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Summary
Discussions of eosinophils are often descriptions of end-stage effector cells with destructive
capabilities mediated predominantly by released cytotoxic cationic granule proteins.
Moreover, eosinophils in the medical literature are invariably associated with the pathologies
linked with helminth infections or allergic diseases such as asthma. This has led to an almost
fatalist view of eosinophil effector functions and associated therapeutic strategies targeting
these cells that would make even William of Ockham proud – eosinophil effector functions
have physiological consequences that increase patient morbidity/mortality and ‘the only
good eosinophils are dead eosinophils’. Unfortunately, the strengths of dogmas are also their
greatest weaknesses. Namely, while the repetitive proclamation of dogmatic concepts by
authoritative sources (i.e. reviews, meeting proceedings, textbooks, etc.) builds consensus
within the medical community and lower the entropies surrounding difficult issues, they
often ignore not easily explained details and place diminished importance on alternative
hypotheses. The goal of this perspective is twofold: (i) we will review recent observations
regarding eosinophils and their activities as well as reinterpret earlier data as part of the
synthesis of a new paradigm. In this paradigm, we hypothesize that eosinophils accumulate at
unique sites in response to cell turnover or in response to local stem cell activity(ies). We
further suggest that this accumulation is part of one or more mechanisms regulating tissue
homeostasis. Specifically, instead of immune cells exclusively mediating innate host defence,
we suggest that accumulating tissue eosinophils are actually regulators of Local Immunity
And/or Remodeling/Repair in both health and disease – the LIAR hypothesis; (ii) we want to
be inflammatory (pun intended!) and challenge the currently common perspective of
eosinophils as destructive end-stage effector cells. Our hope is to create more questions than
we answer and provoke everyone to spend countless hours simply to prove us wrong!

Origins of the accepted paradigm describing eosinophil
activities and why it is incomplete

One certainly has to be cautious when suggesting that a
commonly accepted perspective is incomplete, especially
given the dramatic changes that have occurred in the last
20–30 years regarding the accepted role(s) of the eosino-
phils. Specifically, in the late 1970s/early 1980s eosino-
phils were perceived as suppressors of tissue inflammation
by inactivating pharmacological mediators derived from
mast cells (reviewed in [1]). In contrast, in the late 1980s
and early 1990s studies from several investigators led to
the development of the current commonly held paradigm
that eosinophils themselves mediate tissue damage and
local inflammatory events through destructive effector

functions (reviewed in [2]). Thus, to initiate the discussion
here let us set limits right from the beginning. Eosinophil
activities are likely to have both agonist and antagonist
activities on a variety of tissue resident immune cells
(such as mast cells). More importantly, they are also likely
to include activities that now characterize eosinophils as
destructive end-stage effector cells such as the release of
toxic cationic granule proteins and the elaboration of
reactive oxygenated species. However, we will argue that
each of these perspectives is alone too narrow in scope
and that the currently common, and often cited, inter-
pretation of eosinophil destructive mechanisms is mis-
guided and based mostly on circumstantial evidence.
Moreover, an increasing number of experimental obser-
vations are inadequately explained by this end-stage
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effector cell paradigm. Three specific questions are im-
mediately apparent:

(i) What is the origin of the current consensus opinion?
Although eosinophils are now commonly characterized as
end-stage effector cells with a defined array of destructive
activities, there is often little direct evidence linking these
activities with induced pathologies and/or patient symp-
toms. In particular, eosinophil activities are linked in the
literature to unique disease states with characteristic
pathologies (e.g. helminth infections [3–5] and allergy/
asthma [6–8]) but the vast majority of these reports are
correlative rather than mechanistic in character. Surpris-
ingly, even experimental manipulations using animal
models designed to demonstrate that eosinophils are a
prominent innate host defence against helminths (e.g. the
available eosinophil-less strains of mice [9, 10]) fail to
demonstrate such a role [11]. In addition, while many
clinical studies have demonstrated that eosinophils accu-
mulate and degranulate in areas of tissue damage in
asthma patients [12], a direct link between eosinophils
and tissue damage has remained out of reach. Indeed,
even the amelioration of hallmark pathologies/symptoms
in some asthma patients following the therapeutic target-
ing of eosinophils with Mepolizumabs [13, 14], has been
interpreted as simply being due to the elimination of
eosinophil destructive activities. However, although the
release of eosinophil cationic secondary granule proteins
has been shown to mediate cell death in vitro using tissue
explants and cell cultures [15], there is virtually no in vivo
data demonstrating such activities [16, 17]. Collectively,
these observations suggest that there is a paucity of
studies in either patient or animal models to confirm
and/or define the projected outcomes of the end-stage
destructive effector cell paradigm. That is, destructive
eosinophil activities may contribute to asthma pathology
but the data (or lack thereof) do not support a prominent
role.

(ii) What experimental data/observations are contra-
dictory to this paradigm? Several issues highlight the need
to rethink the end-stage effector cell paradigm, including
the evolutionary specialization of eosinophils, acquired
immunity vs. innate host defence capabilities of eosino-
phils, and the presence of eosinophils at baseline in a
variety of tissues with no obvious link to innate host
defence.

