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Introduction

Basophils, the least abundant granulocyte, were first identified by Paul Ehrlich in 1879
based on their unique microscopic appearance [1]. As basophils comprise less than 1% of
the peripheral leukocyte population, they were not extensively studied initially due to their
rarity, despite their early discovery [2]. However, due to their morphologic and functional
similarities to tissue-resident mast cells and their accessibility in the peripheral blood,
basophils were employed as a tool to gain better insight into the function of mast cells. Thus,
their unique functions were not appreciated for some time [3-5]. Seminal studies in the
1970s and 1980s identified basophils as orchestrators of anti-helminth immunity [6-10],
however, defining the role of basophils in various disorders was difficult due to the lack of
genetic models.

In the early 1980s, basophils were identified in mice [11,12], and the advent of transgenic
mouse technology allowed for both the visualization and experimental manipulation of
basophils in vivo [13-17]. Studies employing newly generated genetically modified mouse
strains demonstrated that basophils critically contribute to anti-helminth immunity, allergic
inflammation and the pathogenesis of various disorders in models of human disease [3,13-
18]. Further, recent discoveries have uncovered previously unrecognized heterogeneity in
basophil regulation and function. Two distinct basophil populations have been identified: (i)
the classical interleukin (IL)-3-elicited basophils that are efficiently activated through
immunoglobulin (1g)E-dependent mechanisms and (ii) the recently identified thymic stromal
lymphopoietin (TSLP)-elicited basophils that demonstrate IgE-independent mechanisms
[3,19,20]. These two unique populations have been shown to have distinct regulatory
mechanisms and unique functions in immunity and inflammation.
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A number of recent reviews have highlighted the latest advances in our understanding of the
broad contributions of basophils in the setting of protective immunity and pathologic
inflammation [3,4,18,21-24]. Therefore, in this review, we will focus primarily on new
findings with regard to basophil heterogeneity in the context of hematopoiesis, IgE- and
cytokine-mediated regulation and activation, and how these findings define the role of
basophils in the broader immune response.

Heterogeneity in Basophil Development

Basophils develop from hematopoietic stem cells and typically complete their differentiation
in the bone marrow before entering the circulation as fully matured cells [24]. The earliest
basophil precursors are hematopoietic stem cells (HSCs) that reside in the bone marrow and
subsequently differentiate into granulocyte-monocyte precursors (GMPs). GMPs are devoid
of common lineage markers for lymphocytes and granulocytes but do express the progenitor
cell surface markers CD34 and c-Kit (CD117) [20]. Thus, they are defined as lineage-
negative (Lin~) CD34* c-Kit* cells in the bone marrow (Fig. 1). In addition to their cell
surface markers, GMPs express the transcription factor C/EBPa. and have the potential to
develop into other myeloid cell lineages including eosinophils, macrophages, mast cells and
neutrophils [25]. During development, as C/EBPa expression decreases in a subset of
GMPs, in conjunction with subsequent increased expression of the transcription factor
GATAZ2, a shared basophil mast cell progenitor emerges [25,26]. More recently, GATA2
expression has been shown to be controlled by another transcription factor, IRF8, and
furthermore, progenitor cells taken from /778~ mice show reduced potential to generate
basophils and mast cells in vitro [27]. Taken together, these studies outline a critical
transcriptional program early in hematopoiesis that directs the development of basophils.

