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Recent studies indicate that basophils perform essential functions in multiple models of Th2 cytokine-dependent

immunity and inflammation. In addition to their role as late phase effector cells, basophil populations can express

MHC class I1 and costimulatory molecules, migrate into draining lymph nodes, present antigen to naive CD4™ T cells,

and promote Th2 cell differentiation. In this context, basophils have been shown to contribute to the induction and

propagation of Th2 cytokine responses following exposure to some helminth parasites or allergens. In this review,

we discuss recent studies that provide new insights into basophil development, regulation, and effector function.

In addition, we discuss the ability of basophils to act both independently and cooperatively with dendritic cells to

support Th2 cytokine-mediated inflammation.
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Introduction

Basophils are the least abundant granulocyte popu-
lation accounting for less than 1% of leukocytes in
the blood and spleen. Although originally discov-
ered in 1879 by Paul Erlich, who identified them by
treating blood samples with aniline dyes, basophil
effector functions were not appreciated for almost
a century. In 1972, basophils were demonstrated
to bind immunoglobulin (Ig)E and release his-
tamine, yet they were considered to be a redundant
mast cell-like population that lacked unique effector
functions.!> However, subsequent studies directly
comparing mast cells and basophils illustrated that
these cell populations differ in their differentia-
tion pathways, ultrastructural phenotype, surface
marker expression, and release of inflammatory me-
diators.>™ Despite these advances, the effector func-
tions of basophils could not be properly interrogated
due to the inability to isolate or deplete basophils in
vivo and the lack of a relevant animal model.

In 1981, a “persisting cell” or P cell was identified
and ultimately became the first reported identifi-

cation of a basophil-like population in mice. The
P cell contained histamine and was found to be
unique from mast cell populations.® However, the
first cell population termed “mouse basophils” was
not officially identified until 1982, when Dvorak
and colleagues characterized a granular cell popula-
tion in the bone marrow (BM) of mice that resem-
bled the ultrastructural characteristics of human
and other mammalian basophils.” Significant ad-
vances in understanding basophil biology in murine
models were aided by the development of two inter-
leukin (IL)-4/eGFP reporter mice and the discovery
that basophils acquire constitutive IL-4 mRNA ex-
pression during their development.®'® These ad-
vances allowed for a comprehensive analysis of
surface marker expression on basophils by flow cy-
tometry and eventually provided the basis for isola-
tion and depletion strategies. Murine basophils were
found to have a surface phenotype consistent with
that of human basophils (FceRIT™, CD49b™, CD69,
Thy-1.2%, CD123%, CD200R*, CD117~, CD197,
CD147,CD1227,CD11c¢—, Gr-17,NK1.17, B2207,
CD3~, y3TCR™, afTCR™).28%1112 Methods of
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depleting basophils were also established by target-
ing the high-affinity IgE receptor or the membrane
glycoprotein CD200R3.1%1¢ The ability to identify
and deplete basophils in mice allowed for a series of
studies that significantly advanced the understand-
ing of basophil functions. More specifically, these
studies identified a fundamental role for basophils
in the induction and maintenance of Th2 cytokine-
dependent immunity and inflammation and have
promoted a renewed interest in the factors that reg-
ulate basophil development, activation, and func-
tion. The purpose of this review is to provide a
comprehensive overview of findings that describe
the pathways that regulate the development, phe-
notype, activation, and functions of both murine
and human basophils. We will first review the es-
tablished role of basophils as mediators of allergic
disease in humans. Next, studies that have identified
nonredundant functions of basophils as both initia-
tors and propagators of Th2 cytokine-mediated im-
munity and inflammation will be highlighted. Last,
recent studies implicating basophil populations as
antigen presenting cells (APCs) that may work inde-
pendently of, or cooperatively with, dendritic cells
(DCs) and other professional APC populations to
promote Th2 cell development will be discussed.

