
-2 (CCL24). Conservation of eosinophils secondary granule protein expression is high as
both humans and mice highly express and store major basic protein (MBP)-1 and -2,
eosinophil peroxidase (EPX), and the eosinophil associated granule ribonucleases (ECP and
EDN (human) vs. Ear-1,-2, 1, =2, —=6/7, =5/11 (mouse)). Stimulants to induce degranulation
in vivo are not entirely defined in either mice or humans, yet human eosinophils degranulate
in response to a wider array of molecules in vitro [35]. Finally, both mouse and human
eosinophils are characterized by their robust abilities to express inflammation modulating
lipid mediators (products of the 5-lipoxygenase and 12/15-lipoxygenase pathways),
proteases (e.g., metalloproteases and cathepsins), cytokines (e.g., IL-4 and IL-13) and
growth factors (e.g, TGF-B). Thus, while differences between mouse and human eosinophils
exist, these appear to be species-specific adaptations with the conservation of fundamental
roles of these granulocytes in mice and humans.

Eosinophil-deficient and other eosinophil-specific mouse models

After demonstrating anti-1L-5 administration reduced eosinophil numbers in mice [5, 17],
strains of mice were generated that targeted gene knockouts of IL-5 and/or eotaxinl/2 (or its
receptor CCR3) [16, 20, 36-39]. Although these initial strains provided an ability to ablate
eosinophils in models of allergic respiratory inflammation, these mice varied in reduction of
eosinophil levels and activities. However, a significant advancement was made with the
generation of mice (i.e., PHIL [40] and AdIbGATA-1 [41]) that targeted eosinophils at a
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level that led to complete ablation in the bone marrow, periphery, and pulmonary
compartments (Table 1). These strains of mice have quickly become the hallmark models
for assessment of eosinophil functions in allergic respiratory inflammation (Table 2).
Despite the value of these models, subsequent studies have demonstrated limitations. For
example, AdIbGATA-1 mice have been shown to have deficiencies in basophil survival [42]
and possibly other cells [43, 44]. Moreover, both PHIL and AdIbGATA-1 mice are
congenitally eosinophil-deficient models (i.e., the eosinophil deficiency occurs throughout
the lifetime of the animal), limiting the ability for assessing eosinophil-specific kinetic and
gene-specific roles in allergic respiratory inflammation.

The solutions to the needs of next-generation eosinophil-targeting models came with the
development of gene knock-in strains of mice exploiting the eosinophil specificity of the
endogenous EPX promoter. Specifically, separate knock-in strategies have led to the
creation of two strains of mice (iPHIL [45] and eoCRE [46]), expressing the human
diphtheria toxin receptor (hnDTR) and Cre-recombinase, respectively. In iPHIL mice, only
hDTR expressing cells (i.e., eosinophils) are targeted for cell death by DT, lending to its
inducible nature. The eoCre strain offers the unique ability of targeting eosinophil-specific
gene expression when used in conjunction with strains of animals carrying targeted genes
flanked by Cre-recombinase recognition sequences (i.e., loxP repetitive elements). This
strategy allows investigators to create strains of mice that modulate gene expression
exclusively in the eosinophil lineage. Thus, together these new models are now enabling
researchers to refine eosinophil-specific activities in vivo and assess specific roles of
eosinophils in both health and disease.

Eosinophil functions in allergen sensitization (primary immune response)

of allergen provocation models

The role of eosinophils following allergen sensitization/challenge has been tested in various
mouse models of allergic respiratory inflammation using ovalbumin (OVA), house dust mite
(HDM), ragweed (RGW), and Aspergillus fumigatus as the targeting allergens. Sensitization
is necessary to generate memory T cells that will recognize antigen upon secondary
exposure in the airways and mount an adaptive Th2 immune response. The sensitization
phases of these protocols are allergen/model specific with intraperitoneal injection of
antigen/adjuvant (e.g, OVA/Alum [1]) or through intranasal exposure of antigen alone (e.g.,
HDM [2]). Several earlier studies suggested eosinophils have the potential to participate in
sensitization to allergen to generate the primary immune response (i.e, antigen-specific
memory T cells). Eosinophils have the capacity to act as antigen presenting cells [47], they
are found at sites of immunization [48, 49], and eosinophil-deficient (PHIL[50] and
AdIbGATA-1[51]) or eosinophil-attenuated (e.g., IL-5~"eotaxin-17/~ [20] and CCR3™/~
[52]) mice have reduced Th2 T cell responses following allergen provocation. Yet due to the
congenital nature of these eosinophil-deficient/attenuated mice, the role of eosinophils
during sensitization (i.e., primary immune response) as compared to challenge (i.e,
secondary immune responses) could not be determined. However, the development of iPHIL
mice has allowed investigators to conditionally depleted eosinophils during the sensitization
step and return them to homeostatic levels by the time of allergen challenge [45]. These
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studies with iPHIL mice showed that the presence of eosinophils was not required during
sensitization (primary immune response) to induce Th2 allergic inflammation in both OVA/
Alum (intraperitoneal) and HDM (intranasal) models of acute allergen provocation.
Interestingly this was confirmed in infection models of Nippostrongylus brasiliensis where
primary infection is a lung injury event requiring activation of Th2 responses for worm
expulsion. Eosinophils were not required for expulsion of worms upon first infection, yet a
secondary infection four weeks after the first exposure in AdIbGATA-1 mice demonstrated
that both eosinophils and T cells cooperated in expulsions of worms [53]. Collectively, these
studies highlight that eosinophils do not participate in generation of the antigen-specific
memory T cell pool but rather in secondary immune responses upon allergen provocation in
allergic respiratory inflammation.