The evolution of an innate host defence against parasite
infections

On first principles, concerns arise with respect to the
hypothesis that eosinophils have evolved exclusively as
part of an early innate host defence against parasites.
First, although eosinophils are linked with parasitic infec-
tions [18], the association is limited to specific multi-
cellular parasites (helminths) within this larger group of

organisms (reviewed in [19, 20]). As a consequence, this
would imply that host organisms evolved a unique hae-
matopoietic lineage as a defence mechanism against a
select few pathogens that are generally not life threaten-
ing. Secondly, helminths (particularly nematodes) repre-
sent an evolutionarily ancient group of organisms that
evolved from free-living forms to exploit available hosts.
If eosinophils evolved as an early innate cellular defence
against these parasites, then one would expect to find this
cell type in virtually every animal lineage, crossing even
the protostoma – deuterostoma divide [21]. Indeed, a
granulated ameboid cell type with characteristics similar
to eosinophils is identifiable in a variety of animal species
including many of the more ancient groups of inverte-
brates (Fig. 1). However, definitive eosinophilic leucocytes
are absent in nearly all of these metazoans and are present
only among the five classes of vertebrates in the phylum
Chordata (Fig. 2). As a consequence, these observations
suggest that the presence of eosinophil-like cells may, in
part, be linked to innate host defence activities that date
back to the origins of extant metazoans (600 million
years). However, clearly this date is well before the origins
of each of the classes of vertebrates and the advent of
definitive eosinophilic leucocytes. Thus, although defini-
tive eosinophilic leucocytes appear to have evolved from
an early multi-functional precursor cell type(s) and there-
fore may retain anti-helminth, and perhaps antibacterial
activities, we suggest that this characterization of eosino-
phil activities in extant species is largely inadequate. That
is, instead of a universal/fundamental innate host defence,
the evolution of the unique eosinophilic leucocyte in
vertebrates (in particular mammals) has occurred, in part,
because of selective pressures associated with other func-
tions linked to LIAR that are now mediated by eosinophils.
Thus, the numerous observations in mammalian models
uncoupling parasite burden, inflammatory metrics, and
eosinophils (reviewed in [22]) also suggest that while
eosinophils may possess anti-parasite activities, these
functions are contributory and not necessarily a primary
innate host defence. A third issue of concern is that among
mammals the rapid and profound expansion of eosino-
phils from available progenitors in response to helminths
appears to be uniquely dependent upon a single poietic
cytokine, IL-5 [23]. Specifically, as opposed to complex
and often overlapping pathways that invariably arise as a
consequence of pathogen-driven selective pressures, no
such pressures appear to exist on eosinophil proliferation
and/or IL-5 activities. That is, although in rodents IL-5
also appears to have evolved B cell agonist activities [24],
these additional activities appear to be a species-specific
adaptation of unknown origin as human B cells do not
display similar responses to IL-5 [25]. In contrast, several
cytokine pathways have been linked with rapid and
profound expansion of neutrophil populations and the
most significant of these neutrophilopoietic cytokines,
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granulocyte-colony forming factor, also has pleiotropic
consequences on a variety of cells [26]. If eosinophils were
(are) a prominent innate host defence against helminths
across mammalian species, why have not pathogen-dri-
ven selective pressures led to alternative and/or over-
lapping poietic pathways that promote the rapid and
profound expansion of these cells that is dependent on a
cytokine(s) in addition to and/or other than IL-5? The
simplest explanation is that these pressures did not (do
not) exist and eosinophils are not a host’s primary
defence. Nonetheless, we recognize that the conservation
of an IL-5 orthologue among mammalian species and the
absence of the commonality of individual patients/strains
of mice with spontaneous mutations in IL-5 suggest a
degree of evolutionary selective importance that does not
exclude a potential role in host defence.

Allergic pulmonary inflammation – asthma

Despite nearly 100 years of intense research since clinical
studies linked the pulmonary accumulation of eosinophils
to the pathologies of asthma [27], a causative relationship
has escaped definition. Specifically, innumerable clinical
and bench-based studies either support or conflict with
the hypothesis that the destructive activities mediated by

eosinophils result in allergic respiratory pathologies (see,
e.g., a recent commentary written by Wenzel. [28]). This
ambiguity alone should give one cause for concern. In
addition, one might have expected that the lung patholo-
gies alleged to be mediated by destructive end-stage
effector cells would be proportional to their number
infiltrating the lung. Nonetheless, even dramatic reduc-
tions in eosinophil numbers only lead to nominal im-
provements in patients [13, 14], suggesting these results
were not simply a one-for-one elimination of the destruc-
tive activities mediated by end-stage effector cells.

