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Abstract
Purpose of Review It is well established that T helper type
2 (TH2) immune responses are necessary not only to pro-
vide protection against helminth parasites but also to pro-
mote the detrimental inflammation associated with aller-
gies and asthma. Given the importance of type 2 immu-
nity and inflammation, many studies have focused on bet-
ter understanding the factors that regulate TH2 cell devel-
opment and activation. As a result, significant progress
has been made in understanding the signaling pathways
and molecular events necessary to promote TH2 cell po-
larization. In addition to the adaptive compartment,
emerging studies are better defining the innate immune
pathways needed to promote TH2 cell responses. Given
the recent and substantial growth of this field, the purpose
of this review is to highlight recent studies defining the
innate immune events that promote immunity to helminth
parasites and allergic inflammation.
Recent Findings Emerging studies have begun to elucidate
the importance of cytokine alarmins such as thymic stromal
lymphopoietin (TSLP), IL-25 (IL-17E), and IL-33 in

promoting type 2 immunity and inflammation following hel-
minth challenge or exposure to allergens. Specifically, recent
reports have begun to define the complex cellular networks
these alarmins activate and their contribution to type 2 immu-
nity and inflammation.
Summary Our increased understanding of the pathways that
regulate type 2 cytokine-mediated immunity and inflamma-
tion have revealed novel therapeutic targets to treat both hel-
minth infections and allergic disease states.

Keywords Type 2 cytokines . TH2 cells . Innate immunity .

Mucosal immunology . Helminth parasites . Allergies and
asthma

Introduction

Helminth parasites have infected humans for millennia
and continue to be a problem in developing countries
where they affect billions of people [1]. Helminth infec-
tions cause malnutrition, anemia, and impaired cognitive
functions as well as greatly impact impoverished areas of
the world, which generally lack access to proper sanita-
tion [2]. Mammals mount a potent T helper type 2 (TH2)
immune response to protect against helminth infections,
which usually occur at mucosal or barrier surfaces [3].
The induction of type 2 immunity involves the activation
and coordinated interplay between hematopoietic and
non-hematopoietic cells that release a complex array of
cytokines and other inflammatory mediators necessary to
promote immunity [3, 4]. The proper initiation of TH2
responses not only results in reduced parasite burdens
but also promotes wound-healing events necessary to
maintain the integrity of affected tissues. Type 2 immune
responses involve the cooperative actions of epithelial
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cells, dendritic cells (DCs), basophils, mast cells, eosino-
phils, type 2 innate lymphoid cells (ILC2s), alternatively
activated M2 macrophages, TH2 cells, and IgE-producing
B cells. In addition to these terminally differentiated cell
types, there is also a growing appreciation for the role
that hematopoietic stem/progenitor cells (HSPCs) play in
promoting and maintaining type 2 inflammation [5].

A variety of cytokines are produced in the context of
type 2 responses and they promote well-defined events
that regulate TH2 cell development and type 2 inflamma-
tion. The classical type 2 cytokines, which include inter-
leukin (IL)-4, IL-5, IL-9, and IL-13, are known to assist in
polarizing naïve CD4+ T cells into TH2 cells as well as to
promote other critical events [6]. For example, IL-4 pro-
motes isotype class switching and IgE production by B
cells. IL-5 is crucial in the expansion and activation of
eosinophils. IL-9 has been demonstrated to activate mast
cells and ILC2s. IL-13 is implicated to play a critical role
in promoting goblet cell hyperplasia, mucus hypersecre-
tion, and smooth muscle hyperactivity. Furthermore, IL-
13 and IL-4 induce the polarization of macrophages to a
M2 or alternatively activated phenotype [7]. In addition to
type 2 cytokines, recent reports have also defined the im-
portance of cytokine alarmins (TSLP, IL-25, and IL-33) in
promoting many of the events described above [8]. The
below sections will highlight the cellular regulators of the
above effector molecules and pathways, describe their
unique and distinct contribution to type 2 inflammatory
responses, and outline how these pathways promote host-
protective responses in the context of helminth infections.

In addition to immunity to helminth parasites, type 2
cytokine responses also promote the inflammation associat-
ed with allergic disease states, which are reaching epidemic
proportions in developed areas of the world. For example, in
the United States, 28% of children are sensitized to food
allergens and among them, 5 to 7% suffer from food aller-
gies [9]. Further, the prevalence of asthma has dramatically
increased over the past several decades in a number of de-
veloped nations [10]. Allergic responses occur when certain
innocuous allergens trigger dysregulated acute and/or
chronic TH2 inflammation leading to conditions such as
asthma, atopic dermatitis, eosinophilic esophagitis, and al-
lergic rhinitis [11]. Therefore, this review will also briefly
highlight how many of the cellular and molecular events
initiated following a helminth challenge are known to con-
tribute to these pathologic conditions. First, we will briefly
mention the well-defined role of the adaptive immune com-
partment in TH2 responses. Then, we will highlight the re-
cent studies defining the contribution of innate immune
cells to type 2 immunity and inflammation. Finally, we will
describe how better understanding these pathways may in-
form the development of new therapeutic strategies to treat
helminth infections and allergic inflammation.