Basophils in human disease

Basophils, like mast cells, can produce abundant
quantities of secreted mediators that contribute to
immediate hypersensitivity reactions, and basophil
responses in human disease have primarily been as-
sociated with allergic disorders.>!” A number of re-
cent studies have revealed previously unrecognized
functions of basophils and identified mediators that
support the population expansion, survival, and
functional responses of these rare circulating leuko-
cytes. As such, a new appreciation for the poten-
tial contribution of basophils to host protective and
aberrant inflammatory responses in human disease
has come to light. Although to date no basophil-
specific therapeutics have been tested in humans
and their explicit contributions to human disease
are yet to be determined, basophils are associated
with several human diseases.

For example, basophils are elevated in the airways
of asthmatics,'® with exacerbations,'® and in associ-
ation with fatal asthma.?® Additionally, airway aller-
gen challenge of asthmatic patients results in the ac-
cumulation of higher numbers of basophils relative
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to mast cells.?! Peripheral blood basophil counts are
also reported to be increased in patients diagnosed
with asthma and are associated with asthma symp-
toms includingairway hyper-responsiveness and de-
creased lung function.?? One likely contribution of
basophils to the pathogenesis of asthma is through
production of factors capable of influencing both
early- and late-stage asthmatic responses. Along
with mast cells, activated basophils can rapidly se-
crete histamine, leukotriene C4 (LTC,), and platelet
activating factor (PAF), all major mediators of acute
bronchoconstriction.®?* Additionally, basophils se-
crete an expansive array of other inflammatory me-
diators, including cytokines and chemokines, that
further sustain and orchestrate heterogeneous asth-
matic responses.

Although not normally present in tissues of
healthy subjects, basophils are detected in and asso-
ciated with a variety of skin disorders, suggesting a
role in the etiology of these diseases. Basophils are
found in skin biopsies of atopic and allergic con-
tact dermatitis patients and, similar to airway dis-
ease, are increased following allergen challenge. %’
Systemic sclerosis patients demonstrate reduced ba-
sophil responses to anti-IgE and are refractory to the
priming effects of IL-3 on IgE-mediated histamine
release compared to controls.?® Basophils are also
implicated in chronic urticaria (hives), a common
skin disease with autoimmune components involv-
ing skin mast cells, blood basophils, and recruitment
of basophils to skin lesional sites.?

While most commonly associated with allergic
diseases, basophils were recently reported to play
a role in systemic lupus erythematosus (SLE), an
autoimmune disease characterized by autoantibody
production. Compared to healthy controls, individ-
uals with active SLE were found to have self-reactive
IgE and circulating basophils in an activated state ex-
pressing CD62L and HLA-DR. Basophils were also
found in the spleen and lymph nodes (LNs) of SLE
patients, unlike healthy control subjects.*

The potential involvement of basophils in dis-
eases with autoimmune components such as SLE
broadens the perception of basophils as exclusively
effector cells of allergic inflammation to cells that
may play a central role in a variety of human dis-
ease conditions. However, technical limitations have
prevented researchers from definitively demonstrat-
ing a role for basophils in these processes. The ther-
apeutic blockade of IgE interactions with FceRI by
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omalizumab, a monoclonal antibody specific for
IgE, has been useful in distinguishing the contribu-
tions of mast cells versus basophils in human aller-
gic disease and is to date the most basophil-specific
therapy tested in humans.*!*3? As no specific genetic
deficiency has been identified that leads to a se-
lective loss of basophils in humans,** development
and testing of basophil targeted therapeutics will be
necessary to determine their functional role in the
variety of human diseases they are associated with.

Despite the challenges and limitations of working
with patient-derived samples, recent data identify-
ing unique effector functions of murine basophils
have significantly expanded our understanding of
the factors that regulate basophil development and
function and further implicate them as contributors
to human disease.

Basophil development

Basophils develop from hematopoietic stem cells in
the BM; however, the characterization of the molec-
ular events and signaling pathways that determine
the lineage commitment of basophils remains in-
complete. In this section, we will discuss the pro-
genitor cell populations and molecular events that
contribute to basophil development.