Resident eosinophil populations in select tissues at
homoeostatic baseline

The presence of resident tissue eosinophils is also difficult
to explain using the end-stage effector cell paradigm.
In particular, why the bone marrow, gastrointestinal (GI)
tract, thymus, and the endometrial lining of the uterus
all maintain significant resident eosinophil populations
in otherwise healthy animals/patients is difficult to ex-
plain. Most studies usually evoke arguments that suggest
that these areas are either simply sites of eosinophilo-
poiesis (marrow and thymus) or areas that interface
with the environment, representing areas in need of

Fig. 1. Photomicrographic images of ‘eosinophil-like’ cells from invertebrates representative of three major phyla demonstrates the evolutionary
conservation of this granulocyte. Ameboid leucocytes with the distinct granulation and, in many cases, the concomitant eosin-binding characteristics
(arrowheads) are found in a wide array of invertebrate species, including Arthropoda [Limulus polyphemus (horseshoe crab – Class: Crustacea, H&E) and
Blaberus giganteus (giant cockroach – Class: Insecta, phase contrast microscopy)], Mollusca [Atrina rigida (clam – Class: Bivalvia, H&E)], and
Echinodermata [Stichopus badionotus (sea cucumber – Class: Holothuroidea, H&E)]. All photomicrographs were reprinted from Comparative
Hematology by Warren Andrew (r1965), with permission from Elsevier. H&E, haematoxylin–eosin.
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immunosurveillance strategies (GI tract and the endo-
metrial lining). However, problems abound with these
explanations. There are far more eosinophil lineage
committed cells in the marrow relative to the periphery
and the eosinophilopoietic capability of marrow is orders
of magnitudes greater than that of the thymus. In addi-
tion, the energy as well as logistical difficulties associated
with the proliferation, trafficking, and the maintenance of
a unique cell type in outlying mucosal surfaces would
appear to be extraordinarily high for only an insurance
policy against a potential threat from a very limited
number of non-lethal pathogens (i.e. helminths); the
disconnect noted earlier between eosinophils and inflam-
matory metrics of parasite infection (e.g. worm burden)
confirms this uncertainty. Moreover, observations linking
localized tissue eosinophil accumulation with ductal dif-
ferentiation of mammary glands [29] or at the lesions
associated with Duchenne’s muscular dystrophy [30]
provide other enigmata given that these regions are
neither sites of eosinophilopoiesis nor particularly vulner-
able to parasitic infection.

(iii) Is there an underlying commonality between the
circumstances surrounding the accumulation of eosino-
phils and the execution of effector functions? We propose
an underlying commonality exists among disease states
and, more importantly, among tissues of otherwise
healthy subjects that have homeostatic baseline eosino-
phil populations that explain the evolutionary signifi-
cance and physiological importance of eosinophils. The
commonality in all of these circumstances is the co-
existence of both a large pool of dying cells and a
significant population of proliferating cells. Specifically,
eosinophils accumulate and are restricted to defined
locations in a limited number of diseases and in unique
tissues of otherwise healthy subjects in response to sig-
nificant cell turnover. That is, the presence of cell stress/
death in a given tissue microenvironment is an initial
stimulus for the recruitment of eosinophils; the co-ex-
istence of cell proliferation, with the release of eosinophil
survival/differentiation factors, in the same microenvir-
onment will, in turn, elicit a local accumulation of tissue
eosinophils.

Fig. 2. Haematoxylin–eosin (H&E) and Romanowsky–dye (R&D) stained preparations of haematopoietic tissues from representative animals of the five
(5) classes of Vertebrata reveal the ubiquitous presence of a uniquely eosinophilic lineage in this sub-phylum. Leucocytes displaying the unique
polymorphonucleus and the eosin-binding cytoplasmic granules characteristic of eosinophils are identifiable (arrowheads) in Mammalia [Homo sapiens
(human, H&E) and Mus musculus (mouse, R&D)], Aves [Columba livia (rock pigeon, H&E)], Reptilia [Pogona vitticeps (bearded dragon, R&D)], Amphibia
[Rana pipens (leopard frog, H&E)], and Osteichthyes [Tilapia aurea (Tilapia, H&E)]. Scale bar = 20 mm.
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Eosinophils are unequivocal LIARs!

Our hypothesis is that eosinophils are part of host recogni-
tion pathways that identify focal bursts of cell death
accompanied by cell proliferation, including possibly a
mechanism for detecting local stem cell activities in out-
lying tissues/organs. Specifically, we are suggesting that
cell turnover and/or stem cell activities together with a
tissue microenvironment that supplies the necessary survi-
val and differentiation factors will alone promote eosino-
phil accumulation. The fundamental role of their
accumulation at these sites is to modulate Local Immunity
And/or Remodeling/Repair – the LIAR hypothesis. We
suggest that the LIAR hypothesis provides a parsimonious
explanation of data relative to the end-stage effector cell
paradigm. That is, LIAR suggests that the unique and varied
accumulation of eosinophils in a variety of tissues is not
exclusively linked with innate host defence and/or simply a
consequence of immune dysregulation. Instead, this accu-
mulation occurs as part of a strategy(ies) to maintain tissue
homeostasis in both healthy and pathological states.