Adaptive Immunity

TH2 Lymphocytes

The contributions of T lymphocytes to anti-helminth immuni-
ty and allergic disorders have been highly studied, and the
importance of T cells in regulating these inflammatory re-
sponses is well defined. For example, seminal murine studies
illustrated that depletion of CD4+ T cells resulted in impaired
worm expulsion following infection with Nippostrongylus
brasiliensis [12], Heligmosomoides polygyrus [13], Trichuris
muris [14], and Trichinella spiralis [15] as well as prevented
the development of protective immunity after vaccination
with Schistosoma mansoni [16]. Similarly, CD4+ T cell-
depletion prevented the development of allergic immunopa-
thology after exposure to allergens such as house dust mite
(HDM) [17] and in models of antigen-induced allergic inflam-
mation [18]. Collectively, these studies have left little doubt of
the importance of T cells in promoting type 2 inflammatory
responses as reviewed here [6, 19]. In the context of both
helminth infections and allergic inflammation, CD4+ T
cells are exposed to IL-4 and IL-13, which bind to
the IL-4 receptor alpha (IL-4Rα) on T cells and activate
the signal transducer and activation of transcription 6
(STAT6) signaling pathway inducing a very specific tran-
scriptional program, chracterized by the expression of the
transcription factor GATA3 [6, 19]. Activated TH2 cells
secrete cytokines such as IL-4, IL-5, IL-9, and IL-13,
which promote many aspects of type 2 immunity that
are described above and are comprehensively reviewed
in several articles [6, 19]. Thus, the production of these
effector molecules by TH2 cells is capable of directly reg-
ulating the important events necessary to promote immu-
nity to helminths and allergic inflammation.

In addition to the classic induction of TH2 cells during
helminth infection and allergic inflammation, novel studies
suggest that other CD4+ T cell subsets such as TH9, TH17,
TH22, and TFH might regulate type 2 inflammation [19].
However, the precise interactions between these CD4+ T cell
subsets during helminth infections and allergic diseases re-
main to be fully defined and require further investigation.

Antigen Presentation

The antigen presenting cells (APCs) required to promote TH2
cell development have been a much studied and debated topic
and therefore will only be briefly addressed in this section.
The balance of the data strongly suggests that the antigen-
specific activation of TH2 cells is mediated mainly by dendrit-
ic cells [20], although other immune cells such as eosinophils,
basophils, and ILC2s have been shown to contribute to the
establishment of optimal type 2 responses as will be described
below. The priming of TH2 cells by DCs seems to be partially
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dependent on cell-cell surface interactions especially by the
signaling molecule OX40L. Interestingly, cytokine alarmins
and helminth-derived products have been shown to induce the
expression of OX40L on DCs [21, 22], supporting the notion
that a complex interplay of early events regulates TH2 cell
development. Furthermore, the establishment of allergic in-
flammation can be prevented by blockade of OX40 or
OX40L [23, 24], demonstrating the important role this partic-
ular signaling pathway can play in the development of TH2
responses. A more comprehensive review of the role of DCs
and other APCs in promoting type 2 immunity and inflamma-
tion can be found in the following articles [25, 26].

B Lymphocytes

B cell activation is a common feature of both helminth in-
fections and allergic inflammation. B cells activated in the
context of strong type 2 immune responses are known to
undergo class switching and produce robust levels of
antigen-specific IgE [27]. Antigen-specific IgE is capable
of binding to the surface of FcεRIα-expressing cell popula-
tions such as basophils and mast cells. Upon secondary ex-
posure to helminth-derived products or allergens, surface-
bound IgE can interact with relevant antigens and trigger the
degranulation and release of effector molecules from mast
cell and basophil populations. This process is well defined
and has been shown to play a role in promoting immunity to
several helminth parasites in the context of a secondary
challenge [28]. Further, IgE-mediated inflammatory reac-
tions to allergens are the prevailing causes of most allergic
diseases and are responsible for life-threatening anaphylax-
is reactions caused by exposure to food antigens or insect
stings. However, IgE antibodies seem to be dispensable for
protective immunity to H. polygyrus, N. brasiliensis, or S.
mansoni [29]. By contrast, IgG and IgM antibodies have
been reported to provide protection against H. polygyrus,
Schistosoma species, N. brasiliensis, T. muris, T. spiralis,
and B. malayi [29]. Further, IgG1+ B cells were required for
the generation of memory IgE responses to N. brasiliensis
infection [30]. Interestingly, B cell-deficient mice exhibit
increased worm burdens after secondary infection with
H. polygyrus but not after infection with N. brasiliensis or
T. spiralis [29], suggesting that B cells may play distinct
roles in a parasite-specific manner. In addition to antibody
production, B cells have been proposed to contribute to TH2
polarization via expression of co-stimulatory molecules
such as OX40L and B7 after infection with N. brasiliensis
andH. polygyrus [31, 32]. In return, T cell-derived IL-4 and
IL-13 signal through STAT6 on B cells, promoting the gen-
eration of germinal center responses [33]. This pathway and
its clinical importance are compressively described in sev-
eral review articles [29, 34, 35].

Innate Immunity

Type 2 Innate Lymphoid Cells

Despite the necessary contributions of adaptive responses to
anti-helminth immunity and allergic inflammation as de-
scribed above, the development of substantial type 2 inflam-
mation in lymphocyte-deficient mice demonstrates that com-
plex and potent innate immune pathways are initiated up-
stream of T cell responses [36]. Recently, independent groups
reported the presence of a small population of tissue-resident
cells that contributed to protective immunity to N. brasiliensis
via their potent production of IL-5 and IL-13 [37–39].
Remarkably, this population lacked the expression of lineage
markers associated with common lymphoid and myeloid lin-
eages and has since been defined as type 2 innate lymphoid
cells (ILC2s) as a result of their expression of the TH2 cell-
associated transcription factor GATA-3 and ability to promote
type 2 inflammation [40]. ILC2 populations have been found
in lymphoid and non-lymphoid peripheral sites such as the
lungs, intestines, skin, liver, nasal polyps, and adipose tissue
of humans and mice [41–43]. Despite the absence of common
lineage markers, ILC2s can be identified by the expression of
surface molecules such as CD25, CD90, CD127, CRTH2,
MHCII, ICOS, and KLRG1. Although the expression of pat-
tern recognition receptors (PRRs) has not been observed in
ILC2s, the activation of ILC2 responses appears to be medi-
ated by soluble mediators including cytokines (IL-25, IL-33,
TSLP, IL-1β, IL-2, IL-7, IL-4, IL-9, and TL1A) and lipid
mediators (prostaglandins and leukotrienes) [41–43]. In re-
sponse to these signals, ILC2s promote host-protective re-
sponses via the secretion of soluble effector molecules such
as IL-4, IL-5, IL-9, IL-13, and amphiregulin (Areg) [41–43].
Defining the developmental pathways of ILC2s has also been
an area of active research. Briefly, mature ILC2s arise from
bone marrow lymphoid progenitors, which express transcrip-
tion factors such as Id2, PLZF, RORα, and GATA-3 [41–43].
ILC2 precursors are reported to traffic into specific mucosal
sites via the actions of specific chemokine signals early during
development [41–43]. In addition, ILC2s have a remarkable
proliferative potential, which allows them to expand dramati-
cally at peripheral sites in response to appropriate stimuli and
contribute to inflammatory responses.