Basophils are reported to develop from acommon
granulocyte—monocyte precursor in the BM that has
the capacity to develop into an eosinophil precursor
(EoP), a basophil-mast cell precursor (BMCP), a
mast cell precursor (MCP), and a basophil precursor
(BaP) in vitro.>* MCPs and BaPs have been reported
to reside in the BM, where they give rise to mature
mast cells and basophils respectively.®® In contrast,
BMCP are thought to migrate to the spleen where
they also have the capacity to develop into mature
basophil populations.®®

Although the lineage commitment of BaPs and
BMCPs to mature basophils is not fully understood,
it appears that the expression of the transcription
factor GATA-2 and the CCATT enhancer-binding
protein alpha (C/EBPa) are critical.*> Granulocyte—
monocyte precursors are known to constitutively
express C/EBPa. Maintenance of C/EBPa expres-
sion, coupled with upregulation of GATA-2 expres-
sion, promotes development of EoPs and ultimately
eosinophils.”® In contrast, if C/EBPa expression
is downregulated while GATA-2 expression is in-
creased in granulocyte—-monocyte precursors, these
cells develop into BMCPs that have the capacity to
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mature into mast cells or basophils.®® It is thought
that the expression of C/EBPa in BMCP popu-
lations is critical to their lineage commitment to
either a mast cell or a basophil.*® It is reported that
the continued downregulation of C/EBPa expres-
sion in BMCPs results in the development of MCPs
that express GATA-2 and have the capacity to ma-
ture into mast cells.*® However, if BMCPs regain
the expression of C/EBPaq, they are reported to de-
velop into BaPs, which possess the capacity to de-
velop into mature basophils.3® In addition to the
expression of transcription factors, it is also known
that eosinophils, mast cells, and basophils express
IL-4 and IL-13 mRNA during their maturation.
However, the stage of development at which this
occurs, and the stimuli and signaling pathways that
regulate this, have not been determined.'°

Unlike mast cells, which exit the BM as precur-
sors and fully mature in peripheral tissues, basophils
migrate from the BM to the periphery exhibiting
a mature phenotype (Fig. 15 (3)).>” The lifespan of
a mature basophil is estimated to be 60-70 h, much
shorter than that of mast cells, which has been esti-
mated to be weeks to months.*>*:* Basophil pop-
ulations are very small in number at baseline but
expand in response to the production of growth
factors such as IL-3, which is thought to be critical
for basophil activation, population expansion, and
subsequent survival (Fig. 1; (1)).40-43

Basophil activation and effector function

Basophils can be activated by a broad spectrum
of signals including those mediated by cytokines,
antibodies, proteases, toll-like receptor (TLR) lig-
ands, and complement factors (Fig. 1; (4)). Once
activated, basophils produce a variety of effector
molecules including preformed mediators such as
histamines, LTC,, and antimicrobial peptides. Ba-
sophils are also reported to produce the cytokines
IL-4, IL-5, IL-13, and TSLP, as well as various
chemotactic factors (Fig. 15 (5),(6),(7)).%!7 In the
following sections we will review the stimuli known
to activate basophils and discuss the mediators they
produce.

Cytokine-mediated activation of basophils

IL-3 has been shown to expand mature ba-
sophils from BM precursor cells in vitro, and
administration of IL-3 in vivo induces the gen-
eration of basophils in mice.**** Furthermore,
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Figure 1. Basophil development, activation, and function. Basophils develop from precursor cells in the BM that expand in
number in response to growth factors including IL-3 (1 and 2). Once mature, basophils exit the BM and enter the periphery
(3). Mature basophils can be activated by an array of signals including those mediated by cytokines (IL-3, IL-33, and IL-18),
antibodies (IgG, IgD, and IgE), and antigens (4). Although the tissue-restricted signals that regulate basophil effector function are
poorly characterized, activated basophils are known to produce histamines (5), cytokines (6), and chemokines (7). Some basophil
populations migrate to draining LNs (8), while others accumulate in inflamed tissues during an ongoing inflammatory response

9).