A simplified cartoon outlines the major components of
the LIAR hypothesis (Fig. 3). In summary, the LIAR
hypothesis postulates that a focus of cell death elicits the
recruitment of eosinophils. Specifically, small molecule
mediators released from stressed/dying cells represent a
powerful and nearly universal signal (i.e. regardless of
tissue/organ location) for the recruitment of eosinophils.
For example, damage-associated molecular pattern mole-
cules such as HMGB-1 and sphingosine-1-phosphate have
each been shown to be significant chemoattractants [31,
32]. Nonetheless, alone this recruitment would be insuffi-
cient for the accumulation of a localized steady-state
population of eosinophils. Instead, eosinophil accumula-
tion would occur at those tissues sites also engaged in cell
proliferation as a consequence of the accompanying
release of growth factors/cytokines, survival factors, and
perhaps even signals linked with the metabolic require-
ments of cell proliferation such as the local accumulation
of lactate [i.e. the Warburg effect (reviewed in [33])]. Thus,
in the absence of additional eosinophil agonist cytokines/
growth factors and/or survival factors (reviewed in [34]),

Fig. 3. Schematic representation outlining the Local Immunity And/or Remodelling/Repair (LIAR) hypothesis and the outcomes-based consequences of
eosinophil-mediated activities in health and disease. Peripheral eosinophil ( ) recruitment occurs in response to the release of one or more small
molecule mediators of inflammation (e.g. damage-associated molecular pattern molecules) released from localized bursts of cell death ( ). In the
presence of additional eosinophil agonist growth (e.g. IL-5) and survival (e.g. granulocyte macrophage-colony forming factor) factors derived from
concomitant cell proliferation and/or stem cell activation ( ), these granulocytes accumulate and establish a local steady-state population. The tissue
immune microenvironment subsequently dictates the downstream immune consequences mediated by eosinophil effector functions, leading either to
exacerbations of local immune responses (Th2-polarized microenvironment), suppression of these site-specific immune responses (Th1/Th17-polarized
microenvironment), or essentially little to no modulations of local immune responses (immune-neutral microenvironment). In turn, these immune
responses modulate the levels of tissue remodelling and/or tissue repair that is also characteristic of eosinophil-mediated effector functions. Thus, the
immune microenvironment present upon eosinophil recruitment is a significant situational cue, which drives the predominance of specific eosinophil
activities. More importantly, this eosinophil-mediated LIAR defines the functional roles of eosinophils in unique tissue compartments at homeostatic
baseline (i.e. health) as well as within tissues associated with specific diseases.
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tissue-recruited eosinophils would simply turnover and/or
move on. However, the concomitant presence of cell
proliferation, in the context of specific immune responses
and/or tissue remodelling/repair signals, will result in a
much different chain of events. Under these circum-
stances, eosinophil numbers will accumulate to a thresh-
old that initiates a programme of eosinophil-mediated
events leading to LIAR. Moreover, we further suggest that
the unique character of this accumulation reflects not just
cell turnover, but instead, may reflect the presence of
activated stem cell populations in a given tissue [35, 36].
That is, whether at homeostatic baseline or as a result of
unique disease pathologies, eosinophil accumulation oc-
curs in response to defined circumstances associated with
a dynamic cell population(s) in a given tissue and not as a
consequence of a specific local immune response(s).

The recent demonstration that eosinophils are capable
of the rapid release of a variety of pre-stored cytokines/
chemokines [37] suggests that eosinophils themselves
may even participate in positive feedback loops that
promote their own accumulation and survival. The ex-
panding complexity of eosinophil–T cell interactions
demonstrates that eosinophils may have the ability to
modulate local immune responses in a very direct fashion
(reviewed in [38, 39]). In either case, the LIAR hypothesis
suggests that tissue accumulation of eosinophils is pri-
marily a function of cell turnover and/or regional stem
cell activities that initiate recruitment and the local
production of eosinophil survival/differentiation factors.
That is, this accumulation is not exclusively a conse-
quence of localized immune-mediated responses; yet
these responses may in some cases be a significant
contributor to site-specific eosinophil accumulation (e.g.
the rapid (within 2–3 h) accumulation of eosinophils to
the site of cutaneous anaphylactic reactions).

The demonstrated abilities of eosinophils to express
cytokines and growth/survival factors characterized as
Th1/Th17, Th2, and even acute phase inflammatory [40]
implies a degree of plasticity regarding the immunomodu-
latory capability of eosinophils. In addition, the LIAR
hypothesis suggests that eosinophil-mediated immunomo-
dulatory functions are, in part, dictated by the tissue
immune microenvironment where they accumulate – they
contribute to, but do not necessarily dominate, local
immune responses. For example, in a Th2-polarized micro-
environment LIAR suggests the immunomodulatory func-
tions of eosinophils have a net exacerbating effect on
immune responses through T cell activation [41–43], aug-
mentation of Th2 cytokine/chemokines, and/or, attenua-
tion of Th1 responses [30, 44–48]. Alternatively, in a Th1/
Th17-polarized environment LIAR suggests that eosino-
phils suppress ongoing immune responses by either shift-
ing the Th1/Th17 balance towards a Th2-dominated milieu
(e.g. [37, 44, 49]) or perhaps by promoting immune
suppression (e.g. [44, 45]). In contrast, in an immune-