The essential role of ILC2s to host-protective responses
against the nematode N. brasiliensis has been an active area
of investigation. Infection with N. brasiliensis results in sub-
stantial tissue damage at mucosal sites such as the lungs and
the gut. The damage to the epithelium induces the activation
of ILC2 populations via the secretion of cytokine alarmins
such as IL-25 and IL-33 [37–39] or the expression of lipid
mediators such as prostaglandin D2 [44]. More specifically,
recent studies have demonstrated that tuft cells are a special-
ized intestinal epithelial cell population capable of producing
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robust amounts of IL-25 following N. brasiliensis challenge,
which in turn induces activation of ILC2s and promotes their
secretion of IL-13 stimulating tuft-cell hyperplasia following
infection [45, 46]. IL-25 is also reported to induce the expan-
sion of a specific population of ILC2s in vivo, which has been
termed Binflammatory ILC2s^ [47]. Inflammatory ILC2s lack
expression of the IL-33 receptor ST2, but express high levels
of KLRG1 and show high levels of cell proliferation in re-
sponse to IL-25 in vivo [47]. Remarkably, inflammatory
ILC2s arise following infection with N. brasiliensis and
acquire the expression of ST2 after activation [47], sug-
gesting that Binflammatory ILC2s^ may be an ILC2 pro-
genitor or represent a distinct state of activation. Activated
ILC2s produce robust amounts of TH2 cytokines including
IL-5, IL-9, and IL-13 as well as other tissue remodeling
factors such as arginase 1 (Arg1) [48] and Areg. ILC2-
derived IL-5 induces the accumulation of eosinophils into
affected tissues, while ILC2-derived IL-13 promotes gob-
let cell hyperplasia and contraction of smooth muscle cells
to promote worm expulsion. In addition to alarmins and
lipid mediators, the mast cell-activating cytokine IL-9 has
also been shown to promote ILC2 activation [49], suggest-
ing that ILC2-derived IL-9 may act in an autocrine manner
and amplify cellular activation. Finally, ILC2-derived Areg
has been shown to promote wound healing of the tissues
affected by the passage of helminth parasites [50], suggest-
ing that ILC2s can perform host-protective responses fol-
lowing parasite challenge.

In addition to their own effector functions, ILC2s have
recently been shown to cooperate with CD4+ T cells to pro-
mote the alternative activation of macrophages and establish
protective immunity against reinfection with N. brasiliensis
[51]. Likewise, ILC2s have been shown to promote TH2 dif-
ferentiation via their expression of MHCII [52], reinforcing
the concept that cooperative interactions between innate and
adaptive responses are required to promote optimal immunity
and inflammation. To date, the contributions of ILC2s to host-
protective responses in the context of other helminths are less
defined. A recent study by Shimokawa et al. has shown that
mast cells cooperate with ILC2s to promote immunity to
H. polygyrus [53]. Specifically, they reported that ATP-
activated mast cells promote ILC2 responses via their secre-
tion of IL-33 and that these events contribute to reduced par-
asite burdens [53]. Additional studies report that ILC2s pro-
mote the differentiation of TH2 cells following H. polygyrus
infection via their secretion of IL-4 [54], and preliminary re-
ports suggest that ILC2s may contribute to host-protective
responses against Strongyloides venezuelensis, T. muris, and
Schistosoma species [55–57]. However, further studies are
required to define the precise contribution of ILC2s in these
infectious models.

In contrast to their less defined role in promoting anti-
helminthic immunity, ILC2s are reported to play a major

role in promoting the immunopathology associated with
various mouse models of allergic disease. Prolonged ex-
posure to protease allergens, such as papain and HDM,
induces allergic-like pathology characterized by eosino-
phil accumulation, expression of TH2 cytokines, tissue
remodeling, and airway hyper-responsiveness, even in
the absence of adaptive immune responses [58, 59].
Intranasal treatment with papain results in elevated ex-
pression of IL-33 in the airway epithelium, which induces
the activation of ILC2s and the development of airway
inflammation [58, 60]. Specifically, type 2 alveolar cells
have been shown to be a major producer of IL-33 in the
lung and are thought to regulate ILC2s via production of
this alarmin [56]. Further, a recent study by de Kleer et al.
[61] demonstrated that ILC2s accumulate in the pulmo-
nary tissue of newborn mice in an IL-33-dependent man-
ner. They further went on to demonstrate that early expo-
sure to HDM allergen resulted in exacerbated airway in-
flammation as compared to allergen exposure at later de-
velopmental stages, which could be prevented by block-
ade with decoy sST2 [61]. Similarly, studies have also
demonstrated that ILC2s contribute to OVA-induced air-
way inflammation and pathology [60]. These elegant mu-
rine studies are supported by multiple reports demonstrat-
ing increased ILC2 numbers in patients suffering from
asthma [62, 63]. Similar to IL-33 in the lung, the alarmin
TSLP appears to be especially important for the activation
of skin-resident ILC2s. For instance, TSLP-dependent
ILC2s were shown to promote pathology independently
of IL-33 and IL-25 in a murine model of AD-like disease
[64]. These studies are consistent with reports demonstrat-
ing that patients suffering from atopic dermatitis have el-
evated levels of TSLP and ILC2 populations in lesional
skin [64, 65]. However, IL-25 and IL-33 have also been
shown to contribute to the development of AD-like dis-
ease in murine models mediated by the delivery of IL-2
complexes or IL-33 overexpression [66, 67]. Moreover, it
is thought that ILC2s might have a specific metabolic
programming that further allows them to promote allergic
responses. Specifically, it has been demonstrated that
ILC2s constitutively express Arg1, and inhibition of this
pathway is reported to ameliorate papain-induced allergic
inflammation [48].