Although GMPs typically reside in the bone marrow, the location and cell surface markers of
a shared basophil and mast cell progenitor have been controversial. Arinobu et al. showed
that in the spleen, a Lin™ c-Kit* FcyRII/11IM B7 integrin™ common basophil mast cell
progenitor (BMCP) gives rise to populations resembling both basophils and mast cells in the
presence of IL-3 (Fig. 1) [26]. In contrast, Mukai et al. demonstrated that these splenic
BMCPs selectively differentiate into mast cells rather than basophils based on
comprehensive analysis of cell surface markers and expression of basophil-associated genes
such as Mcpt8[28]. Thus, whether BMCPs are truly bipotent towards both basophil and
mast cell lineages is unclear. Subsequently, Qi et al. identified a new population of FceRla*
B7~ GMPs in the bone marrow that demonstrated bipotency and thus the ability to
differentiate into both basophils and mast cells in the presence of IL-3 [29]. These cells were
then defined formally as pre-basophil and mast cell progenitors (pre-BMPs), distinguishing
them from B7" BMCPs in the spleen (Fig. 1). As expected, pre-BMPs in the bone marrow
could not differentiate into basophils or mast cells in the absence of GATA2 [30], and recent
work has demonstrated the importance of the related transcription factor GATAL [31], as
well as STAT5 [30,32], in the continued differentiation of committed basophil progenitors
(BaPs) (Fig. 1). Within this emerging area of basophil biology, these studies highlight that
putative bipotent progenitors may exist in both the bone marrow (pre-BMPs) and the spleen
(BMCPs).
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In support of the existence of splenic basophil precursors, Siracusa et al. recently identified a
multipotent GMP-like Lin~ CD34* c-Kit* FceRla™ cell population present in the spleen that
can give rise to both basophils and mast cells in addition to other cell lineages (Fig. 1) [20].
These cells, like their medullary GMP counterparts, are Sca-171°, FcyRII/111* and express
the TSLP receptor (TSLPR*) [20]. Whether BMCPs arise directly from this splenic GMP-
like progenitor in a manner parallel to how pre-BMPs arise from GMPs in the bone marrow
remains to be determined. In contrast to BMCP differentiation, which was induced I1L-3,
GMP-like cells undergo extramedullary hematopoiesis in response to the predominantly
epithelial cell-derived cytokine TSLP [20]. The splenic TSLP-elicited GMP-like cells are
distinguished from classical medullary GMPs by their elevated expression of Runx1 and C/
EBPa, and their enhanced capacity to promote type-2 cytokine responses [20]. Specifically,
these GMP-like cells give rise to more basophils than their bone marrow counterparts under
identical /n vitro conditions [20]. Thus, there appears to be conserved expression of specific
transcription factors that promote basophil hematopoiesis, whether in the bone marrow or
the spleen. However, how regulatory cytokines such as I1L-3 and TSLP specifically modulate
both medullary and extramedullary hematopoiesis remains an active area of investigation.

Classical Regulators of Basophil Function: IL-3 and IgE

The Role of IL-3 in Basophil Biology

The role of IL-3 as a growth and pro-survival factor of basophils has been well documented
(Fig. 1) [32-35]. As IL-3 is predominantly produced by activated T cells [36], it plays an
important role in promoting basophilia in the context of anti-helminth immunity to parasites
such as Nippostrongylus brasiliensis and Strongyloides venezuelensis [32-34]. Further,
IL-3Ra., a subunit of the IL-3 receptor (IL-3R), is one of the first markers expressed on
basophils during fetal development, supporting its role in promoting basophil hematopoiesis
[37]. Indeed, multiple /n vitro studies have shown that increased numbers of basophils arise
from bone marrow precursors in response to IL-3 (Fig. 1) [32-35]. In addition to growth,
IL-3 increases basophil survival via NF-xB induction [38] and up-regulation of Pim1 [39].
Taken together, IL-3 is a critical and distinct hematopoietic growth and survival factor for
basophils, resulting in enhanced basophil numbers both in vitro and in vivo.

IL-3 also plays a critical role in the induction of basophil effector function. For example,
IL-3:1L-3R interactions activate the production of IL-4 in basophils via JAK2 and STAT5
signaling [35]. In addition to cytokine production, studies have shown that IL-3 promotes
enhanced responsiveness of basophils to activation mediated by the high affinity IgE
receptor FceRI. For example, human basophils produce more IL-4 and IL-13 in response to
IgE-mediated cross-linking in the presence of IL-3 [40,41]. Reciprocally, FceRI signaling
enhances responsiveness of basophils to IL-3. Although IL-3 alone can directly stimulate
IL-4 production from basophils, FceRl components are required for optimal IL-3:1L-3R
signaling and production of IL-4 [42,43]. Thus, this coordinated integration of IL-3 and IgE
signaling may allow for unique effector functions in a context-specific manner [44].

More recently, it has been recognized that basophil development and maturation can be
regulated by microbial-derived signals in conjunction with IL-3 [45,46]. Hill et al.
demonstrated that germ-free mice and mice with compromised microbial diversity induced
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by broad spectrum antibiotic treatment exhibited elevated systemic IgE levels and increased
1/13ra expression on basophil progenitors, resulting in elevated numbers of peripheral blood
basophils and enhanced susceptibility to allergic inflammation [45-49]. Basophils have also
been shown to infiltrate the intestines of patients with inflammatory bowel disease (IBD)
[50]. As IBD is widely associated with alterations in gut commensal microbiota and T cell
dysregulation, dysbiosis may be driving the increased basophil responses in IBD patients in
addition to IL-3 released by activated T cells [51]. Likewise, basophils have been shown to
be dysregulated in the setting of asthma in humans [52-55], and new evidence suggests that
exposure to rhinovirus, one of the most common triggers of asthma exacerbation [56],
causes basophils from atopic individuals to become more responsive to IgE cross-linking
[57]. Therefore, the effect of IL-3 on basophil growth, survival and activation may be
influenced by commensal and/or pathogenic signals. Collectively, these studies demonstrate
the dynamic network of potential interactions centered on IL-3-mediated regulation of
basophil function.