Eosinophil-deficient mice and adoptive transfer techniques highlight

underappreciated roles for eosinophils in the events following allergen

challenge (secondary immune responses)

Pulmonary initiating events following allergen provocation

Airway allergen exposure leads to complex downstream pathways that rely on activities of
the local stromal and resident cells of the lung to take up antigen and/or produce early innate
mediators of inflammation. Allergens are often a mix of innocuous protein, endotoxins,
proteases, and/or even pathogens that activate the epithelium, in part, through binding to
pattern recognition receptors (PRRs) that recognize pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPS) (reviewed in [54-56]).
Activation of PRRs on epithelial cells leads to expression of IL-1a that acts in an autocrine
manner to induce expression of cytokines (pro-1L-33, IL-25, and GM-CSF) and chemokines
(KC and CCL20) triggering an inflammatory cascade [57]. These early signaling events also
lead to the elaboration of other cytokines such as IL-1 and TNF-a that contribute to the
early inflammatory phase and activation/recruitment of pro-inflammatory cells. The innate
character of these responses was demonstrated in studies where administering recombinant
IL-33 to the airways led to recruitment and activation of eosinophils independently of T
cells and promoted Th2 cytokine production (IL-4, -5, -13, -9) [58]. IL-33, alone, is
sufficient to activate eosinophils, increasing expression of 1L-13, TGF-, and IL-6 as well as
adhesion molecules by eosinophils [59, 60] and inducing superoxide production in human
eosinophils [61].

These innate interactions at the airway epithelial surface also trigger a complex series of
pathways in which eosinophils appear to modulate the accumulating pro-inflammatory cell
infiltrate Specifically, epithelial cells release defensins and other antimicrobial factors in
response to bacteria, virus, and fungus, which activate macrophages and signal for
neutrophils to leave circulation and enter the lung parenchyma [62]. Indeed, Kinetic studies
in both mouse models of allergic respiratory inflammation [63, 64] and asthma patients [65]
have shown that the earliest infiltrating cell to the airways is neutrophils, being recruited
within 3-6 hours post allergen challenge. Interestingly, eosinophils are found to recruit in a
kinetically similar pattern within 3—-6 hours, but unlike neutrophils, maximally peak at 3-4
days after the initial allergen challenge in both mouse models and human subjects.
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Increasingly, studies have also linked the accumulation of these two granulocytic cell
populations along with alternatively activated macrophages as a potentially important
regulatory feedback loop to initiate Th2 polarization and ultimately promote resolution of
inflammation [66, 67]. For example, the early neutrophil recruitment appears to be an
important contributor to the initiation of inflammatory events in the lung as the inhibition of
neutrophil recruitment in both mouse models [68] and asthma patients [69] inhibits the
evolving Th2 inflammation. Neutrophils likely enhance this cascade by releasing proteases
to cleave the pro-form of IL-33 into the active form [70]. For eosinophils in particular, this
IL-33 cascade contributes to the production of eotaxins-1 and —2 by endothelial, epithelial,
and macrophage cells that are the predominant chemokines for eosinophil recruitment into
the lung post allergen challenge [39, 71]. As such mice deficient in IL-33 have attenuated
eosinophil recruitment upon allergen challenge [72]. Once eosinophils are localized into the
lung they are exposed to survival cytokines IL-5 and GM-CSF, as well as activating
cytokines, PRR binding molecules, reactive oxygen species, lipid mediators, growth factors,
and proteases. This process does not occur in isolation, eosinophils themselves contribute
factors promoting their own recruitment/accumulation. Thus, the number and/or extent of
eosinophils accumulation become an important metric that may be a regulatory node
influencing the character of the inflammatory response occurring in response to individual
provocation events in animal models and in the clinical setting.