In addition to alarmins, other mechanisms have been prov-
en to mediate ILC2 activation during allergic responses in-
cluding basophil-derived IL-4 [59, 68] (Fig. 1), leukotrienes
(LTC4, LTD4, and LTE4) [69, 70], the TNF-family cytokine
TL1A [71], ICOS-ICOSL interactions [72], and the previous-
lymentioned autocrine IL-9 pathways [49]. Remarkably, three
independent groups have recently highlighted a novel mech-
anism for ILC2 activation via the action of the neuropeptide
neuromedin U (NMU) [73–75]. ILC2s were shown to express
high levels of the NMU receptor 1 as compared to other
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immune cells and to co-localize with cholinergic neurons in
the respiratory and gastrointestinal tracts. Further, NMU treat-
ment induced ILC2 activation in vitro and in vivo, which
correlated with accelerated expulsion of N. brasiliensis larvae
and pulmonary inflammation [73–75]. Collectively, these
studies illustrate the complex cellular networks participating
in the context of helminth infections and allergic diseases.

ILC2s appear to not only mediate the early activation
of immune responses during acute exposure to allergens
but are also thought to contribute to the development of
persistent asthmatic responses as well. For example, it has
been reported that allergen-exposed ILC2s showed en-
hanced cytokine production and proliferative capacity
[76]. Further, ILC2s have been shown to contribute to
the development of adaptive immune responses by induc-
ing dendritic cell activation and promoting TH2 memory
responses [77, 78]. The many functions of ILC2s in the
context of models of allergic disease suggest that ILC2
populations might represent a fruitful therapeutic target.
It is also possible that negative regulators of ILC2 re-
sponses such as type 1 [79] and type 2 interferons [80],
IL-27 [81, 82], KLRG1 signaling by E-cadherin [66],
lipoxin A4 [83], and T regulatory cells [84, 85] could also
be manipulated to reduce ILC2 activation in the context of
allergic inflammation.

Eosinophils

Eosinophils are granulocytes that were first described by Paul
Ehrlich in 1879 for their remarkable capacity to be stained by
acidophilic dyes [86, 87]. Eosinophils develop in the bone
marrow from myeloid progenitors and circulate as mature
cells in the periphery under homeostasis. However, recent
studies have also reported the presence of eosinophil progen-
itors in the blood and bronchial biopsies of asthmatic patients
[88, 89], suggesting they can also develop in the tissue micro-
environment. These findings were later confirmed by the pres-
ence of committed eosinophil progenitors in the lungs of mice
subjected to OVA-induced allergic inflammation [90].
Eosinophil development is dependent on the expression of
transcription factors such as GATA-1, PU.1, and C/EBPα
[86, 87]. The exact molecular interactions that drive eosino-
phil maturation remain to be fully defined; however, IL-5 is
reported to play a major role in this process. For example, IL-5
is known to promote eosinophil differentiation in the bone
marrow and to regulate eosinophil trafficking to the blood
circulation [91]. In fact, IL-5Rα is a dominant surface marker
used to identify committed eosinophil progenitors [92]. In
addition to IL-5, other cytokines contribute to eosinophil dif-
ferentiation during homeostasis such as IL-3 and GM-CSF
[86, 87]. Once in the periphery, eosinophils are reported to
migrate to distinct portions of the gastrointestinal tract under
homeostatic conditions. Eosinophil-tissue homing is known to
be regulated by different mechanisms including the secretion
of CCL11 (eotaxin-1) by Ly6Chi monocytes, intestinal epithe-
lial cells [93, 94] and IL-5 release by ILC2s following activa-
tion of the GI neuropeptide vasoactive intestinal peptide (VIP)
in response to metabolic and circadian signals [95]. In sum-
mary, the presence of tissue-resident eosinophils appears to be
regulated by complex cellular networks that include the inter-
action of the gastrointestinal, nervous, and immune system.
Eosinophils contribute to type 2 immunity via multiple mech-
anisms including the secretion of cytotoxic proteins, including
major basic protein (MBP-1 and MBP-2), eosinophil peroxi-
dase (EPO), eosinophil-derived neurotoxin (EDN), and eosin-
ophil cationic protein (ECP), TH2 cytokines (IL-4 and IL-13)
and pro-fibrotic factors (TGF-β, VEGF, and bFGF) as well as
expression of MHCII [86, 87].