Regulation of Basophils by IgE and Clinical Applications

The best studied mechanism of basophil activation is cross-linking of IgE with its high-
affinity receptor FceRI [58-61]. In response to IgE-mediated activation, basophils
degranulate to rapidly release a variety of effector molecules such as histamine and
adenosine triphosphate (ATP) [3,62]. In addition, IgE cross-linking can activate the
production and release of other effector molecules such as IL-4, IL-13, leukotrienes and
platelet activating factor [63]. Although FceRI remains the canonical basophil Fc receptor,
basophils also express other activating (FcyRIIA) and inhibitory (FcyRIIB) Fc receptors
[64]. These receptors collectively signal through downstream Src family kinases Lyn, Fyn
and Syk to induce a wide array of cellular changes [60]. Thus, the effects of IgE cross-
linking likely depends on the coordinated action of a variety of cell surface signals [65-67].

Interest in how basophils are regulated by immunoglobulins has been spurred by exciting
advances in new clinical therapies. One such advance is omalizumab (Xolair), a humanized
monoclonal anti-IgE antibody used in the treatment of severe asthma [68,69] and chronic
idiopathic urticaria (CIU) [70]. Although omalizumab’s efficacy is derived in part by its
modulation of FceRI* mast cells, recent studies indicate that its influence on basophil
function may be a relevant mechanism of action. Observations in patients have shown that
omalizumab decreases free serum IgE levels, diminishes basophil numbers and lowers
basophil expression of FceRI [71-77]. All of these effects are thought to globally reduce
basophil activation and may thus dampen allergic inflammation.

Allergic asthma, one of several defined subsets of asthma, is uniquely responsive to
omalizumab therapy [68,69]. The condition is associated with increased production of
type-2 cytokines such as IL-4, IL-5, IL-9 and IL-13, as well as elevated levels of IgE [52].
Additionally, asthma exacerbations in allergic asthma are mediated primarily by IgE-
dependent activation of mast cells and possibly by basophils [52]. Although the role of
basophils in human asthma is still unclear, their numbers in sputum and lung tissue correlate
with disease severity and exacerbation [53-55]. Improvements in symptoms of asthma in
response to omalizumab also correlate with reductions in blood basophil numbers and a
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decrease in the expression of FceRI on basophils [72]. Similar to its efficacy in asthma,
omalizumab is also effective in some patients with CIU, a disease that manifests as acute
pruritic hives for more than six weeks without an identifiable cause [70]. A number of CIU
patients have anti-FceRI auto-antibodies that can bind FceRlI to activate its downstream
signaling cascades [78]. In line with its ability to down-regulate FceRlI, these patients
respond to treatment with omalizumab therapy [70,79]. Further, we would predict in this
setting that IL-3-elicited basophils are the primary pathogenic basophil subset since
basophils are known to be critical for the pathogenesis of IgE-mediated dermatitis in mice
[19,80-82]. Whether omalizumab can improve outcomes in other IgE- and basophil-
associated diseases such as food allergy is currently under investigation [83].

Despite its success in modulating pathogenic IgE-mediated basophil function, omalizumab
is not an equally effective therapy for all subtypes of asthma including non-allergic asthma
[84] and some subsets of CIU patients [78,79]. The diminished success of omalizumab in
these settings may be due to the effects of TSLP and IgE-independent basophil-activating
stimuli instead of the effects of IgE on classical IL-3-elicited basophils. Non-allergic asthma
patients may have increased release of TSLP from their airway epithelium in response to
airway trauma or infection [85], and similarly, TSLP levels are elevated in the lesions of
some CIU patients [86]. Additionally, some CIU patients have basophils that do not release
histamine in response to IgE cross-linking /in vitro [78]. Importantly, TSLP-elicited murine
basophils also show decreased histamine release in response to IgE-mediated activation
suggesting additional routes of basophil activation in disease pathogenesis in addition to
IL-3 and IgE [19]. Collectively, these studies highlight that IgE-mediated activation of
basophils plays a critical role in some, but not all allergic disease states. However, the failure
of anti-IgE therapy in many disorders associated with increased basophil infiltration suggests
the presence of additional basophil subsets that can function independently of IgE.

In summary, IL-3 and IgE act in coordination on basophils to modulate their activation,
function and survival. IL-3 is a key hematopoietic factor for basophils, and IgE-mediated
activation is critical to many basophil responses. The importance of IgE signaling in various
allergic disorders has made IgE an attractive therapeutic target that has been exploited by
omalizumab. However, despite the broad success of omalizumab in asthma and CIU, some
patients fail to respond to anti-IgE therapy. Further, less encouraging results have been
demonstrated for omalizumab in the context of other allergic diseases associated with TSLP-
elicited basophils, such as eosinophilic esophagitis (EoE) [87] and atopic dermatitis (AD)
[88]. The differential effectiveness of omalizumab therapy across various diseases and
disease subsets may be explained by the increased sensitivity of 1L-3-elicited basophils to
IgE-mediated cross-linking, as compared with TSLP-elicited basophils (discussed in further
detail below). Ultimately, the identification of functionally distinct basophil populations may
help us to understand how to more effectively target disease mediators such as IgE, I1L-3 and
TSLP.