neutral environment the accumulating eosinophils neither
suppress nor exacerbate local immune homeostasis but
instead simply become part of the complex collection of
evolving site-specific immune responses induced by local
inflammatory events [40]. Regardless of the immune
microenvironment that accumulating eosinophils experi-
ence, the subsequent release of eosinophil-derived factors
[i.e. secondary granule proteins (e.g. MBP), reactive oxyge-
nated species, matrix modifying/degrading proteases (e.g.
MMPs), and growth factors (e.g. TGF-b)] elicits/contributes
to tissue remodelling/repair events (reviewed in [50]).

The fundamental role of eosinophils in the modulation
of local immune responses and remodelling/repair events
described by the LIAR hypothesis suggests the somewhat
unorthodox view that the homeostatic baseline activities
of eosinophils in otherwise healthy patients are primarily
the same activities that occur during disease; only the
magnitude and extent of these activities change. Thus,
whether in health or disease, the recruitment and subse-
quent accumulation of eosinophils occurs in response to
continuous site-specific signals resulting from cycles of
cell turnover, local stem cell activities, or in the case of
experimental model systems, the induced ectopic expres-
sion of these signals/activities. In turn, this eosinophil
accumulation contributes to local immune responses and
the extent of ongoing tissue remodelling/repair events.

The LIAR hypothesis – the role of resident tissue
eosinophils in otherwise healthy individuals

The bone marrow and other sites of haematopoiesis

A dominant source of resident eosinophils in otherwise
healthy individuals is the bone marrow. The LIAR hypothe-
sis suggests that the continuous signals derived from the
profound and coordinated death and proliferation of stem
cells occurring in the marrow facilitates/enhances eosino-
phil retention, survival, and/or production, leading to a
steady-state population in this tissue. In turn, the demon-
stration of significant eosinophil degranulation occurring
in the bone marrow of otherwise healthy subjects [51]
suggests that the execution of eosinophil effector functions
may contribute to pathways that facilitate homeostasis
within the marrow, perhaps through remodelling/repair
activities.

The gastrointestinal tract

The GI tract from the stomach to the rectum is also an area
of profound (and coordinated) cell death and proliferation
as well as a focal area of epithelial stem cell activities [52]
that may well explain the presence of resident eosinophils
and the significant eosinophil degranulation occurring in
these areas [53]. Moreover, the colon exhibits myriad
immune/inflammatory pathways that, in part, result from
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the differential gradient of bacteria across the mucosal
surface (i.e. 41010 bacteria in the GI lumen to less than
one bacteria in the submucosal areas). Coincidently,
eosinophil accumulation is its highest in the cecum [i.e.
the transitional area between the small intestine (low
bacterial presence) and the colon (large bacterial pre-
sence)] suggesting a differential role for eosinophils here
relative to other regions of the GI tract [54]. Multiple
mechanisms have been suggested to achieve the required
balance between immune and inflammatory responses to
maintain homeostasis, including competing Th1- vs. Th2-
vs. Th17- polarized immune activities as well as T reg-
ulatory cell-mediated competitive suppression of immune
responses [55]. The LIAR hypothesis suggests that instead
of simply being an innate host defensive barrier, or
sentinels of immunosurveillance, resident gut eosinophils
orchestrate many of the complex and continuous immune
responses and/or remodelling events in this extraordina-
rily large and dynamic interface with the environment.
Thus, the LIAR hypothesis does not exclude the possibility
that eosinophils also evolved (i.e. acquired) physiologi-
cally important roles (e.g. maintenance of epithelial
barrier permeability [56]) and/or innate host defence
capabilities [57], but refocuses attention to a larger and
more important role in the maintenance of GI immune/
inflammatory homeostasis.

A provocative example of a potential role for eosino-
phils in remodelling events linked with gut homeostasis
unrelated to innate host defence is provided by metamor-
phosing larval frogs. Jordan and Speidel [58] showed that
the vegetarian diet of frog tadpoles necessitates a long
intestinal tract that was also missing a prominent eosino-
phil infiltrate. However, the initiation of metamorphosis is
accompanied by a dramatic remodelling of the intestine as
it shortens in length in preparation for the carnivorous
diet of an adult frog. Interestingly, these remodelling
events were shown to be accompanied by a massive
eosinophil infiltrate and widespread eosinophil degranu-
lation. Although their manuscript was published in 1923
(i.e. before any realistic appreciation of eosinophil effector
functions) and was not intended as a study of eosinophil
biology, the concepts expressed by the authors regarding
eosinophils were surprisingly insightful. More impor-
tantly, these concepts were supportive of eosinophils as a
responding infiltrate to cell turnover and/or regional stem
cell activites that contribute to local tissue remodelling
events (i.e. the LIAR hypothesis):

In the intestinal mucosa are found many eosinophils,
mostly gathered near the basement membrane of the
epithelial lining. Our study of these cells suggests that
they give off substances, often themselves going to
pieces in the process, that aid in causing disintegration
or other regressive changes of nearby tissues . . .. In brief,
the granuylocytes, both special and eosinophilic, appear
to be mobile, unicellular glands which give off

substances that have a lytic effect on tissues undergoing
regressive change. The writers do not hold that the
secretions of these cells are the first cause of
degeneration in these regions. As Morse (1918) has
pointed out, a spontaneous breaking down of tissues
occurs before mobilization of the granulocytes.
Whatever initiates the degeneration process, however,
the granulocytes aid in furthering it.