Peripheral eosinophilia is a shared characteristic of hel-
minth infections [96], suggesting that eosinophils play a piv-
otal role in host-protective immunity. Classic in vitro studies
described the anti-helminthic actions of eosinophils co-
cultured with antigen-specific antibodies and complement
[97, 98]. These results are supported by in vivo studies show-
ing the essential contribution of eosinophils to mediate pro-
tection against reinfection with N. brasiliensis and T. spiralis
[99, 100]. Furthermore, expression of MHCII and co-
stimulatory molecules on activated eosinophils following in-
fection with T. muris and Brugia malayi [101, 102] suggests

epithelial cells

macrophagemast cell

ILC2

cytokine alarmins
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immunity
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Fig. 1 Following exposure to helminth parasites or allergens, epithelial
cells and some hematopoietic cells produce cytokine alarmins that
directly influence ILC2 activation. Activated ILC2s produce robust
levels of effector cytokines such as IL-4, IL-5, IL-9, and IL-13 that sup-
port the development of immunity and inflammation at barrier surfaces.
Further, activated ILC2s also produce Areg that serves to promote the
integrity of affected tissues. In addition to cytokine alarmins, recent stud-
ies have demonstrated that innate immune cells such as basophils are also
capable of directly regulating ILC2 activation. Collectively, these studies
demonstrate that distinct mechanisms are capable of influencing ILC2
responses
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that eosinophils might contribute to establish long-term pro-
tection against helminths by promoting adaptive immune re-
sponses. However, it has also been shown that host-protective
responses remain largely intact in eosinophil-deficient mice
following primary infection with S. mansoni, T. muris, S.
stercolaris, and N. brasiliensis [103]. By contrast, mice lack-
ing eosinophils exhibit increased worm burdens after primary
infection with H. polygyrus and B. malayi [103], suggesting
that the role of eosinophils in promoting immunity may be
parasite-specific. The site of infection might also have an im-
pact on the anti-parasitic properties of eosinophils as sug-
gested by observations in the context of T. spiralis infection.
While eosinophil deficiency did not impact intestinal adult
worm counts or fecundity [104], absence of eosinophils re-
sulted in diminished newborn larvae burdens, reduced TH2
cell infiltrate and elevated iNOS expression by neutrophils
and macrophages in the skeletal muscle [104, 105]. Further,
it was shown that eosinophil-derived IL-10 promoted the se-
cretion of IL-10 by dendritic cells and CD4+CD25− T cells,
which was reported to inhibit the expression of iNOS in the
local microenvironment thereby promoting larval growth
[106]. In summary, the role of eosinophils in promoting pro-
tective immunity appears to be parasite- and tissue-specific;
however, further studies are required to better define the pre-
cise contribution of eosinophils to anti-helminth immunity.

Similar to helminth infections, eosinophil accumulation is a
common feature of allergic inflammation in both animal
models of allergic disease and human patient populations
[107]. Migration of eosinophils to affected tissues is mediated
by the synergistic action of chemokines (eotaxins), TH2 cyto-
kines (IL-5 and IL-13), and lipid mediators (PGD2 and 5-oxo-
ETE). Once in the tissue, eosinophils contribute to the pathol-
ogy of allergic diseases by multiple mechanisms such as di-
rectly inducing damage to the mucosal epithelium via secre-
tion of cytotoxic mediators [108] as well as promoting airway
hyperreactivity, mucus production, and bronchoconstriction
via their production of IL-13 [109]. Further, eosinophil-
derived TGF-β induces tissue remodeling by activating pro-
fibrotic responses [110]. The intrinsic functions of eosinophils
are enhanced by their interaction with other immune cells,
including mast cells, DCs, and CD4+ T lymphocytes.
Eosinophil-derived MBP is reported to activate mast cells
and induce their secretion of lipid inflammatory mediators as
well as pro-fibrotic factors that promote inflammatory re-
sponses [111]. Moreover, eosinophils license adaptive im-
mune responses by modulating dendritic cell activation and
promoting TH2 polarization [112, 113]. Collectively, these
studies suggest that targeting eosinophil responses may prove
beneficial for the treatment of allergic disease and asthma.

Despite their contributions to the pathology of allergic in-
flammation, recent studies have also unveiled the essential
role of eosinophils during homeostatic conditions, especially
in the regulation of the beiging of white adipose tissue (WAT).

Under homeostasis, ILC2s are enriched in WAT and induce
eosinophil recruitment and activation via secretion of IL-5
[114, 115]. In return, eosinophil-derived IL-4 and IL-13 in-
duce the polarization of M2 macrophages, which promote the
expression of uncoupling protein 1 (UCP-1) and regulate the
caloric expenditure via the production of epinephrine and cat-
echolamines [114, 115]. Additionally, eosinophil-derived IL-4
can directly activate PDGFRa+ adipose progenitors and pro-
mote the growth of beige fat [116]. Collectively, these studies
show that eosinophils and type 2 responses contribute to adi-
pose tissue homeostasis and might contribute to diseases such
as obesity and metabolic syndrome. Interestingly, epidemio-
logical studies have established a correlation between the
prevalence of obesity and allergic disease [117–119].
Further, a high-fat diet has been shown to increase eosinophil
trafficking from the bone marrow to the lungs [120], and eo-
sinophils are known to be reduced inWATof obese mice [114,
115], suggesting that tissue redistribution of eosinophils may
represent an indirect mechanism through which obesity pro-
motes allergic inflammation. A more detailed discussion
about this association has been extensively reviewed previ-
ously [121, 122].