Proliferation and polarization of T cells in the lung-draining lymph nodes

Effector T cell production in the lung draining lymph nodes (LDLN) is necessary to induce
the pathologies associated with allergen challenge [73]. Adoptive transfer studies utilizing
fluorescently tagged antigens have demonstrated that both dendritic cells (DCs) [74, 75] and
eosinophils [47, 76] migrate to the LDLN with similar kinetics, are capable of processing
antigen, and are capable of inducing Th2 T cell activation in mouse models of respiratory
inflammation. DCs have long been presumed to be the central mediators of the secondary T
cell activation following allergen challenge. For example, studies showed that DC-deficient
mice (e.g., CD11C-DTR [77]) were not able to activate T cells in the LDLN and adoptive
transfer of eosinophils did not rescue T cell activation. Yet, recently it was demonstrated
that PHIL mice also fail to induce T cell proliferation in LDLN after allergen challenge and
have reduced allergen-mediated Th2 pathologies [78]. This suggested a dichotomy of
function with both cell types providing significant contributions that lead to allergen-
mediated T cell activation following airway provocation.

In vitro studies highlighted that eosinophils were capable of enhancing dendritic cell
maturation [79], viral antigen presentation [80], and chemoattraction [81]. Jacobsen, Lee and
colleagues showed that eosinophils adoptively transferred into the peritoneal cavity of PHIL
mice in an acute OVA provocation model migrated to the LDLN and induced myeloid DC
(CD11c*MHCIINY) accumulation and T cell proliferation in the LDLN after allergen
challenge [78]. In these studies, MHC Il-deficient eosinophils were equally sufficient as
wild type eosinophils in inducing both DC accumulation and T cell proliferation. Similar
DC recruitment and MHC Il-independent functions of eosinophils have been identified in a
model system of parasite infection (J. Appleton, personal communication). The role of
eosinophils in these models (parasite and airway allergen challenge) was to not only to
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recruit DCs and induce proliferation of T cells but also to polarize the immune responses in
the LDLN. Significantly, the transfer of bone marrow-derived myeloid DCs into PHIL mice
(to bypass DC-deficiency in these animals) led to a mixed production of effector cells Thl
(INF-y), Th17 (IL-17) and Th2 (IL-13) in the LDLN in response to allergen challenge. This
observation was all the more significant as adoptive transfer of eosinophils (intraperitoneal)
into these mice led to a suppression of Th1/Th17 responses in the LDLN. Interestingly,
increased levels of Th17 cells have also been described in other eosinophil-deficient mice
(AdbIGATA-1/BALBY/c) in acute models of allergic respiratory inflammation [82]. These
data suggest that eosinophils mediate polarization of effector T cells and in their absence
there is an increased Th1/Th17 phenotype. The mechanisms of eosinophil-dependent Th1/
Th17 suppression or Th2 amplification is unknown, however eosinophils have been shown
to express many molecules capable of polarizing or altering plasticity of effector T cells,
which may contribute to asthma phenotype [83]. For example, cell-cell interactions with T
cells may occur through MHC 11 as a third party member [84] or through co-stimulatory
molecules (CD28, CD80/86, CD40) to modulate the activation potential and polarization of
T cells [47]. Additionally, eosinophils express cytokines (e.g., IL-2 [85], IL-4[86], IDO [87],
IL-25 [88] IL-10 [85], and TGF-B [89] (for review [32, 33]) or toll-like receptor ligands [90]
(e.g., mitochondrial DNA [91] or granule proteins [79]) that may have demonstrable effects
on both DCs and T cells to modulate the Th1/Th17 vs. Th2 polarization of immune
responses following airway allergen provocation. These studies suggest a role for
eosinophils in the pulmonary compartment of the lung where polarizing events have been
demonstrated to occur, such as the BALT or lung draining lymph nodes of patients. As such,
incomplete eosinophil ablation from lymphatics in clinical settings (e.g., anti-IL-5 antibody
treatment) may not sufficiently abolish important immune regulating functions of
eosinophils.

Recruitment of effector T cells to the lung to propagate Th2 inflammation in response to
allergen challenge