IL-3-IL-3R signaling is reported to be critical for
the population expansion of peripheral basophil
populations in response to the helminth parasites
Nippostrongylus  brasiliensis and  Strongyloides
venezuelensis.*’ Furthermore, IL-3 can enhance the
release of mediators and other effector functions
of basophil populations. For example, IL-3 en-
hances the production of IL-4 and IL-13 from ba-
sophils in response to IgE-mediated activation.**43
Collectively, these data support the hypothesis
that basophil responses are critically dependent on
IL-3-IL-3R signaling. However, basophil develop-
ment is normal in the absence of IL-3-IL-3R sig-
naling, suggesting that other cytokines or growth
factors may be capable of regulating basophil devel-
opment and function (Fig. 1; (2)).*

In addition to IL-3, it is now appreciated that
the IL-1 family members IL-18 and IL-33 can
activate and enhance basophil functions (Fig. 1;
(4)).%047 IL-18 is produced by macrophages, Kupf-
fer cells, and mast cells, and is associated with

allergic disease and immunity to helminth par-
asites.2#*8->1  Consistent with its role in Th2
cytokine-mediated immunity and inflammation,
administration of IL-18 to mice enhanced basophil-
specific IL-4 and histamine production.*® IL-18 sig-
nals through MyD88 to enhance the production
of Th2 cytokines from murine BM-derived ba-
sophils.*® Although human basophils are known to
express the IL-18 receptor, their activation by IL-18
has not been reported.*’->?

IL-33 is expressed by dermal fibroblasts, air-
way epithelial cells, and bronchial smooth mus-
cle cells and is associated with IL-4, IL-13, and
IgE production.®®* Similar to IL-18, IL-33 signals
through MyD88 to enhance the production of IL-
4 and IL-13 from murine BM-derived basophils.*®
In addition, IL-33 can induce the production of
IL-4, IL-5, IL-6, and IL-13 from human blood-
derived basophils.”> Collectively, these data illus-
trate that IL-18 and IL-33 both directly activate and
enhance basophil activation.
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IgE-, IlgG1-, and IgD-mediated activation
of basophils

Like mast cells, which also express the high-affinity
IgE receptor FceRI, basophils release inflammatory
mediators such as histamine and LTC, in response to
IgE-mediated activation (Fig. 1; (5-7)).> Basophils
are known to contribute to allergic responses by
inducing smooth muscle contraction once they mi-
grate to the area of inflammation during the late
phase response. In addition to their well-established
role as late phase effector cells, the ability of ba-
sophils to release preformed mediators in response
to surface bound IgE-mediated activation suggests
that they may contribute to systemic anaphylaxis.
Several studies in patients indicate that basophils
contribute to anaphylaxis when exposed to blood-
borne antigens.”® Although similar studies have
been done in mouse models, basophils have not
been shown to contribute to IgE-mediated anaphy-
laxis. However, studies in C57BL/6 mice have shown
that basophils are activated and produce PAF in
an alternative pathway of IgGl-mediated anaphy-
laxis."* C57BL/6 mice and C57BL/6-Kit"V—s/W=sh
mast cell-deficient mice sensitized with Penicillin
V-bovine serum albumin and subsequently chal-
lenged with Penicillin V-bovine serum albumin de-
velop IgG1-, FcyRII/III-dependent systemic ana-
phylaxis.!* Critically, depletion of basophils prior
to a secondary challenge with Penicillin V-bovine
rescues both mouse models from anaphylaxis.'*

In addition to their role inducing immediate ana-
phylaxis, basophils have also been shown to con-
tribute to a novel type of chronic IgE-mediated al-
lergic inflammation in mice.!> Although basophils
are not necessary for the immediate or late-phase
inflammation that is induced after multivalent anti-
gens are administered subcutaneously into the ear,
they are required for the IgE-mediated chronic in-
flammation that follows.'® IgE-mediated chronicin-
flammation was found to occur independently of T
cell and mast cell populations, but was dependent
on CD49b™, FceRI" basophils. Notably, basophils
only comprised 1-2% of the cellular infiltrate in the
lesion, but their depletion resulted in a dramatic
reduction in inflammation marked by reduced neu-
trophil and eosinophil infiltrates.'