Mast Cells

Mast cells are granular tissue-resident myeloid cells that orig-
inate from bone marrow hematopoietic precursors.
Commitment of hematopoietic stem cells (HSC) to the mast
cell lineage requires exposure of the stem cell to the appropri-
ate cytokines and subsequent expression of associated tran-
scription factors [123]. According to a commonly used model
of evaluating malignant and normal hematopoiesis, a long-
term (LT)-HSC develops into a common myeloid progenitor
which subsequently differentiates into a granulocyte-
monocyte progenitor (GMP) [124]. Mast cells are derived
from the bipotent basophil-mast cell progenitor (BMCP),
which has been shown to originate from GMPs in vitro
[125]. Specifically, BMCPs give rise to the mast cell progen-
itor (MCP, Lin−CD34+β7hiFcεR1α loFcγRII/III+c-kitloThy-
1−), which can then differentiate into mast cells depending
on the tissue microenvironment [125]. Mast cells are reported
to fully mature in peripheral tissues and are present as progen-
itors in general circulation [125]. Their development into ei-
ther connective tissue or mucosal mast cells is dependent on
signals received from the local tissue environment [126]. Our
recent work suggests that the lineage commitment of periph-
eral progenitor cell populations to the mast cell lineage is
mediated, in part, by expression of the enzyme carbonic
anhydrase I (Car1) [127]. For example, it was shown that
inhibition of Car1 was sufficient to prevent mast cell re-
sponses in murine models of helminth infection and allergic
inflammation. Consistent with murinemodels, Car1 inhibition
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also prevented the development of human mast cells from
blood-resident progenitor cells [127].

Mast cells are reported to play an important role in
tissue homeostasis and repair, and host defense against
numerous pathogens such as helminth parasites [128,
129]. They are found in many tissues particularly
throughout the skin and mucosa where they are in contact
with the external environment. Mast cells express the high
affinity IgE receptor (FcεRIα), which induces the release
of early and late phase inflammatory mediators following
crosslinking of IgE-antigen complexes. Leukotrienes,
prostaglandins, chymases, and tryptases are among the
early phase mediators known to be released by activated
mast cells. Hours after crosslinking, mast cells are also
capable of releasing cytokines and chemokines such as
IL-4, IL-5, IL-10, and macrophage inflammatory protein
1 alpha (MIP-1α). In summary, the vast array of inflam-
matory mediators mast cells express and their proximity
to barrier surfaces enable them to function efficiently as
immune sentinels capable of modulating immune re-
sponses at mucosal sites. Consistent with this notion, mast
cell responses have been shown to be critically important
in promoting immunity to T. spiralis. In these studies, it
was demonstrated that mast cell-deficient mice exhibit
delayed clearance of Trichinella larvae [130]. It was sub-
sequently shown that interrupting mast cell development
by targeting Car1 also results in reduced protective immu-
nity to T. spiralis [127]. In addition to T. spiralis,
Hepworth and colleagues demonstrated that mast cell de-
granulation was essential for establishing immunity to
H. polygyrus and T. muris [131]. Here, treatment with
cromolyn sodium, a mast cell stabilizing agent, inhibited
worm clearance, TH2 priming, and type 2 cytokine pro-
duction. Interestingly, mast cell degranulation was report-
ed to induce the intestinal expression of cytokine
alarmins, thereby initiating anti-helminth immunity
[131]. Recent work has also shown that Spi-B-deficient
mice, which have increased numbers of mast cells, exhibit
significantly improved immunity to H. polygyrus.
Specifically, mast cell-derived IL-33 was shown to pro-
mote IL-13-producing ILC2s leading to goblet cell hyper-
plasia and rapid worm expulsion in Spi-B-deficient mice
[53]. In addition to promoting anti-helminth immunity,
mast cells are well recognized for their contributions to
allergic disease states as compressively highlighted in the
following review articles [132, 133].

Given the importance of mast cells in initiating TH2 inflam-
mation in the context of both helminth infection and allergic
disease, they represent an ideal target for developing novel
therapies. Therefore, recent discoveries such as the impor-
tance of mast cell-derived IL-33 and Car1 in promoting mast
cell-mediated inflammation may offer new and exciting ther-
apeutic targets.

Basophils

Basophils are the least common cells among peripheral blood
leukocytes at the steady state. Similar to mast cells, basophils
originate from the bone marrow LT-HSC. However, the
BMCP develops into the basophil progenitor which subse-
quently differentiates into basophils [125]. On a molecular
level, it is suggested that differentiation into basophils or mast
cells by GMPs or BMCPs is dependent on differential expres-
sion of C/EBPα, GATA-2, and MITF [125, 134]. However,
the specific contributions of these transcription factors in ba-
sophil and mast cell commitment remain to be fully defined.
Basophil development is also regulated by the cytokines IL-3
and TSLP. Several groups including Lantz et al. and Ohmori
et al. demonstrated that basophilia following N. brasiliensis or
S. venezuelensis infection is critically dependent on IL-3–IL-3
receptor signaling [135, 136]. In addition, TSLP-dependent
basophils have been identified in the context of T. spiralis
and T. muris infection, and in a murine model of atopic der-
matitis (AD)-like disease [137, 138].

Basophils are very similar to mast cells in that they are
granular, possess FcεRIα, and release similar pro-
inflammatory mediators, such as histamine upon IgE-antigen
stimulation [132]. They are also known to produce IL-4 in
response to antigen-IgE or cytokine stimulation and expand
during certain helminth infections or in response to parasite
antigens [132]. Consequently, they have been implicated in
type 2 responses and are thought to provide an early source
of IL-4 that contributes to the polarization of naïve CD4+ T
cells into TH2 cells [132]. Although similar to mast cells,
basophils have now been shown to uniquely contribute to
immunity to several helminth parasites. They are thought to
be important in the primary responses against T. spiralis and
T. muris and during the secondary responses against
N. brasiliensis and H. polygyrus bakeri [138–141]. For exam-
ple, work by Giacomin and colleagues showed that depleting
basophils resulted in impaired production of IL-4, IL-5, and
IL-13 by mesenteric lymph node CD4+ T cells following
T. spiralis infection [138]. Although, basophils were reported
to be dispensable during primary N. brasiliensis infection,
they play an important role in preventing invasion of parasitic
larvae during secondary infection. Specifically, basophil-
derived IL-4 induced M2 macrophage responses that were
capable of trapping and killing parasitic larvae in the skin
following a secondary challenge [141].