The pulmonary pathologies associated with asthma inextricably require the recruitment of
effector T cells to the lung [92]. Chemokines and lipid mediators are significant inducers of
T cell recruitment for both humans and mice. For example, Th2 cells are recruited via
CCL17/TARC and CCL22/MDC that bind CCR8 and CCR4, Th1 respond to CCL5/
RANTES and CXCL10/IP-10 that bind CCR5 and CXCR3, respectively, while Th17 cells
respond to CCL20/MIP3a and bind CCR6 [93]. Consistently, eosinophil-deficient mice
(AdbIGATA-1[52], PHIL [50], iPHIL [45], MBP-1~/"EPX '~ (unpublished observation),
CCR37~[52], IL-57"eotaxin-17/~ [20]), had lower levels of bronchoalveolar (BAL) Th2
cytokine expression, inflammatory cellular infiltrate, mucus production and AHR regardless
of background strain (BALB/c [52] vs C57BL/6 [50]) in various mouse models of
respiratory inflammation. In part these reduced pathologies are explained by an inability to
recruit effector T cells to the lung in response to allergen provocation. The importance of
eosinophils in T cell recruitment were made first in PHIL [50] and AdbIGATA-1 [51] mice
using acute OVA models of allergic respiratory inflammation. Specifically, Th2 polarized
OVA-specific effector T cells that were transferred intravenously into PHIL mice did not
traffic to the lung following OV A airway challenge. However, adoptive transfer of
eosinophils into the lungs of mice in conjunction with OVA airway challenge enabled the
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recruitment of these effector Th2 T cells into the lung through an eosinophil-dependent
elaboration of pulmonary TARC and MDC chemokines [50]. In another model, published
by Walsh et.al, adoptive transfer of eosinophils intravenously into OVA sensitized
AdbIGATA-1 mice was sufficient to induce T cell recruitment to the lung [51], again
demonstrating an eosinophil-dependence on T cell recruitment. In a recent study, Walsh,
et.al, have repeated the transfer of polarized Th2 cells into naive AdbIGATA-1 mice during
OVA airway challenge and showed a requirement for eosinophils to induce pulmonary T
cell recruitment [94]. It is also noteworthy that OVA airway challenge of sensitized IL-57/~
mice, which have reduced pulmonary eosinophilia (<90% decrease), was sufficient to induce
T cell activation in the LDLN, yet was insufficient to recruit effector T cells to the lung [78].
These studies demonstrate a necessity for pulmonary eosinophils in the recruitment of
effector T cells to the lung in mouse models of respiratory inflammation.

One potentially important mechanism of eosinophil-induced effector T cell recruitment is
the production of I1L-13 and its effects on other resident pulmonary cells [95]. Specifically,
IL-13 induces the expression of Th2 chemokines TARC and MDC by several cells (e.g.,
epithelial cells and monocytes) [96, 97] as well as enhances amplification of eosinophil
accumulation through upregulation of eotaxin [39]. In the absence of eosinophils, 1L-13
expression is reduced in the BAL or lungs of allergen challenged mice (AdbIGATA-1[52],
PHIL [50], iPHIL [45], MBP-1~"EPX '~ (unpublished observation), CCR3~/~ [52], and
IL-5~/~eotaxin-17-[20]). Moreover, over-expression of IL-13 was insufficient to bypass
eosinophil-dependent Th2 inflammation in eosinophil-deficient mice [98], suggesting 1L-13
and eosinophils act in a coordinated manner to induce pulmonary Th2 responses. The direct
role of eosinophil-derived IL-13 was highlighted in studies by Walsh, August, and
colleagues that demonstrated adoptive transfer of I1L-137~eosinophils into AdbIGATA-1
mice did not restore T cell recruitment or Th2 inflammation to the same degree as transfer of
wild type eosinophils in a model of allergic respiratory inflammation [94]. Our ongoing
studies have shown that the differential activation of easinophils (e.g., culture with IL-33 or
GM-CSF [60]) prior to transfer into the lungs of PHIL mice during allergen challenge led to
altered abilities to activate and recruit effector T cells to the pulmonary compartment
(unpublished observations). Moreover, in agreement with Walsh and Avery and colleagues
[94], our preliminary data also demonstrated, that activated IL-137/~ eosinophils transferred
into the lungs of allergen sensitized/challenged PHIL mice failed to induce T cell
recruitment to the lung. These data suggest that eosinophil-mediated T cell recruitment to
the lung is, in part, occurring via eosinophil-derived IL-13 mediating events. One could
hypothesize that targeting both IL-13 and eosinophils may lead to a better response in
patient outcome than targeting either alone.

The suggested importance of eosinophil-derived IL-13 must be put in context with recent
studies demonstrating the purported importance of 1L-13 from innate lymphoid helper cells
(ILC2s) following allergen provocation (reviewed in [99, 100]). In T cell-dependent models
of allergic respiratory inflammation (i.e., OVA/Alum and HDM models), ILC2s (Lin~,
CD90*CD25*IL-7Ra* ICOS*ST2Var [101]) contributed to only 30% of the total BAL and
lung-derived 1L-13 when compared to other Th2 cells in the airways [102]. In an OVA/
Alum model, IL-13 producing ILC2 cells were reduced in numbers as the length between
sensitization and challenged increased (12-days post-sensitization (73%) vs 25-days post-
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sensitization (45%)) [103]. Additionally, the number of eosinophils in the airways and lung
is markedly larger than the contribution of ILC2s, suggesting that eosinophils may
contribute significantly to the overall level of IL-13 in the airways and lungs upon allergen
provocation. The implication of these observations is that ILC2s are not necessarily the
primary and/or exclusive source of this important Th2 cytokine in T cell-dependent allergen
provocation. This observation must be contrasted, and not confused, with the more abundant
studies demonstrating the importance of ILC2-derived IL-13 in innate/primary immune
responses (reviewed in [104]). Specifically, these studies rely on IL-13 fluorescent reporter
mice, “deleter mice” that kill the cytokine expressing cell, or on transfers of ILC2 into
lymphocyte deficient mice. In these models, ILC2s were the majority (upwards to 70%) of
non-T cells expressing IL-13 following either airway delivery of recombinant IL-33 and
IL-25 or primary N. brasiliensis infection [105, 106]).