In addition to the well-characterized ability of
basophils to be activated by antigen-IgE complexes,
basophils have also been shown to be activated by
the IgD antibody class (Fig. 1; (4)).> IgD is a class of
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antibody that is known to be produced during early
phases of B cell development, although its biologi-
cal functions remain poorly defined. IgD is highly
expressed in the human upper respiratory tract and
is known to bind the bacteria Haemophilus influen-
zae and Moraxell catarrhalis.”” Furthermore, IgD
can activate basophils to produce a broad spec-
trum of antimicrobial peptides. Interestingly, the
IgD-mediated activation of basophils had no effect
on histamine release, suggesting that this pathway
of activation differs significantly from that of IgE-
mediated activation.”’” In addition to antimicrobial
peptides, IgD-mediated activation also results in
the increased production of IL-4 and B cell acti-
vating factor (BAFF). IgD-activated basophils can
also induce IgM, IgD, and IgA class switching from
B cells, and supernatants from IgD-activated ba-
sophils can inhibit the replication of H. influenzae
and M. catarrhalis.>” Collectively, these data demon-
strate that basophils can activate B cell populations
and possess antimicrobial functions. In addition, the
presence of IgD and basophils in the upper respira-
tory tract of humans suggests that IgD-activated ba-
sophils may provide critical protection against up-
per respiratory tract infections.

Direct activation of basophils by proteases
and glycoproteins

Although basophil activation is thought to be largely
antibody and cytokine mediated, allergens and par-
asite antigens also can activate basophils directly.
Specifically, the house dust mite antigen Derpl, an
active protease, can induce the production of IL-
4, IL-5, and IL-13 from human KU812 basophils
in the absence of antigen-specific IgE.*® In addi-
tion, proteases secreted by the hookworm parasite
Necator americanus directly induced the production
of Th2 cytokines from KU812 basophils in the ab-
sence of IgE.?® It was also demonstrated that treating
Derpl and N. americanus antigens with protease
inhibitors eliminated the ability of those antigens
to activate basophils, suggesting that basophils may
express mechanisms that are capable of sensing pro-
tease activity.’® Protease-activated receptors (PARs)
are a potential family of receptors known to sense
proteolytic activity and activate innate and adap-
tive immune cells.”® However, there is no evidence
indicating that either human or murine basophils
express known PAR family members. These data
suggest that basophils may either express other
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PAR-like receptors or sense proteolytic activity
through other molecular mechanisms.®

In addition to proteases, it has been demonstrated
that a class of “super antigens” can activate ba-
sophils independently of antigen-specific antibod-
ies.®! For example, the gp120 glycoprotein of the
human immunodeficiency virus has been shown to
interact with the VH3 region of IgE in a manner
that induces IL-4 and IL-13 production from hu-
man basophils.®>% Furthermore, murine basophils
are activated by the schistosome-derived glycopro-
tein IPSE/alpa-1, which induces the production of
IL-4 from basophils in a nonspecific manner.**

Activation of basophils through pattern
recognition receptors

Several studies have reported the expression of TLRs
on human basophil populations including TLR1,
TLR2, TLR4, TLR6, and TLR9.5%7 These data sug-
gest that basophils may be capable of recognizing
pathogen-associated molecular patterns (PAMPs)
expressed by various pathogens. However, only
TLR2 ligands have been shown to activate basophils
by inducing the production of IL-4 and IL-13.%° In
addition to human basophils, it has also been re-
ported that murine basophils express TLR1, TLR2,
TLR4, and TLR6.%® Despite these reports, the ability
of human and murine basophils to respond directly
to TLR ligands requires further analysis.

In addition to TLRs, human basophils have also
been shown to express the complement receptors
CR1, CR3, CR4, and CD88. And it has been shown
that human basophils produce histamine in re-
sponse to the complement component C5a in an
IgE-independent manner.®>-7° These data further il-
lustrate innate mechanism of basophil activation.

Th2 cytokine-dependent immunity
and inflammation

Basophils have historically been thought of as late
phase effector cells that migrate to the site of inflam-
mation after a Th2 cytokine response is established.
However, recent data have demonstrated that in ad-
dition to effector functions some basophil popula-
tions play a central role in the induction and prop-
agation of Th2 cytokine-mediated immunity and
inflammation. The following section will highlight
recent studies that have demonstrated the ability of
MHC class IT* basophils to migrate into secondary
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lymphoid tissues and promote CD4" T cell differ-
entiation and proliferation (Fig. 1; (8)).