In addition to helminth infections, basophil populations are
known to expand in the context of several models of allergic
disease and are reported to contribute to allergen-induced in-
flammation. For example, basophils have been shown to play
a role in the induction of allergic inflammation in murine
models of AD-like disease and have also been shown to pro-
mote optimal type 2 cytokine responses in a model of airway
inflammation [64, 68]. Consistent with these studies,
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basophils are increased in the lesional skin of patients suffer-
ing from AD and are elevated in the airways of patients suf-
fering from asthma [68, 142]. Moreover, murine studies have
also demonstrated a non-redundant role for basophils in
prompting the pathology associated with eosinophilic esoph-
agitis (EoE)-like inflammation. EoE is a chronic allergic in-
flammatory disorder characterized by the presence of eosino-
phils in the esophagus due to inhaled or ingested antigen and
is often associated with disease states such as food allergy and
atopic dermatitis [143]. Recently, Noti et al. developed a novel
murine model of EoE-like disease that facilitated the investi-
gation andmanipulation of the pathways necessary to promote
inflammation of the esophagus. Interestingly, their findings
demonstrated that the alarmin TSLP was essential for the de-
velopment of EoE-like disease. Further, they showed that
TSLP elicited a potent basophil population that was expanded
in peripheral tissues and was found to be present in the in-
flamed esophagus. Critically, lineage-specific depletion of ba-
sophils resulted in reduced inflammation and characteristics of
EoE-like disease [144]. In addition to the above studies,
Venturelli and colleagues employed additional murine models
of EoE-like disease and have also found an important role for
basophils in promoting esophageal inflammation. However,
these pathways were dependent on the alarmin IL-33 rather
than TSLP [145]. These important murine studies are support-
ed by human data demonstrating that increased expression of
TSLP and IL1RL1/ST2 are found in the esophageal biopsies of
patients suffering from EoE [145, 146]. Further, basophil pop-
ulations have also been found to be significantly increased in
esophageal biopsies taken from EoE patients [144]. In conclu-
sion, there is a growing body of evidence suggesting that
basophils contribute to the development of several allergic
disease states.

Macrophages

Macrophages are key immune cells that are known for their
phagocytic activity and ability to present antigens. Similar to
CD4+ T cells, macrophages are known for their phenotypic
plasticity and are capable of initiating distinct transcriptional
programs in the context of either a TH1 or TH2 immune re-
sponse. Specifically, macrophage populations are capable of
adopting a classical M1 or alternative M2 macrophage pheno-
type [147, 148]. M1 macrophages, generated upon exposure to
TH1 cytokines such as IFN-γ, have enhanced anti-microbial
activity against intracellular pathogens and thus will not be
discussed in this review article. By contrast, alternatively acti-
vated M2 macrophages are induced in the context of helminth
infection and allergic inflammation following activation by the
TH2 cytokines IL-4 and IL-13 [147]. Similar to Tcells, IL-4 and
IL-13 signaling occurs via the activation of IL-4Rα and is de-
pendent on transcription factors such as STAT6, KLF4, and
IRF4. IL-4 and IL-13 signaling induce the acquisition of a

distinct gene signature in M2 macrophages including the up-
regulation of arg1, relma, chi3l3, igf1, and mmp13 as well as
downregulation of nos2 [147, 148]. M2 macrophages are also
characterized by the expression of cell surface proteins such as
IL-4Rα, IL-13 receptor alpha 1 (IL-13Rα1), IL-13Rα2, C-type
mannose receptor 1 (Mrc1, CD206), dectin-1 (Clec7a), CD163,
programmed death ligand 1 (PD-L1) and PD-L2, as well as the
secretion of anti-inflammatory cytokines (IL-10 and IL1ra),
chemokines (CCL17), lipids (omega 3 fatty acids, lipoxins,
and palmitoleic acid), and tissue remodeling factors (TGF-β
and arginase 1). In addition, M2 macrophages shape their cel-
lular metabolism away from the production of pro-
inflammatory cytokines and nitric oxide and towards the syn-
thesis of anti-inflammatory and tissue repair factors by activa-
tion of the transcription factors PPARγ and PPARδ. These
factors promote an aerobic metabolism in M2 macrophages,
characterized by β-oxidation of fatty acids and enable the
long-term maintenance of M2 macrophages during the chronic
stages of helminth infections [147–149].

Although the roles of M2 macrophages remain to be fully
defined, they have been implicated in playing critical host-
protective roles in the context of helminth infections and al-
lergic disease and have been extensively reviewed elsewhere
[147, 148]. Briefly, depletion of macrophages impaired host-
protective responses following infection with N. brasiliensis,
H. polygyrus, and Schistosoma species [147, 148].
Remarkably, the polarization of M2 macrophages following
helminth infection was partially mediated by IL-13-producing
neutrophils, which acquired a distinct transcriptional program
as compared to LPS-activated neutrophils [150]. Further, ep-
ithelial cell-derived chitinase-like proteins were shown to
drive neutrophil recruitment by inducing the secretion of IL-
17 by γδ T cells, suggesting that TH17 and neutrophil re-
sponses might be required for the initiation of TH2 inflamma-
tion and M2 polarization [151]. Supporting this notion, neu-
trophils and macrophages were shown to collaborate to im-
mobilize S. stercolaris larvae via the release of neutrophil
extracellular traps [152]. In addition to their roles in anti-
helminthic immunity, M2 macrophages also contribute to
the tissue remodeling following helminth infection [153,
154], suggesting that M2 macrophages have essential func-
tions in different aspects of TH2 immunity. Altogether, these
studies highlight the complex cascade of events that lead to
the establishment of TH2 responses.