TSLP-elicited Basophils: New Implications in Disease

Although the importance of IL-3 and IgE in basophil function has been appreciated for
decades, recent studies have highlighted the emergence of a functionally distinct population
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of basophils that is elicited by TSLP [19,20,89-92]. Importantly, TSLP has been identified
as a master initiator of type-2 immune responses [21,93], and TSLP polymorphisms have
been positively associated with the pathogenesis of allergic disorders including AD [94],
allergic rhinitis [95-97], asthma [98] and EoE [99,100]. As basophils have been associated
with all of these diseases [3], a better understanding on how TSLP affects basophil
development and activation is critical for the development of new targeted and effective
therapeutics.

Similar to IL-3R, TSLPR is expressed on bone marrow basophil progenitors, and basophil
numbers increase in response to TSLP both in vitroand in vivo[19,31]. In contrast to IL-3,
culture of murine whole bone marrow with TSLP results in selective enrichment towards
basophils rather than mast cells [19]. Additionally, culture of bone marrow from mice
deficient in IL-3R with TSLP also yields high numbers of basophils [19]. Further,
overexpression of TSLP in mice deficient in IL-3:1L-3R signaling also promotes basophil
expansion /in vivo. Thus, TSLP appears to be a critical developmental factor for basophil
hematopoiesis (Fig. 1). While prior studies have demonstrated the importance of IL-3 in
increasing basophil numbers to control Nippostrongylus brasiliensis and Strongyloides
venezuelensis, recent studies have shown that peripheral basophilia after 7richuris muris
[20] and Trichenella spiralis [91] infection is dependent on intact TSLP signaling. Taken
together, both 1L-3 and TSLP appear to be important in basophil development and anti-
helminth immunity. However, how these cytokines elicit unique effector functions in a
pathogen-specific manner remains an open area of investigation.

As discussed in previous sections, TSLP can induce basophil development from both bone
marrow and splenic precursors (Fig. 1). High levels of circulating TSLP achieved by either
injection of TSLP-cDNA plasmid or topical treatment with calcipotriol [101] promotes the
differentiation of splenic GMP-like cells giving rise to multiple myeloid lineages including
basophils (Fig. 1) [20]. Notably, the effects of TSLP on basophil development appear to be
conserved in humans. Circulating CD34" human hematopoietic progenitors express
functional TSLPR [102]. These cells demonstrate higher expression of IL-5 and IL-13 in the
sputum of asthmatic patients compared to similar cells from healthy controls, again
suggesting the role of TSLP in biasing progenitor cells toward a type-2 immune response
[103]. In fact, recent work has shown that TSLP enhances basophil production from these
circulating CD34* cells in vitro [104]. CD34* progenitor cells give rise to more basophils
when incubated with TSLP and IL-3 than with IL-3 alone as measured both by standard
morphological approaches and by histamine content in culture [104]. Additionally, patients
with active EoE demonstrate fewer GMP-like cells but more FceRI* granulocytes in
esophageal biopsies compared to patients with inactive disease suggesting that, during a
disease flare, GMP-like cells may have differentiated into pro-inflammatory granulocytes
[20]. Likewise, patients with EoE that have a single nucleotide polymorphism in 7SLP
associated with increased TSLP expression have increased GMP-like cells in their peripheral
blood [20]. Thus, TSLP may play an important role in both medullary and extramedullary
hematopoiesis in both humans and mice.

In addition to enhancing basophil numbers, TSLP elicits a population of basophils that has a
distinct transcriptional profile compared to basophils elicited by I1L-3 [19]. IL-3-elicited
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basophils have a higher surface expression of CD11b and CD62L (L-selectin), while TSLP-
elicited basophils express more IL-3Ra,, IL-18 receptor (IL-18R), and 1L-33 receptor
(IL-33R) (Fig. 2) [19]. The difference in surface protein expression suggests that these
subsets of basophils have distinct effector functions. Indeed, basophils that are elicited by
TSLP show increased expression of certain cytokines and chemokines in response to various
stimuli compared to IL-3 elicited basophils. Stimulation of TSLP-elicited basophils with
IL-18 or IL-33 results in expression of IL-4, IL-6, Ccl3, Ccl4, Ccl7, Ccl12 and Cxcl2 at
higher levels compared to those elicited by IL-3 (Fig. 2). Further, basophils that were
elicited by TSLP in culture did not degranulate efficiently when stimulated with IgE cross-
linking compared to IL-3-elicited basophils. Gene set enrichment analysis of these two
subsets of basophils revealed that TSLP-elicited basophils are enriched in expression of
genes associated with linoleic and arachidonic acid metabolism as well as cell
communication and adhesion molecules [19]. Linoleic acid and arachidonic acid are
important inflammatory mediators, and both serve as precursors to effector molecules
released from basophils like leukotrienes and prostaglandins [105]. I1L-3 elicited basophils,
in contrast, show enrichment of genes associated with TNF-a signaling, monocyte and
dendritic cell maturation, and matrix metalloproteinase production [19]. Collectively, these
studies highlight that TSLP induces a unique transcriptional program in basophils that
results in the expression of distinct inflammatory cytokines, chemokines and effector
molecules. However, how these differences influence distinct immune processes and human
disease is an open area of inquiry.