Although ILC2s are likely to play a role in innate Th2 events, eosinophils may potentiate
ILC2 activities as well as act independently to innate signals. For example, eosinophils
cultured with IL-33 prior to transfer into lungs of sensitized PHIL mice were sufficient to
induce 1L-13 production in the airways after allergen challenge (unpublished observations).
It is unlikely that the IL-13 production was dependent solely on ILC2s in this model as both
PHIL (unpublished data) and AdbIGATA-1 [107] mice have similar levels of ILC2s as wild
type mice. Additionally, ILC2 activities should remain functional in these mice as both
eosinophil-deficient strains have normal pulmonary ST2 receptor (IL-33 receptor) and IL-33
expression in allergen models [82]. This suggests that the I1L-33 activation of eosinophils
was essential to the production of IL-13 in these mice upon allergen provocation.
Additionally, eosinophils may potentiate the activities of ILC2 to induce Th2 events. For
example, eosinophils may modulate ILC2-mediated IL-13 production through the release of
eosinophil-derived IL-2 [85] and IL-25 [88]. To date the literature suggests differential
IL-13 production by eosinophils in T-cell dependent models and by ILC2 in innate T-cell
independent models of pulmonary inflammation. Yet these roles do not necessarily need to
be exclusionary, but may be intertwined depending on the immune microenvironment in the
lung. Moreover, the relative importance of ILC2s and eosinophils may depend on the asthma
phenotype in patients (e.g., intrinsic, environmental exposure, or allergen provocation) as
well as the respiratory inflammation model used in mice.

Th2 inflammation and lung remodeling events

Eosinophils release of a plethora of mediators (e.g., IL-13, TGF-B, metalloproteases, VEGF,
leukotrienes, and granule protein activities [29-33] that not only propagate Th2
inflammation but, also, lead to lung remodeling and dysfunction in chronic settings.
Historically, eosinophil granule proteins were considered the primary agents that induced
lung remodeling in asthma patients, particularly in the clinical setting where
immunohistochemistry of severe asthmatic biopsies demonstrated significant release and
deposition of granules and granule constituents around the airways (see for example [108]).
Moreover, studies with purified granule proteins administered to cultured human cells [109],
non-human primates [110], and animal models [111] showed these that specific proteins
(e.g., MBP-1,ECP, EPX) were sufficient to induce cell killing and tissue damage as well as
induce AHR (reviewed in [35]). Confirmation for a role in remodeling was suggested in
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clinical studies where inhibition of eosinophils with antibodies to IL-5 reduced airway
remodeling [8] and deposition of extracellular matrix [112]. Yet, as described previously,
antibody treatment with 1L-5 failed to improve lung function in patients in clinical studies
despite reduced exacerbations [7, 8] and remains to be fully characterized in clinical studies.
The lack of apparent correlations with lung function may simply reflect an inability to
completely deplete eosinophils/eosinophil products in the pulmonary compartment in
patients or perhaps the more complex suggestion that the role of eosinophils and the release
of their granule proteins have different and previously underappreciated roles that do not
have direct/acute links with changes in lung function parameters. Moreover, new insights
into the ability of eosinophils to interact through neuroimmune pathways [113] and directly
modulate neuronal branching [114], through unknown mechanisms, will provide insight into
thier potential to modulate and remodel the peripheral nerve responses in
bronchoconstriction, cough, and hyperreactivity.