The thymus

The thymus is a centre for T cell education/selection. Pro-
T cells (i.e. T lymphoctye progenitor/stem cells) entering
the thymus undergo a massive proliferative process linked
with clonal deletion of those which fail the selective
criteria needed for T lymphocytes to reenter circulation
as mature T cells. The LIAR hypothesis suggests that
eosinophils accumulate in the thymus because of this cell
turnover and may contribute to thymocyte education by
modulation of T cell receptor selectivity, T cell activation,
or perhaps by providing thymocytes specific cytokines/
chemokines and/or survival factors. An interesting im-
plication of the LIAR hypothesis is that eosinophils may
contribute to T cell maturation and thus have a role in the
immunological determination of self vs. non-self; a pre-
diction supported in a study by Throsby et al. [59].

The uterus

The uterus is an organ that undergoes cyclic changes
associated with fecundity. More importantly, these
changes include coordinated bursts of cell death/prolif-
eration and/or mesenchymal stem cell activities in the
context of both complex immune responses associated
with the self/non-self recognition (i.e. immunosurveil-
lance) and remodelling/repair events occurring in the
endometrial lining [60]. The LIAR hypothesis suggests
that the cyclic burst of cell proliferation and cell death
would lead to eosinophil recruitment. The ongoing im-
mune responses in this pregnancy-associated immunolo-
gically privileged region would provide the necessary
survival and growth factors for eosinophils [61]. Signifi-
cantly, this hypothesis also provides an explanation as to
why ectopic endometriotic lesions become foci of eosino-
phil accumulation and activities [62].

The LIAR hypothesis – the role of tissue eosinophils linked
with disease and/or localized pathology

Helminth parasite infections

A recent study by Appleton and colleagues [63] investi-
gating a primitive helminth (Trichinella spiralis) provides
support for the LIAR hypothesis and explains why eosi-
nophilic responses may be limited primarily to this
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subgroup of parasites. Their studies showed that eosino-
phils played little to no role in the initial proliferative
phase of this parasite in the intestines of infected animals.
Instead, later in the life cycle of T. spiralis, eosinophils
accumulated at host skeletal muscle sites where the
organisms take-up residence. Our suggestion is that this
eosinophil accumulation occurs as a consequence of
activating local skeletal muscle progenitor cells (i.e. satel-
lite cells) in response to invading parasites. In turn, these
accumulating eosinophils elicit a localized suppression of
immune/inflammatory responses induced by the invading
parasite. Thus, eosinophil-mediated activities permitted
this nematode to take-up residence in the host skeletal
muscle without eliciting a potentially debilitating inflam-
matory response and therefore may be interpreted as
being beneficial to both the host and the parasite.
Furthermore, studies by Abraham and colleagues [64]
demonstrated that another nematode, Strongyloides ster-
coralis, expresses one or more eosinophil chemoattrac-
tants, leading to the novel conclusion that helminths may
have evolved unique mechanisms that actually exploit the
LIAR-based eosinophil activities as part of their life cycle.
Interestingly, these novel eosinophil mechanisms provide
the host with an evolutionarily advantageous defence: If
the host cannot effectively target helminths, it simply
accommodates the parasite’s presence with minimal im-
mune-mediated inflammation so that it can live and, more
importantly for Darwinian evolution, reproduce another
day.

Significantly, a similar LIAR-based mechanism of im-
mune suppression and localized remodelling/repair has
been proposed to explain the presence/accumulation of
eosinophils in other seemingly unconnected circum-
stances. In the skeletal muscle lesions in Duchenne’s
muscular dystrophy, accumulating eosinophils were
shown to be necessary for local immune suppression and
remodelling/repair events [30]. Furthermore, the LIAR-
based suggestion that eosinophils are necessary to dam-
pen local immune responses in the context of significant
tissue remodelling/repair may also provide an explana-
tion for the presence of eosinophils in wound healing [65].