In addition to TSLP, IL-33, another epithelial-derived cytokine that potently promotes type-2
cytokine responses and associated allergic inflammation, regulates basophil function in the
context of allergy [106,107]. Genome wide association studies have positively linked I1L-33
in addition to TSLP to several allergic conditions like AD, asthma and food allergy
[108,109]. Systemic administration of IL-33 in mice has been shown to induce elevated
numbers of basophils in the bone marrow through the induction of other hematopoietic
factors [110]. In addition, IL-33R on mature basophils is up-regulated by both IL-3 [111]
and TSLP [19]. IL-33 also has been shown to increase the responsiveness of basophils to
IL-3-mediated activation as basophils that were first exposed to IL-33 produced more IL-4
and IL-13 upon subsequent challenge with IL-3 [111,112]. Likewise, human blood basophils
increase their expression of IL-4, IL-5, IL-6, IL-8 and IL-13 when cultured with IL-33 [113],
and surface expression of CD11b on basophils, important for adhesion and migration, is
increased in response to I1L-33 [111]. Therefore, epithelial cell-derived TSLP and I1L-33 may
direct basophils to peripheral epithelial tissues in contrast to T cell-derived IL-3 which has
been shown to be important in directing basophils to lymph nodes [114]. Thus, both TSLP
and IL-33 appear to activate basophil function in the setting of allergic diseases at various
barrier surfaces.

As the TSLP-basophil axis has emerged as a unique and important pathway in basophil
hematopoiesis and type-2 cytokine responses, we have gained a broader understanding of
how IgE may have differential effects on basophil function. The observation that TSLP-
elicited basophils are less responsive to IgE cross-linking may, in part, explain why TSLP-
mediated allergic disease states are less responsive to IgE blockade. For example, EoOE, a
food allergy-associated inflammatory disease characterized by esophageal eosinophilia, has
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been linked to polymorphisms in TSLP [94,99,100]. Strikingly, elevated esophageal TSLP
expression levels correlate with increased numbers of infiltrating basophils in the biopsy
during active disease in comparison to inactive disease periods [90]. Although EoE is often
associated with elevated IgE levels [115,116], omalizumab treatment appears to have limited
efficacy in the induction of EoE remission with regard to both histologic features of tissue
eosinophil infiltration and clinical disease activity [87,117,118]. One possible explanation
could be that the TSLP-basophil axis is particularly potent in the setting of EoE, such that
IgE-independent processes drive disease pathogenesis. Indeed, a recent study employing a
murine model of EoE associated with elevated TSLP expression demonstrated that although
TSLP and basophils played a critical role in EOE pathogenesis, IgE was dispensable for
disease [90]. Taken together, these studies suggest that the level of polarization towards
TSLP-elicited basophils may explain the differential clinical responses to IgE-based
therapies in the context of allergic inflammatory disorders.

The critical role of TSLP-elicited basophils in IgE-independent allergic diseases makes anti-
TSLP therapy an attractive treatment modality to complement omalizumab therapy. Anti-
TSLP biologics have recently shown promise in treating asthma [119], and studies in other
allergic diseases including AD and EoE are warranted as murine models of these disorders
improve with anti-TSLP treatment [19,90]. Future decisions on whether patients will benefit
from anti-IgE, anti-TSLP or a combination of both therapies may ultimately be dictated by
the unique composition of basophil subsets driving their allergic disease.

Impacts of Basophil Heterogeneity on Other Immune Cells

T cells

Advances in our understanding of basophil heterogeneity are beginning to paint a more
complete picture of helminth immunity and allergic diseases. Although commonly
associated with IgE responses, many allergic disorders demonstrate IgE-independent
processes, and the identification of TSLP-elicited basophils has helped to shed light on how
IgE-independent basophil pathways may regulate various disease states. In addition to their
differential development and cytokine production, the cellular interactions mediated by
different basophil effector programs are currently an active area of investigation.