Although eosinophil degranulation is not evident in acute allergen models, severe asthma
models have highlighted a direct role for eosinophils in lung remodeling and dysfunction. In
particular, this was highlighted in studies crossing transgenic mouse models of severe
asthma with eosinophil-deficient mice. Mice that over-express IL-5 and eotaxin-2 (15/hE2)
develop significant eosinophilia in the lungs and airways that degranulate extensively. The
prominent eosinophil airways infiltration and degranulation resulted in significant lung
remodeling including smooth muscle thickening, goblet metaplasia/mucus production,
basement membrane thickening, and AHR that was all abolished by crossing these mice
with PHIL (15/hE2/PHIL) mice to deplete eosinophils [115]. A similar chronic Th2
inflammation model that crossed IL-13 transgenic mice with AdbIGATA-1 showed that the
eosinophil-deficient mice had reduced mucus, TGF-B, and proteases (cathepsins B, S, and
MMP-13) despite the elevated levels of IL-13 [116]. Studies of chronic OVA allergen
challenge of AdbIGATA-1(BALB/c) mice also demonstrated that eosinophils participated in
collagen deposition and smooth muscle proliferation [41]. Similarly chronic allergen
challenge with A. fumigatus showed a decrease in mucus production in
AdbIGATA-1(BALB/c) mice [52]. Collectively, these studies provide evidence of a
causative link between eosinophils and remodeling events in the lung that is now supported
through the use of multiple independent mouse models of respiratory inflammation.

Role of eosinophils in resolution of inflammation

Inflammation is a host response to injury or infection that represents a shift from baseline
homeostasis that is generally self-limiting due to host inflammation resolving mechanisms.
Failure in resolution of inflammation must be viewed as part of the collective causative
mechanisms (i.e., exacerbations) leading to chronic respiratory inflammation in diseases
such as asthma [67]. Resolution is an active process initiated by the inflammatory cascade
that is not immunosuppressive but rather switches inflammatory pathways toward resolving
pathways. These resolving pathways essentially blunt the inflammatory cascade by blocking
granulocyte entry and enhancing the uptake of inflammatory cells by macrophages [66].
These activities are primarily carried out by the release of products from the 5-lipoxygenase
(lipoxin A4) and 12/15-lipoxygenase (resolvins and protectins) pathways [117]. Their
importance is highlighted in studies where deficiencies in the 12/15-pathway [118] and in
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protectin D1 [119, 120] production have been associated with severe asthma in patients and
in mouse allergic respiratory models[121]. Significantly, eosinophils produce these lipid
mediators and may have a potential role in directly suppressing inflammation [119, 122].

The role of eosinophils in the resolution of inflammation also likely extends beyond cell
autonomous events and includes pathways resulting from interactions with other pro-
inflammatory and resident cells in the lung. Macrophages, in particular, are significant
potential targets of eosinophils for inducing resolution. Macrophages are necessary to clear
dead cells (efferocytosis) as part of the resolution process and produce resolution lipid
mediators (reviewed in [123, 124]). In brief, it is suggested that IL-4/13 are essential to
induce the polarization of macrophage from an M1 to M2 phenotype to then enable the
transitions from M2 to a resolution phenotype macrophage (i.e., increased phagocytic
activity and production of resolving lipid mediators). IL-4/IL-13 and 12/15-lipoxygenase
products induce M2 macrophage to convert to an early phase resolution macrophage rM
(rM; F4/80*CD11bNi, arginasel*, iNOS™) that have high efferocytosis activity at the site of
inflammation and are necessary to clear inflammation. The extensive activities of rM
macrophage results in an ‘exhausted’ phenotype (Mres; F4/80*CD11b!°%, arginasel~,
iNOS™) that is propagated by exposure to TGF-f leading to reduced efferocytosis, migration
to secondary lymphatics, and a return to systemic homeostasis.

Eosinophils have the potential to modulate macrophage activities in resolution through
various mechanisms. For example, activated eosinophils that express 1L-4/13 have been
demonstrated in vitro to polarize macrophage to an M2 phenotype [60, 71], the precursor to
resolution macrophage rM/Mres. Eosinophils have been shown to contribute to increased
numbers of M2 macrophage in other disease models as well [125]. Evidence of this
eosinophil-macrophage interactions are supported by in vivo studies demonstrating reduced
macrophage recruitment in allergen models of AdIbGATA-1 [52, 82, 116] and PHIL mice
([126] and unpublished observations). Eosinophil-derived protectin D1 was shown, in a non-
allergen model, to induce activities of macrophage to clear apoptotic neutrophils from the
site of inflammation [127]. Thus, through the release of lipid mediators as well as TGF-§,
eosinophils potentially contribute to the activities of resolution macrophage and therefore
contribute to a return to homeostasis. It is interesting to speculate that as eosinophils and
neutrophils are both early recruits to the inflammatory processes, eosinophils may aid in the
subsequent direct suppression of neutrophils as well as polarization and activation of
resolution macrophages. Furthermore, failure to complete this cascade, such as in the
absence of eosinophils, a neutrophilic inflammatory phenotype may predominate.

