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(Santa Cruz, CA). Anti-mouse mast cell protease-8 mAb (TUGS)
(Ugajin et al, 2009) was provided by Dr Karasuyama of Tokyo
Medical and Dental University.

. Cutaneous inflammatory reactions

Trinitrophenyl (TNP)-specific IgE was purified from ascites of
BALB/c-nuw/nu mice by intraperitoneal injection of the IGEL b4
B cell hybridoma (ATCC, Rockville, MD; TIB141) (Rudolph et al,,
1981). IgE-CAl was induced by passive immunization of mice
with TNP-specific IgE (150ug per mouse, intravenous) (Mukai
et al., 2005). Mice were challenged 24 hours later with TNP-OVA
(10pug per ear, Biosearch Technologies, Novato, CA) on each
ear lobe.

CHS reactions were induced by application of 50l of 0.5% DNFB
(Nacalai Tesque, Kyoto, Japan) in acetone:olive oil (4:1) onto the
ventral skin on day 0. On day 5, each ear lobe was challenged with
20ul of 0.2% DNFB in acetone:olive oil (4:1). Ear thickness was
measured using a dial thickness gauge (Ozaki, Tokyo, Japan) before
and after the challenges.

DTH to SRBCs was induced by subcutaneous immunization with
100 ul of 20% SRBCs on the back on'days — 1 and 0. On day 5, 20 ul
of 20% SRBC was injected into the footpad. Footpad thickness was
measured before and after the challenges. Each group consisted of at
least four mice.

Cell preparation

Primary basophils were prepared by enrichment of CD49b (4) cells
from freshly isolated bone marrow cells using the MACS system with
biotinylated anti-CD49b and streptavidin microbeads. As determined
by flow cytometric analysis for CD49b and CD123 expression, the
CD49b (+) cells included ~20% basophils.

Bone marrow-derived basophils were prepared by culturing bone
marrow cells in RPMI 1640 supplemented with 10% fetal calf serum
and 10 ngml~" rlL-3 (R&D Systems, Minneapolis, MN) for 10 days,
followed by isolation of the CD49b (+) cells using an MACS system.

Bone marrow-derived mast cells were obtained by culturing bone
marrow cells in the presence of 10ngmi™" riL-3 for 4 weeks,
followed by isolation of the c-kit+ cells.

Basophil transfer

Basophil transfer for inducing IgE-CAl in FcRy chain(—/~) mice was
performed using a previously described method (Mukai et al., 2005).
Briefly, CD49b (+) basophil-enriched bone marrow cells (primary
basophils; 6 x 10° cells per recipient) were transferred into irradiated
FcRy(—/—) mice (6 Gy) together with CD49b(—) bone marrow cells
(effector cells) from naive FcRy chain(—/—) mice. Four days later,
mice were passively immunized with TNP-IgE followed by challenge
with TNP-OVA.

In vitro selectin binding assay of basophils

CD49b (+) basophil-enriched bone marrow cells were suspended in
phosphate-buffered saline containing 5% fetal calf serum, 0.1% NaNj,
Tmmoli~" Ca®*, and Tmmoll~" Mg?*, followed by incubation
with 10 pg ml =1 of murine P-, E-, or L-selectin-human igG Fc chimera
or control human IgG1 Fc (R&D Systems) for 40 minutes at 4 °C. After
washing the cells, they were incubated with PE-F (ab’), goat anti-
human IgG Fc Ab (Rockland, Gilbertsville, PA) for 30 minutes at 4 °C.
They were then counterstained with FITC- FceRl Ab or FITC- CD123
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Abs. Selectin binding was examined using flow cytometric analysis
with FACS Calibur (BD Biosciences, Mountain View, CA).

Real-time PCR

Quantitative real-time reverse-transcriptase PCR was performed with
reverse-transcribed RNA by real-time monitoring of the increase in
fluorescence of the SYBR Green dye (Brilliant SYBR Green QPCR
Master Mix, Stratagene, La Jolla, CA) using the Mx3000P Real-Time
PCR system (Stratagene). The primers for PCR were 5-TGTGTCCGTC
GTGGATCTGA-3 and 5-TTGCTGTTGAAGTCGCAGGAG-3' for
mouse GAPDH; 5-CGCTGTGGGACCAATCTTGA-3’ and 5'-CCAGT
GTTTGGCACCAGCA-3' for mouse FT-1V; and 5-AGATGCCCTGG
TGGGCTTTAG-3" and 5-TCAGCCATGGGTCAAGGTAAGTC-3' for
mouse FT-VII.