Due to the ability of basophils to enhance their expression of IL-4 in response to various
stimuli such as IL-3 and TSLP, they have been the subject of intense investigation in terms
of their ability to promote the polarization of naive T cells towards T helper type 2 (Th2)
cells (Fig. 2) [17,120-125]. Although basophils have proven to act as sole Th2-inducing
antigen presenting cells (APCs) in some experimental model systems, basophils are likely to
work in conjunction with dendritic cells (DCs) to initiate optimal Th2 responses
[120,122,126,127]. /n vitro data show that basophils can stimulate T cells with OVA peptide,
but not whole OVA protein, resulting in increased IL-4 expression from CD4* T cells as
wells as increased proliferation [122]. Further, in a model of hapten-induced dermatitis using
topical oxazolone, basophils were shown to be critical to initiating the inflammatory
response and clustered with T cells in the skin draining lymph nodes [122]. Much like
acquired peptide antigens, these studies show that haptens may bind directly to peptides in
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MHC class 1l molecules on basophils to facilitate their presentation to T cells [122]. In this
model, basophils expressed other co-stimulatory molecules including CD40, CD80 and
CD86 to increase T cell responses after repeated hapten application [122]. Therefore, despite
lacking the ability to process whole proteins, basophils appear to have the ability to induce
Th2 responses in response to some peptides and haptens.

Topical application of oxazalone as well as calcipotriol results in increased TSLP expression
in the skin [89,122]. Given the unique chemokine profile of TSLP-elicited basophils, these
cells may play an important role in optimal trafficking of Th2 cells. For example, Th2 cells
preferentially express the chemokine receptor Ccr4 over other T cell subsets [128]. One of
the ligands for Ccr4, Ccl3, is significantly induced when TSLP-elicited basophils are
activated with IL-3, IL-18 or IL-33, as compared to IL-3-elicited basophils (Fig. 2) [19]. In
models of asthma and lung infection with Aippostrongylus brasiliensis, CD4* T cells had
prolonged interactions with basophils in peripheral tissues while interactions in lymph nodes
were much briefer [17]. Therefore, in addition to promoting optimal Th2 polarization,
TSLP-elicited basophils may be critical in directing Th2 cells to peripheral sites.

In addition to their pro-inflammatory effects, basophils may also act in an anti-inflammatory
manner through their expression of epidermal growth factor amphregulin (Areg) which has
been shown to support regulatory T cell responses (Tregs) (Fig. 2) [129,130]. A recent paper
demonstrated that ultraviolet B (UVB) irradiation, a therapy used to treat inflammatory skin
conditions such as AD and psoriasis, can protect mice from dinitrofluorobenzene (DNFB)-
induced contact hypersensitivity in a Treg-dependent manner [131]. In this model, proper
Treg function required basophil-derived Areg [131]. Further, it has been shown that IL-3
induces more basophil-derived Areg production than IgE [132], suggesting differential
regulation of this anti-inflammatory function and a possible role of basophil heterogeneity.
However, whether TSLP differentially modulates Areg production from basophils remains to
be tested. Ultimately, how basophils interact with a variety of different T cell populations is
a complex balance of pro- and anti-inflammatory pathways that likely depend on specific
signals modulating basophil responses.

Basophils exert most of their influence on B cells through IL-4 and IL-13 signaling
cascades, which drive B cells to undergo class switching to produce various antibody
isotypes including IgE (Fig. 2) [133]. Further, basophil-derived IL-4 and IL-6 play an
important role in B cell and plasma cell differentiation and survival in coordination with
CD4* T cells [134-136]. As TSLP-elicited basophils produce more IL-4 and IL-6 after
stimulation with IL-33 compared to IL-3-elicited basophils [19], the combination of TSLP
and IL-33 may synergistically activate IgE production in the setting of allergic disease states.
However, the precise contributions of IL-33 in the modulation of the basophil-B cell axis
remains to be fully defined.

Antigen-specific IgE is clearly linked to the development of food allergies, and the
importance of basophils in shaping B cell IgE production has been well established
[90,92,108,124]. Additionally, AD in childhood, which is associated with elevated TSLP
expression and heightened basophil responses in humans, is an independent risk factor for
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the development of food allergies later in life [137]. Indeed, recent studies have raised the
concern that children with AD may become epicutaneously sensitized to common food
allergens [92,138]. In support of this, studies in mice have shown the importance of TSLP-
elicited basophil responses in the pathogenesis of IgE-mediated food hypersensitivity [92].
Allergen sensitization on a developing AD-like skin lesion resulted in food-induced allergic
intestinal inflammation upon oral allergen re-exposure [92,138]. Additionally, intradermal
injection of TSLP-elicited basophils into naive mice in the presence of topical allergens
showed that basophils are sufficient to induce food allergy upon subsequent oral allergen
challenge [92]. Due to their limited ability to process large antigens, basophils most likely
work in coordination with T cells and DCs to shape B cell responses in this setting
[122,138]. However, whether basophils directly or indirectly modulate B cell function in
various allergic disease states remains to be determined.