Eosinophils: Causative players or diagnostic metrics of asthma phenotype

Asthma phenotypes are distinguished by the induced cellular infiltrate, patient medical
history, and/or responsiveness to available drug therapies such as corticosteroids [24, 25].
Generally neutrophilic and eosinophilic asthma phenotypes are considered distinct entities
with unique cytokine pathways (Th1/Th17 versus Th2, respectively). However, our recent
studies in eosinophil-deficient mice may have highlighted a previously underappreciated
role for eosinophils in modulating the phenotype of asthma. We propose that the roles of
eosinophils are complex and are part of homeostasis-maintaining mechanisms initiated by
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inflammatory pathways. That is, instead of exclusively pathology causing effector cells,
eosinophils elicit immune modulating responses that promote local tissue remodeling/repair
as part of the return to homeostasis (as reviewed in [31]). This larger perspective of
eosinophils activities is highlighted by observations in allergen provocation models on the
development of pulmonary Th2 responses and the modulation of airway neutrophil
recruitment/accumulation. Specifically, over the last decade using several independently-
derived eosinophil-deficient strains of mice we [40, 45] and others [41, 51, 52, 82, 128] have
shown that these animals fail to develop an airway eosinophilia in models of allergic
respiratory inflammation. However, we have also shown that individual eosinophil-deficient
mice may instead develop an allergen-dependent airway neutrophilia; the frequency of
which appears to vary in response to extrinsic cues [45]. These variant airway phenotypes
are particularly significant because in addition to the neutrophilic character of the airway
infiltrate (>15% neutrophils), these animals display significant allergen-induced
histopathological changes and elevated BAL IL-13 cytokine levels that are resistant to
corticosteroid treatment [45]. The specific mechanisms responsible for these shifts in
phenotypes are unknown but gene/environment interactions are likely to be significant
contributors [129, 130]. Particularly in mouse models of allergic respiratory inflammation,
the commensal bacterial flora has been demonstrated to play significant roles in systemic
immunity [131, 132], asthma susceptibility [133, 134], and is easily transmissible even in
specific pathogen free facilities [135, 136]. A recent publication by Chu et.al., demonstrated
a direct correlation between the composition of commensal bacteria in the gastrointestinal
tract and the presence or absence of eosinophils [137]. These data demonstrated an increased
load of Bacteriodetes relative to Firmcutes, concomitant with alterations in IgA production
in both PHIL and AdbIGATA-1 mice at baseline homeostasis. We hypothesize this
eosinophil-dependent altered microbiome may represent a significant mechanism of immune
regulation that potentially may lead to the increased neutrophilic and/or mixed asthma
phenotype upon allergen challenge in eosinophil-deficient mice. Commensal bacterial
composition as a predictor for asthma phenotype and susceptibility is not unique to animal
models of respiratory inflammation and is proposed to be a contributing mechanism in
asthma patients as well [26—28]. The appearance of this induced neutrophilic or mixed Th2/
Th17 phenotype in the mouse models of respiratory inflammation occurred regardless of
strain (C57BL/6 or BALB/C) or mechanism of depletion of eosinophils (iPHIL,
AdbIGATA-1, PHIL, MBP-17/~/EPX ") ([45] and unpublished observation). It is
noteworthy that an eosinophil-dependent neutrophilia has been shown by other investigators
as well and is not a model/investigator specific observation. Studies with AdbIGATA-1 mice
in an acute OVA model demonstrated these mice had greater than 30% neutrophilia in the
airways (detected by differentials as well as flow cytometry) as well as increased IL-17
expression [82]). In a A. fumigatus provocation model AdbIGATA-1 mice were shown to
have increased neutrophils as compared to wild type mice and allergen-induced AHR than
saline treated mice [52].

The ability of eosinophils to directly influence the development of a neutrophilic phenotype
has been demonstrated in several studies. For example, adoptively transferred eosinophils
reduced airway neutrophilia and Th1/Th17 polarization in OVA allergen sensitized/
challenged PHIL mice [78]. The inducible nature of iPHIL mice permitted us to determine

Clin Exp Allergy. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jacobsen et al.

Page 13

the consequence of eosinophil depletion on an otherwise wild type mouse. Depletion of
eosinophils by DT administration during allergen challenge resulted in airway neutrophilia.
This neutrophilic phenotype was reversed to an eosinophilic and Th2 character by stopping
DT administration prior to a second allergen challenge at a time when eosinophil levels had
returned to baseline levels [45]. These studies showed that the appearance of neutrophilic
respiratory variants were not a developmental consequence of a dysregulated immune
responses as a result of a congenital eosinophil deficiency (as in AdbIGATA-1, PHIL,
MBP-17"/EPX~/~ mice) but instead a direct result of losing one or more eosinophil-
mediated activities during the immune responses to allergen. In essence eosinophils act as a
“check point” for inflammation phenotype. Although much remains to be defined,
eosinophils potentially suppress Th1/Th17 polarization events, block neutrophil recruitment,
and promote neutrophil clearance through activation of macrophage. The translation of the
insights gained from these reductionist approaches to patient studies holds great promise in
our understanding of the role eosinophils in the events leading to different asthma
phenotypes in patients.