In contrast to their role in helminth infections, the contri-
butions of M2 macrophages to allergic diseases are less de-
fined. Pulmonary expression of M2-associated markers has
been reported in allergic models of mice challenged with
OVA and Aspergillus fumigatus [147, 148]. However, dele-
tion of IL-4Rα in myeoloid cells did not result in significant
changes in the lung pathology following OVA challenge
[155]. Conversely, transfer of M2 macrophages resulted in
an exacerbated eosinophil accumulation in OVA-challenged
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mice [156]. Furthermore, TSLP was shown to contribute to
the polarization of M2 macrophages during allergic airway
inflammation [157]. Despite these advances, further studies
are required to define the precise contributions of M2 macro-
phages to allergic disease.

Hematopoietic Stem/Progenitor Cells

Hematopoietic stem cells (HSCs) are undifferentiated plurip-
otent cells that can self-renew and differentiate into all blood
cells. Conversely, hematopoietic progenitor cells are progeny
of HSCs, but unlike stem cells, have limited self-renewal ca-
pacity and restricted lineage potential. CD34, a surface marker
often used to identify hematopoietic stem/progenitor cells
(HSPCs), is downregulated as HSPCs mature with the excep-
tion of some mast cells [5]. HSPCs are mainly present in a
specialized bone marrow niche that regulates their survival,
proliferation, self-renewal, and differentiation [5].
Hematopoiesis typically occurs in the bone marrow in re-
sponse to signals received from stromal cells and growth fac-
tors. However, differentiation does occur in peripheral tissues
by a process called in situ hematopoiesis that is an important
innate effector mechanism in TH2 inflammation [5]. Under
homeostatic conditions, HSPCs leave the bone marrow and
circulate in the bloodstream but their egress is increased in
response to inflammatory signals. Many factors control this
process including C-X-C Chemokine receptor type 4
(CXCR4), stromal cell-derived factor 1α (SDF-1α), and epi-
thelial cytokine alarmins [158, 159].

In the context of TH2 responses, the epithelial cell-derived
cytokines IL-25, IL-33, and TSLP are reported to promote the
recruitment of TH2-promoting HSPCs to mucosal tissues fol-
lowing helminth infection or the induction of allergic inflam-
mation [160, 161]. For example, Saenz et al. demonstrated
that type 2 multipotent progenitors (MPPtype2) are recruited
to gut-associated lymphoid tissues following infection with
T. muris and N. brasiliensis. Genetic ablation of the IL-25
receptor (IL-17RB) or treatment with IL-25 neutralizing anti-
bodies impaired the helminth-induced expansion of MPPtype2

cells highlighting their dependency on IL-25-IL-25R signal-
ing. Further, MPPtype2 cells were capable of developing into
mast cells, basophils, and macrophages, all of which contrib-
ute to anti-helminth immunity [160]. In addition to IL-25,
TSLP was also found to promote TH2-promoting HSPC re-
sponses in the context of T. spiralis infection or a murine
model of atopic dermatitis (AD)-like disease [64, 138].
Similar to MPPtype2 cells, the TSLP-elicited progenitors were
able to develop into mast cells, basophils, and macrophages
[161]. Further, it is well established that the IL-33 receptor
(ST2) is expressed on a variety of type 2 cytokine-related
HSPCs including eosinophil, basophil, and mast cell progen-
itors suggesting IL-33 may also be capable of promoting pro-
genitor cell responses. This is supported by recent work

demonstrating that IL-33 plays a critical role in regulating
murine eosinophil hematopoiesis [162]. Supporting these mu-
rine studies, elevated CD34+ progenitor cell populations have
been identified in the inflamed tissues of patients suffering
from nasal polyposis and asthma [162, 163]. Collectively,
these studies suggest that cytokine alarmins not only recruit
HSPCs to peripheral tissues but also alter their functional
properties, enabling them to selectively promote type 2 re-
sponses (Fig. 2). Future studies are needed to better define
the cellular and molecular events regulating these progenitor
cell responses in order to better understand their exciting ther-
apeutic potential.

Summary

Type 2 cytokine-mediated inflammation is a multifaceted pro-
cess that not only promotes anti-helminth immunity but also
regulates the development of allergic inflammation. Many re-
cent studies have highlighted the important roles a variety of
innate immune cells play such as ILC2s, eosinophils, mast
cells, basophils, macrophages, and HSPCs in regulating this
inflammatory pathway (Fig. 1). Recent data also demonstrate
that non-hematopoietic cells contribute to type 2 responses via

epithelial cells

macrophagemast cell

helminth parasites

cytokine alarmins

allergens

mast cell

eosinophil

macrophage

dendritic cell

ILC2

HSPCs

in situ
hematopoiesis

basophil

Fig. 2 A common feature of helminth infections and allergic
inflammation is the production of cytokine alarmins by both non-
hematopoietic and hematopoietic cells. Recent studies have demonstrated
that cytokine alarmins are capable of influencing the activation state of
several terminally differentiated innate immune cells includingmast cells,
macrophages, eosinophils, dendritic cells, basophils, and ILC2s. In addi-
tion to terminally differentiated cells, emerging studies have shown that
cytokine alarmins also influence the accumulation and activation of he-
matopoietic stem/progenitor cells at the barrier surface. Activated HSPCs
are capable of undergoing in situ hematopoiesis and differentiating into
innate immune cells that further support the development of immunity
and inflammation
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their production of cytokine alarmins known to activate the
above immune cell populations. Developing a better under-
standing of these pathways and how they counter regulate
each other will inform the development of novel therapeutic
strategies to address two major public health concerns (hel-
minth infection and allergic disease).
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