Basophils have been implicated as key orchestrators of the eosinophil response in both
chronic allergic conditions and helminth infections [80,139-142]. Indeed, eosinophils are
often found in biopsies of asthma and AD patients, and depletion of basophils resulted in a
decrease in the number of eosinophils in a mouse model of AD [142]. Chemokine responses
in eosinophils are primarily mediated by Ccr3 [143], and basophils produce the Ccr3 ligand
Ccl11 (eotaxin-1) when stimulated with IL-3 [19]. Other groups have described basophils
acting through fibroblasts to recruit eosinophils via the induction of Ccl5, another Ccr3
ligand [141]. Additionally, basophils have been shown to activate eosinophils /n vitroas
measured by eosinophil up-regulation of CD54 (ICAM-1), CD69 and CD86 [141].
Therefore, early basophil entry into tissues may set the stage for chronic immune responses
that include activation and recruitment of eosinophils.

Beyond the expression of chemokines, a recent study has demonstrated that basophil-derived
IL-4 increases expression of cell adhesion molecules on endothelia, which in turn allows for
the entry of other effector cells into tissue including eosinophils [142]. Specifically, Cheng et
al. found that IgE-activated basophils induce expression of vascular cell adhesion
molecule-1 (VCAM-1) on endothelial cells, which in turn activates the recruitment of
eosinophils to the inflamed tissue [142]. Although these studies demonstrated the role
basophils play in recruiting eosinophils, basophils likely recruit other leukocytes in a similar
way via the regulation of adhesion molecules on endothelial cells. However, whether TSLP-
elicited basophils regulate endothelial function to recruit distinct immune cells from 1L-3-
elicited basophils remains to be determined.

Monocytes and macrophages

Monocytes and macrophages are also influenced by IL-4 and IL-13 from basophils in
allergic diseases (Fig. 2) [81,82,144]. Macrophages undergo alternative activation in the
presence of IL-4 or IL-13 which is characterized by increased expression of signature genes
including Arginase-I, chitinase-like molecules and resistin-like molecule a (Relma.).
Alternatively activated macrophages (referred to as M2 macrophages) are classically
believed to be anti-inflammatory in function and also increase their surface expression of
CD206, CD301, MHC class Il molecules and PD-L2 [144-148]. Basophils, as a potent
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source of IL-4, are critical for M2 macrophage polarization in allergic and infectious settings
in a STAT6-dependent manner [81,82,149]. Indeed, recent studies employing an IgE-
dependent model of chronic allergic dermatitis demonstrated that basophil-derived 1L-4
plays a key role in the differentiation of Ccr2* monocytes in the skin to anti-inflammatory
M2 macrophages to dampen skin inflammation [81,82]. The recruitment of monocytes was
found to be critically dependent on Ccr2, which has several ligands including Ccl2, Ccl7 and
Ccl12 [150]. IL-3-elicited basophils produce more Ccl2 and Ccl7 after stimulation with
IL-3, IL-18 or IL-33 while TSLP-elicited basophils produce more Ccl12 [19]. Thus, it is
possible that basophil heterogeneity may have a fundamental impact on monocyte and
macrophage recruitment and polarization states. Given the IgE-dependence of the model of
chronic allergic dermatitis, the basophils mediating M2 polarization in this context are likely
IL-3-elicited. However, whether TSLP elicits a different basophil-M2 axis remains an open
question. Indeed, TSLP has been shown to potently activate M2 polarization in the setting of
a murine model of asthma in an IL-4-independent but IL-13-dependent manner [146]. In this
setting, M2 macrophages were found to be pro-inflammatory rather than anti-inflammatory
[146]. Thus, depending on whether basophils are IL-3-elicited or TSLP-elicited, their effect
on M2 macrophage differentiation and function may be either anti-inflammatory or pro-
inflammatory, respectively. Newer studies in macrophage biology are extending our
interpretation of macrophage polarization to view M2 macrophages as having diverse
activation states and functions [151]. Thus, further investigations into the effects of the
basophil-M2 axis on inflammation are likely to yield broader insight into macrophage
functions.