Allergic pulmonary inflammation – asthma

The eosinophil accumulation occurring in the lungs of
asthmatics following allergen provocation also represents
another interesting test of the LIAR hypothesis. At base-
line, the pseudo-stratified columnar epithelium of the
large and small airways undergo only nominal cycles of
cell death and proliferation as judged by the presence of
apoptotic cells and mitotic figures [66]; correspondingly,
there are few resident eosinophils in healthy individuals.
However, epithelial cell stress and/or death induced in
patients with pulmonary disease are likely to disrupt lung
homeostasis. This disequilibrium would lead to a series of

immune/inflammatory events that are accompanied by
increases in epithelial cell turnover and/or regional stem
cell activities promoting an increase in eosinophil recruit-
ment. Thus, we suggest that in pathogen infection or acute
respiratory distress syndrome, eosinophils are recruited to
the lung. However, because these leucocytes would not
receive additional recruitment, survival, and/or prolifera-
tive signals necessary to accumulate they would quickly
disappear [67]. Interestingly, despite the transitory char-
acter of this eosinophil infiltrate, evidence of eosinophil
degranulation in the lung is nonetheless a prognostic
indicator of survival in lung injury patients (L. Wesselius,
K. Parker, P. Graziano, C. A. Protheroe, L. Willetts, R.
Moqbel, K. Leslie, N. A. Lee and J. L. Lee, manuscript in
preparation). In the case of allergen challenge, we suggest
that the epithelial cell stress/death (and/or the recruit-
ment/activation of local stem cells) is accompanied by the
expression of necessary eosinophil recruitment, survival,
and growth factors, perhaps as a consequence of unique
immune responses in the lung. As a result of these unique
responses to allergen provocation, pulmonary eosinophil
accumulation is characteristic of many asthmatics [68].
Asosingh et al. [69] investigating the link between eosi-
nophils and angiogenesis in asthmatic airway remodelling
provide an astonishing affirmation of key tenets of the
LIAR hypothesis. These investigators show in a mouse
model of allergic airways disease that allergen provoca-
tion induces the rapid recruitment of bone marrow-
derived endothelial progenitor cells to the lung (i.e. before
the arrival of eosinophils). Evidence is further provided in
their report to suggest that the activities of these locally
recruited progenitor cells contribute to the subsequent
accumulation of eosinophils in the lung following aller-
gen provocation; a similar observation was also presented
in a cohort of asthma patients. Collectively, these studies
suggest that the recruitment and activation of stems cells
in the lung is an underlying response to environmental
allergen exposure, providing a novel and previously
unrecognized mechanism leading to the induced pulmon-
ary eosinophilia and subsequent remodelling events asso-
ciated with this airways disease.

The LIAR hypothesis goes on to suggest that if the
eosinophil accumulation in the lung fails to achieve a
threshold level, the tissue-immune responses would be
muted and pulmonary inflammation nominal. However, if
a threshold of pulmonary eosinophils is achieved, the
LIAR hypothesis suggests that eosinophil activities will
become a prominent contributor to the events character-
ized as Th2-driven pulmonary inflammation [13, 14, 70].
Several recent studies highlight key components of this
hypothesis, including allergen-specific T cell proliferation
and/or activation (e.g. [37, 44, 49]), modulation of the
pulmonary immune microenvironment contributing to
the differentiation of T cells with the skewing of induced
immune responses further towards a Th2 phenotype
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[46–48], and allergen-specific T effector cell accumulation
to the lung that exacerbates immune responses [49].
Alternatively, eosinophil-mediated expansion and re-
cruitment of T regulatory cells may even function to quell
subsequent allergen-specific responses [44]. In either case,
interpretation of the data through the LIAR hypothesis
suggests that once allergic respiratory inflammation
achieves a threshold level of eosinophils in the various
pulmonary compartments, they elicit multiple cascading
immune/inflammatory responses that are not simply di-
agnostic of the activities mediated by other cells.

Growth of solid tumours and other cancers

The association of tumour-infiltrating eosinophils and
cancer growth provides more corroborative evidence in
support of the LIAR hypothesis. Solid tumours represent
ectopic sites of coordinated cell death/proliferation and
likely cancer stem cell activities [71] and thus the LIAR
hypothesis would suggest that these areas are potential
sites of eosinophil accumulation; correspondingly, reports
have noted the presence of these leucocytes in a variety of
tumours [31, 72]. To define the extent of eosinophil
infiltration of human cancers (as well as select mouse
models of cancer) we systematically examined solid
tumours using a state-of-the-art eosinophil-specific anti-
body for detection of eosinophils infiltrating biopsies [73];
an example of such a survey is presented in Fig. 4. These
photomicrographs clearly demonstrate that eosinophils
are a nearly ubiquitous leucocytic infiltrate of solid
tumours. In many cases this eosinophil accumulation is
quantitatively substantive but large differences exist both
between tumour types and within a given tumour. These
divergent observations suggest that eosinophil accumula-
tion is responsive to multiple factors that vary between
tumour types, within a given tumour, and may even vary
as a function of time. Moreover, Cormier et al. [74]
demonstrated that the accumulation of eosinophils in
solid tumours occurs independent of acquired immune
responses and that this accumulation is spatially restricted
within solid tumours, accumulating predominately in
areas of necrosis and areas of tissue remodelling. The
LIAR hypothesis proposes that once recruited to a tumour,
eosinophils contribute to immune responses and remodel-
ling/repair events. That is, the eosinophil accumulation
accompanying the focal cell death and proliferation
associated with cancer (and/or the activation of one or
more tumour stem cell populations) has the possibility of
modulating host tumour immune responses by dampen-
ing cell-targeted Th17 responses, increasing tumour-
mediated Th2 immune responses, and/or the activation of
immune suppressing pathways leading to expansion/acti-
vation of T regulatory cells and/or T effector cell anergy
towards tumour antigens [75]. Together with the potential
tissue remodelling/repair activities associated with eosi-