Conclusion

The studies highlighted in this review underline the wider importance of eosinophils as
regulators of the immune responses in allergic inflammation, suggesting that they are not
simply downstream mediators of other inflammatory cells but important contributors to the
evolving responses that follow allergen provocation of sensitized subjects. Specifically,
through the use of allergen provocation models and eosinophil-deficient mice, novel roles
for eosinophils have been identified that exemplify an underappreciated scope and
complexity of effector functions. Most significantly, eosinophils were recently demonstrated
to participate in the modulation of immune responses necessary for the induction,
propagation, polarization, and potentially resolution of allergic inflammation. Eosinophils
perform many of these functions through both direct effects and interactions with other cells.
For example, eosinophil-derived IL-13 is associated with eosinophil-dependent recruitment
of effector Th2 cells to the lung after allergen provocation. Potentially, eosinophils and
ILC2s act in concert to amplify this response as eosinophils also produce ILC2 modulating
cytokines (e.g., IL-2 and IL-25). Eosinophils also uniquely promote accumulation of DCs
and antigen-specific Th1/Th17 suppression, and thus increased Th2 polarization in the lung
draining lymph nodes upon allergen challenge. Finally, eosinophils have been shown to
modulate the polarization/phenotype in allergen provocation models of eosinophil-deficient
mice. The mechanisms/pathways by which eosinophils mediated these effects on
aeroallergen-mediated immune responses remain to be defined. However, through the
release of 1L-4/13, 12/15-lipoxygenase products (resolvins and protectins), and TGF-p
eosinophils may regulate the unique balance necessary between Th1/Th17/Th2 immune
responses, inhibit/suppress the development of airway neutrophil accumulation, and promote
the activation of M2 and resolution macrophages following allergen provocation. Future
studies are clearly required to fully understand the eosinophil-dependent and eosinophil-
contributory mechanisms linked with the immune regulation and lung remodeling/repair that
occur following allergen provocation. Our recent development of novel eosinophil-inducible
and eosinophil-specific Cre-expressing mice will enable further clarification of these
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eosinophil-dependent and eosinophil-specific functions. Moreover, the use of these strains
of mice and the ever-increasing availability of other mouse models will provide the
necessary resources to re-define the roles of eosinophils in asthma and other diseases as well
as the unique roles of eosinophils necessary to maintain homeostasis in otherwise healthy
subjects.
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Figure 1. Eosinophil Functions in Allergic Respiratory Inflammation
Through the use of eosinophil-deficient/attenuated strains of mice and adoptive transfer

techniques in models of allergic respiratory inflammation various effector functions of
eosinophils have been identified. These effector functions include role(s) in (1) Initiation,
(2) Polarization/Proliferation, (3) Recruitment of Th2 cells/Th2 propagation, and (4)
Resolution of the inflammatory events. (1) Initiation. Stromal cells and resident leukocytes
respond to airway allergens by producing cytokines, chemokines, and other mediators that
aid in the recruitment and activation of eosinophils to the lung. Eotaxin-1 (CCL11) and
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eotaxin-2(CCL24) by epithelial cells, macrophage, and endothelial cells recruit eosinophils
to the lung from the periphery. L-33 and GM-CSF aid in activation and survival of
eosinophils once in the lung. Eosinophils enhance their survival via autocrine and paracrine
release of mediators (e.g., IL-5 and GM-CSF). Eosinophils enhance the activities of other
cells through release of mediators (e.g., cytokine, reactive oxygen species, leukotrienes,
lipids, and granule proteins). (2) Polarization/Proliferation. Once eosinophils are primed in
the lung they migrate to the lung draining lymph node (LDLN) to aid in the secondary
immune response. In particular, eosinophils are necessary for antigen-specific T cell
proliferation in an MHC Il-independent manner in the LDLN through inducing
accumulation of DCs. Eosinophils suppress Th1/Th17 polarization and enhance Th2
polarization through release of mediators that are undefined, but may include IDO, TGF-8,
and IL-10. (3) Recruitment of Th2 cells/Th2 Propagation. Eosinophils are necessary to
induce recruitment of effector Th2 T cells through the production of TARC and MDC.
Eosinophils enhance accumulation and activation of DCs. Eosinophils aid in the propagation
of inflammatory responses through production of IL-4 and IL-13, as well as other mediators
(e.g., cytokine, reactive oxygen species, leukotrienes, lipids, and granule proteins). (4)
Resolution. Eosinophils may contribute to the resolution process by polarization of
macrophage to M2 (via IL-4/13) and through release of protectins and resolvins (12/15-
lipoxygenase products). Failure to polarize toward Th2 and to resolve inflammation may
predispose the inflammation toward a neutrophilic/Th1/Th17 phenotype.
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