Innate lymphoid cells

Group 2 ILCs (ILC2s) are a rare population of innate immune cells that produce type 2
cytokines which in turn augment anti-helminth immunity and allergic inflammation in a
number of settings [52,152—154]. Recently, the importance of the basophil-ILC2 axis has
been demonstrated in various allergic disease states [89,153,155]. For example, ILC2s are
thought to play an important role in some subsets of asthma [52,153], and basophils activate
lung ILC2 in models of asthma via IL-4. In response to IL-4, ILC2s release IL-5, IL-9,
IL-13, Ccl3, Ccl5 and Ccl11 which can drive the expansion and recruitment of eosinophils
and other effector cells to promote chronic inflammation [155]. Therefore, ILC2s are critical
in amplifying the effects of basophils on additional effector cells by their potent production
of cytokines and chemokines.

Similar results have been found in AD. Basophils and ILC2s are increased in lesional AD
skin compared to healthy human control skin, and imaging studies of the skin have
demonstrated that ILC2s cluster in close proximity to basophils in lesional skin [89]. Studies
employing a murine model of AD-like disease further demonstrated that TSLP-elicited
basophils critically influence ILC2 responses in the skin via IL-4 signaling (Fig. 2) [89].
Further, IL-3, IL-18 and IL-33 induce high levels of Ccl3 and Ccl4 from TSLP-elicited
basophils as compared to IL-3-elicited basophils (Fig. 2) [19]. The receptors for these
chemokines, Ccr4 and Ccr5, are enriched on ILC2s [156], suggesting that TSLP-elicited
basophils may efficiently recruit ILC2s to mucosal tissues in allergic diseases such as AD or
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asthma. However, future studies will be required to definitively establish basophils as
mediators of ILC2 chemotaxis.

In addition to activation and potential recruitment, basophils play a key role in driving ILC2
proliferation in models of both AD and asthma. Ex vivo experiments have shown that TSLP-
elicited basophils can promote proliferation of ILC2s via IL-4 signaling (Fig. 2) [89].
Further, in a model of asthma, mice reconstituted with IL-4 deficient basophils had fewer
ILC2s in the lung tissue demonstrating that IL-4 from basophils is necessary in optimal
ILC2 expansion /n vivo [155]. Collectively, these studies demonstrate that basophils
influence ILC2 function in a variety of different ways across multiple barrier surfaces.
Interrupting the basophil-ILC2 axis in allergic disorders via disruption of 1L-4 signaling may
be an important therapeutic target. In fact, recent trials with dupilumab, a monoclonal
antibody to a subunit of the IL-4 receptor (IL-4Ra.), in asthma and AD have shown
promising disease limiting results [157-159]. Whether these interventions result in
decreased ILC2, basophil or other effector cell numbers and whether these effects are the
relevant therapeutic mechanism of dupilumab in patients both remain to be tested.

Concluding Remarks

Once thought to be a redundant effector cell, basophils continue to gain more appreciation
for their role in a wide variety of disease states, and studies have now shown that basophils
are much more complex than previously recognized. Currently, two distinct phenotypes of
basophils have been defined based on their developmental pathways and effector profile: (i)
IL-3-elicited basophils and (ii) TSLP-elicited basophils. This conceptual advance has
allowed us to better understand how various allergic disease states may respond to therapies
such as anti-1gE treatment. Specifically, certain diseases may respond more robustly to anti-
IgE therapy (e.g, food allergy and urticarial), while others may respond more to anti-TSLP
therapy (AD and EoE). In the setting of asthma, it appears that certain subsets respond to
IgE while others respond to anti-TSLP treatment [83,119]. Thus, a deeper understanding of
basophil biology may help us to better direct future treatments in allergic diseases.
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Figure 1. Medullary and extramedullary pathways of basophil development
Basophils arise from progenitor populations in both the bone marrow and spleen. In the bone

marrow, GMPs differentiate sequentially into pre-BMPs and BaPs prior to becoming fully
differentiated basophils. Basophil development from bone marrow precursors has been
shown to be regulated by both IL-3 and TSLP. The predominate source of IL-3 are activated
T cells, while TSLP is predominately derived from epithelia. Splenic GMP-like cells have
been shown to be a potent extramedullary source of basophils in response to TSLP (solid
line). However, whether BMCPs arise from GMP-like cells and whether BMCPs give rise to
basophils in vivo remains to be fully defined (dashed line).

GMP - granulocyte-monocyte progenitor. Pre-BMP — pre-basophil mast cell progenitor. BaP
— basophil progenitor. BMCP — basophil mast cell common progenitor. TSLP — thymic
stromal lymphopoietin.
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Figure 2. Impacts of basophil heterogeneity on other immune cells
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IL-3 and TSLP program basophils to respond differentially to various stimuli including
FceRlI cross-linking, IL-3, IL-18 and IL-33. In response to these stimuli, basophils release a

wide variety of effector molecules that shape the immune response. Thus, the specific

downstream cellular interactions of basophils with other immune cells are likely modulated

by IL-3 or TSLP.

TSLP - thymic stromal lymphopoietin. Areg — amphiregulin.
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