nophils (e.g. induction of angiogenesis [76]), the LIAR
hypothesis would suggest that eosinophil-mediated re-
duction of tumour-targeting immune responses and pro-
motion of remodelling events is likely to facilitate tumour
growth. However, the available data do not rule out the
possibility that through LIAR, or possibly through de-
structive end-stage effector functions, eosinophils may
also negatively affect tumour growth and morphology.
Interestingly, these effects are likely to be diverse and
dependent on the particular tumour immune microenvir-
onment inherited by the tumour associated eosinophils.
Thus, the eosinophil-mediated activities in tumours are
likely to be somewhat cancer specific and in some cancers
the focal presence of many eosinophils may provide
exacerbating tumour pro-growth inflammatory signals
[77] whereas in others, eosinophil activities may deter
cancer growth [78]. Moreover, these effects may vary
reflecting the extent of the induced eosinophil infiltrate
in a given tumour. There is no reason a priori to assume
these are mutually exclusive events in any given tumour
and eosinophils may even switch from pro- to anti-
tumorigenic activities during the development of cancer.
Furthermore, we suggest that ambiguities regarding the
prognostic value of tumour-associated eosinophils is a
reflection of this complex dual role.

Organ transplant rejection

The implications of the LIAR hypothesis as an explanation
of the induced tissue eosinophilia linked with organ
transplant rejection (reviewed in [79]) is particularly
significant. Specifically, the coordinated cell turnover
and/or the activation of resident stem cells [80] occurring
in a transplanted organ apparently provide the necessary
elements to induce a local tissue eosinophilia. The LIAR
hypothesis would suggest that if accumulating eosino-
phils reach a certain threshold level, they would be
sufficient to modulate the caldron of immune host vs.
graft responses that correspondingly lead to the remodel-
ling/repair events surrounding the graft’s integration into
the recipient [81]. Obvious questions remain as to the
relevance of eosinophil activities in organ rejection – are
eosinophils part of early immunosuppressive remodel-
ling/repair strategies or do the accumulating eosinophils
actually lead to the recruitment and activation of allo-
reactive T effector cells that contribute to rejection? In
either case, the LIAR hypothesis suggests that eosinophils
are not simply diagnostic of rejection but instead are
likely to be active participants.

Epilogue

The LIAR hypothesis suggests that eosinophil activities
have situation-specific consequences in health and dis-
ease. LIAR also suggests that eosinophils are necessary,
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but not required (as evidenced by the general health and
well-being of eosinophil-less mice [9, 10]), and thus
represent a contributing mechanism(s) to organismal
homeostasis. It is noteworthy that while the LIAR hypoth-
esis suggests that most eosinophil-mediated activities are
not cytocidial in character, it does not preclude that
eosinophils are also end-stage effector cells with destruc-
tive capabilities linked with innate host defence. Specifi-
cally, we suggest that it is not surprising that eosinophils
have maintained and/or evolved anti-parasitic [19] and

anti-bacterial [57] capabilities. We speculate that eosino-
phils likely evolved from a primitive proto-granulocyte
that may have even possessed these activities before being
distinguished as a unique lineage. These additional activ-
ities may have provided an evolutionarily selective ad-
vantage to the host. Specifically, places of coordinated cell
death/proliferation and/or stem cell activation are likely
to be places vulnerable to opportunistic pathogens. How-
ever, in the context of the LIAR hypothesis these activities
are secondary eosinophil effector functions and represent

Fig. 4. Histopathological assessments of biopsies from human cancers and tumours from mouse models of cancer show that eosinophil infiltration of
tumours is often significant and, more importantly, a widely occurring phenomenon. Immunohistochemistry with a unique and specific monoclonal
antibody against the abundant eosinophil secondary granule protein, eosinophil peroxidase (EPX-mAb [73]) demonstrated evidence for eosinophil
infiltration in multiple human cancers (darkly staining navy/black cells in each photomicrograph with representative examples noted with arrowheads),
including colon tubular adenoma, bladder cancer, mammary ductal carcinoma, pancreatic cancer, and glioblastoma. In addition, staining with a
monoclonal antibody specific for another abundant eosinophil secondary granule protein, major basic protein (rat anti-mouse MBP-mAb-14.7.4 [17])
demonstrated the presence of a robust eosinophil tumour infiltrate occurring in a mouse model of pancreatic cancer (Pdx1-Cre (x) KRASG12D/1 mice
[82]). Scale bar = 100 mm.
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pathways that overlap with more robust host defence
activities mediated by other cells. Instead, the eosinophil
is a specialized multifunctional leucocyte whose true
contributions to health and disease are yet to be fully
realized.
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