Basophil population expansion and activation are
hallmarks of Th2 cytokine responses initiated dur-
ing allergic responses and helminth infections. Ba-
sophils are known to be a potent source of 1L-4
production in the context of these inflammatory
responses that is likely to promote CD41 Th2 cell-
mediated inflammation.”! Earlier studies demon-
strated that basophils isolated from the spleen, liver,
or BM are capable of initiating Th2 cell devel-
opment in the presence of antigens and DCs.”>”?
IL-4—deficient basophils failed to promote Th2 cell
development in vitro, suggesting that IL-4 is the crit-
ical Th2 inducing factor produced by basophils.”®
In addition to primary basophils, IL-3—elicited ba-
sophils from BM progenitor cells were also able to
induce Th2 cell differentiation in the presence of
DCs and antigen.” Collectively, these data provided
evidence to support the principle that basophils can
produce IL-4 and promote Th2 cell differentiation
when DCs and cognate antigen are present.

In vivo studies further confirmed the ability of
basophils to promote Th2 cell development. For ex-
ample, CD4™ T cells stimulated in the presence of
enhanced basophil populations in vivo preferentially
differentiated into Th2 cells. Furthermore, mice de-
ficient in interferon regulatory factor 2 (IRF27/7),
which have significantly increased basophil popula-
tions, demonstrated enhanced IL-4 production by
CD4" T cells upon in vivo stimulation.”? Collec-
tively, these studies implicate basophils as poten-
tial liaisons between innate IL-4 production and the
development of adaptive forms of Th2 cytokine-
mediated immunity and inflammation.

Migration of basophils into peripheral LNs

Basophils are predominantly found in the blood
and spleen and are recruited to the site of inflam-
mation after exposure to stimuli such as allergens or
helminth parasites.”* Although previously reported
to be excluded from LNs, recent studies demon-
strated that IL-4/eGFP™MHC class II" murine ba-
sophils migrate to the draining LNs following ex-
posure to papain, Schistosoma mansoni eggs, or N.
brasiliensis infection.”>~”8 MHC class II'* human ba-
sophils are also found in the LNs of patients suffering
from SLE.*° Although basophils are thought to be
transiently presentin the LNs, these data suggest that
basophils are capable of directly interacting with
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LN-resident CD4* T cells, B cells, and APC popu-
lations. Critically, it was also shown that depleting
basophil populations prior to papain challenge in
mice prevented the accumulation of IL-4/eGFP ex-
pressing CD4™ T cells, suggesting an essential role
for basophils in the induction of papain-induced
Th2 cell differentiation.”

Although the mechanisms by which basophils en-
ter LNs and their importance in inducing CD41 T
cell differentiation remain unknown, a recent study
suggests that IL-3 may be a critical regulator of ba-
sophil LN recruitment subsequent to N. brasiliensis
infection. N. brasiliensis induced the recruitment of
basophils to the mediastinal LNs between days 4
and 10 postinfection.”””8 Critically, basophils failed
to accumulate in the LNs in the absence of IL-3-IL-
3R signaling; however, the loss of basophils in the
LNs of IL37/~ mice did not prevent the induction
of Th2 cell differentiation, suggesting that in the
specific case of N. brasiliensis, basophils are not es-
sential for the induction of Th2 cytokine-mediated
immunity.”” Further, although basophils are criti-
cal for secondary immunity to N. brasiliensis, the
induction of Th2 cytokine-mediated inflammation
during primary infection was not diminished in
mice that lack, or were depleted of, basophil popula-
tions”7 (refer to Fig. 2). The basophil-independent
nature of Th2 cell responses in this model is perhaps
not surprising considering that multiple redundant
mechanisms for Th2 cell development are initi-
ated subsequent to N. brasiliensis infection. Previous
studies have demonstrated that Th2 cell develop-
ment post-N. brasiliensis infection can also occur
in the absence of STAT6 or the combined absence
of IL-5, IL-9, and IL-13 signaling.8%-8! These stud-
ies provoke fundamental questions regarding the
relative contributions of basophils to local IL-4 pro-
duction or antigen presentation and suggest that the
functions of basophils may vary depending on the
nature of the antigen, the strength of signal, and the
location of challenge.

Basophils as APCs

Several studies demonstrated that DCs can directly
promote Th2 cell development and contribute to
Th2 cytokine-dependent immunity and inflamma-
tion. For example, intratracheal instillation of oval-
bumin (OVA)-pulsed DCs was sufficient to sensitize
mice to airway hyper-responsiveness in a murine
model of asthma and depletion of DCs during air-
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way challenge with OVA resulted in a decreased Th2
cytokine-mediated inflammation in the lungs.®? Ina
model of HDM-induced allergic airway inflamma-
tion, FceRIT, CD11ct, MHC class II™ inflamma-
tory DCs were both necessary and sufficient for the
induction of Th2 cytokine-mediated airway inflam-
mation.® In addition, in vivo depletion of CD11c™
DCs following S. mansoni infection, a helminth in-
fection known to modify DCs toward a phenotype
that initiates Th2 cell differentiation, 38> disrupted
Th2 cytokine responses® (refer to Fig. 2). Further-
more, work from our own lab also demonstrated
that DCs are sufficient to promote Th2 cytokine re-
sponses and protective immunity to Trichuris in the
absence of IFN-.7¢

However, a number of recent studies indicate that
depending on the stimulus and/or model system
employed, DCs may not be essential for the devel-
opment of Th2 cytokine-mediated immunity and
inflammation. For example, in mice in which MHC
class II expression is restricted to CD11ct DC pop-
ulations (MHC II°P!€) Th2 cell development and
Th2 cytokine-dependent immune responses are sig-
nificantly impaired following exposure to helminth
infection or allergens.”®®” These studies showed that
MHC II°P1¢ mice failed to develop Th2 cytokine
responses after infection with Trichuris, immuniza-
tion with papain, or allergic airway sensitization
with OVA.7®#7:88 Burther, employing the CD11c-
DTR model to selectively deplete DC populations
throughout the duration of helminth infection, or
after immunization with papain, failed to abolish
Th2 cell differentiation,’®% supporting the con-
cept that DC-independent Th2 cell responses can
also develop in vivo. Collectively, these data indi-
cate that although CD11ct DCs may contribute
to the development of Th2 cytokine responses, in
some in vivo systems they may not be necessary or
sufficient for the development of optimal Th2 cy-
tokine responses (refer to Fig. 2). Instead, these re-
ports suggest that alternative APC populations may
be critical for Th2 cytokine-mediated immunity and
inflammation.

Three independent laboratories recently identi-
fied a previously unappreciated function for ba-
sophils as APCs in the context of helminth infections
or exposure to allergens. In these studies, basophils
were shown to endocytose soluble antigens and IgE-
allergen complexes, express MHC class II and cos-
timulatory molecules, migrate to draining LNs, and
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Figure 2. Basophil- and dendritic cell-specific contributions to Th2 cytokine responses. Summary of experiments in which
mice were challenged with papain, papain + ovalbumin (OVA), house dust mite (HDM), primary infection with Nippostrongulys
brasiliensis (Nippo 1°), secondary infection with N. brasiliensis (Nippo 2°), Trichuris muris, Schistosoma mansoni (Schisto),
or S. mansoni eggs (Schisto egg). Basophil populations were modified by treatment with anti-FceRI (MAR-1), expression of
Cre recombinase under the mast cell protease 8 (Mcpt8Cre), or treatment with anti-CD200R3 (Bal03). Dendritic cell popula-
tions were modified by delivery of diptheria toxin to mice that express the diptheria toxin receptor under the CD11c promoter
(CD11¢-DTR), DC ablated mice (DeltaDC), or treatment with MAR-1. Th2 cytokine responses were evaluated after basophil
or DC manipulation. Experiments that did not test (NT) the contributions of basophils or DCs on Th2 cytokine response are

indicated.

promote Th2 cell differentiation in vitro and in
vivo.”®38:8% For example, antigen-pulsed basophils
were sufficient to promote papain-specific Th2 cell
differentiation after adoptive transfer into an MHC
class II-deficient host.%® Consistent with these find-
ings, adoptively transferred IL-4/eGFP, MHC class
II expressing basophils were capable of augment-
ing Th2 cell differentiation in response to S. man-
soni egg antigens.”® In addition, depletion of ba-
sophils impaired protective immunity to Trichuris
and eliminated Th2 cell development post-papain
challenge, indicating an essential role for basophils
in these systems of Th2 cytokine-mediated immu-
nity and inflammation.”® Collectively, these data
suggest that basophils are not only capable of pro-
ducing soluble factors such as IL-4, IL-13, and TSLP,

but also support the initiation and propagation of
antigen-specific Th2 cell responses in an MHC class
II-dependent manner.

Taken together, multiple studies demonstrated
the importance of basophils and DCs in the in-
duction of Th2 cytokine-mediated responses. The
apparent identification of DC-dependent and DC-
independent pathways of Th2 cell differentiation
suggests that there are multiple pathways by which
Th2 cell responses develop in vivo. For example,
in some models of helminth infection or allergic
inflammation, Th2 cell differentiation may involve
priming of naive T cells by DCs coupled with the ad-
dition of IL-4 or other soluble factors by basophils.
However, other models of antigen presentation by
IL-4 and MHC class II-expressing basophils may be
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sufficient to promote Th2 cell differentiation. Al-
ternatively, basophils and DCs may present anti-
gen to naive T cells cooperatively to initiate the
propagation of optimal Th2 cell responses. A re-
cent study suggests that Th2 cell development in re-
sponse to immunization with the cysteine protease
papain is dependent on cooperative responses be-
tween DC and basophil populations.”® Immuniza-
tion with papain and OVA resulted in the release of
reactive oxygen species (ROS) by DC populations.
These studies reported that the release of ROS by
DC populations initiated the production of oxidized
lipids, triggered the production of TSLP by epithelial
cells, which suppressed the production of IL-12 by
DCs.*® This cascade of events induced production
of CCL7 by DCs, which mediated the recruitment
of basophil populations to the LN.”® This report
suggests that DCs and basophils work in concert
to initiate Th2 cytokine-mediated responses. The
cooperative effects of DCs and basophils were also
demonstrated in a model of HDM-induced airway
inflammation. %

In summary, these studies indicate that basophil-
dependent, DC-dependent, and DC/basophil-
codependent models of Th2 cytokine-mediated in-
flammation exist in vivo (summarized in Fig. 2).
It is likely that the nature of these responses will
depend on the characteristics of the antigen being
studied, the duration and site of antigen exposure,
and whether the differentiation of Thl, Th17, or
Treg cells is occurring simultaneously.

Summary

Recent studies have significantly advanced our un-
derstanding of the factors that regulate basophil
development, regulation, and function. It is now
appreciated that basophils develop from precursor
cells in the BM that expand in number in response
to growth factors such as IL-3 (Fig. 1; (1)). Al-
though IL-3 is a critical cytokine, it is clear that
basophil development also occurs in the absence
of IL-3-IL-3R signaling, suggesting that unknown
factors and pathways may regulate basophil devel-
opment and/or function in vivo (Fig. 1; (2)). Upon
their development, mature basophils exit the BM
and enter the periphery (Fig. 1; (3)). Once in the
periphery, basophils can be activated by an array
of signals including those mediated by cytokines
(IL-3, IL-33, and IL-18), antibodies (IgG, IgD, and
IgE), and nonspecifically by allergens such as pa-
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pain (Fig. 1; (4)). Once activated, basophils are
known to produce histamines (Fig. 1; (5)), cytokines
(Fig. 1; (6)), and chemokines (Fig. 1; (7)). Activated
basophils are also capable of migrating to the LNs,
where they produce TSLP, reduce IL-12 production
from DCs, present antigen via MHC class II, and
provide IL-4 that promotes the differentiation of
naive T cells (Fig. 1; (8)). Basophils also function
as late phase effector cells that migrate to inflamed
tissues during an ongoing inflammatory response
(Fig. 1; (9)). Collectively, these data illustrate that
basophils contribute to multiple components of the
innate and adaptive immune response and suggest
that further delineating the factors that regulate ba-
sophil development and function may lead to new
therapeutic intervention strategies for helminth in-
fection, allergic inflammation, and some forms of
autoimmunity.
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