Statistical analyses

A Student’s ttest was used to assess statistical significance of the
differences between the mean values. Analysis of the data for the
time-course changes of the skin responses was performed by using the
repeated measures analysis of variance test, followed by either a
Student’s t-test or Scheffe’s F test.
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SUMMARY

Monocytes and macrophages are important effec-
tors and regulators of inflammation, and both can
be divided into distinct subsets based on their
phenotypes. The developmental and functional rela-
tionship between individual subsets of monocytes
and those of macrophages has not been fully
elucidated, although Ly6C*CCR2* inflammatory
and Ly6C~CCR2™ resident monocytes are generally
thought to differentiate into M1 (classically activated)
and M2 (alternatively activated) macrophages,
respectively. Here we show that inflammatory mono-
cytes recruited to allergic skin acquired an M2-like
phenotype in response to basophil-derived inter-
leukin-4 (IL-4) and exerted an anti-inflammatory func-
tion. CCR2-deficient mice unexpectedly displayed
an exacerbation rather than alleviation of allergic
inflammation, in spite of impaired recruitment of
inflammatory monocytes to skin lesions. Adoptive
transfer of inflammatory monocytes from wild-type
but not IL-4 receptor-deficient mice dampened the
exacerbated inflammation in CCR2-deficient mice.
Thus, inflammatory monocytes can be converted
from being proinflammatory to anti-inflammatory
under the influence of basophils in allergic reactions.

INTRODUCTION

Monocytes are circulating leukocytes that can differentiate into
macrophages and dendritic cells after their migration to periph-
eral tissues (Auffray et al., 2009; Dominguez and Ardavin, 2010;
Geissmann et al., 2010; Shi and Pamer, 2011). Monocytes,
macrophages, and dendritic cells are essential components
of the innate immune system and participate in clearance of
dead cells and pathogens, tissue healing, and initiation and
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regulation of the adaptive immunity. They can also contribute
to the pathogenesis of inflammatory disorders. Accumulating
evidence indicates that those cell types can be further divided
into phenotypically distinct subsets, and each subset might
have particular function in the steady state and inflammation
(Auffray et al., 2009; Geissmann et al., 2010; Gordon and Taylor,
2005; Mosser and Edwards, 2008; Shi and Pamer, 2011).

Circulating monocytes commonly express CD115 (CSF1
receptor) on their surface and are divided into subsets on the
basis of the expression of particular surface molecules including
chemokine receptors (Auffray et al., 2009; Gordon and Taylor,
2005). In humans, differential expression of CD14 and CD16
allowed monocytes to be divided into two subsets: CD14*
CD16~ and CD14"CD16* monocytes (Passlick et al., 1989).
The former cells represent 80%-90% of blood monocytes,
express high amounts of the chemokine receptor CCR2 and
low amounts of CX3CR1, and are often called classical mono-
cytes. By contrast, the latter (nonclassical) cells express high
amounts of CX3CR1 and low amounts of CCR2 and can be
further divided into at least two populations based on the expres-
sion of CD14 and CD64. Also in mice, two subsets of monocytes
have been described (Auffray et al., 2009; Geissmann et al.,
2003). The main subset of murine monocytes expresses
Ly6C, CCR2, and low amounts of CX3CR1, suggesting that
they are phenotypically equivalent to human CD14*CD16~
monocytes. Ly6C*CCR2* monocytes are readily recruited to
affected tissues where they produce inflammatory cytokines
such as tumor necrosis factor-a (TNF-a) and IL-1 during infection
and inflammation, and they were therefore termed “inflamma-
tory” monocytes. The second subset of murine monocytes is
characterized by high expression of CX3CR1 and the lack of
Ly6C and CCR2 expression and were termed “resident” mono-
cytes because they have a longer half-life and are found in
both resting and inflamed tissues. They adhere to and migrate
along the luminal surface of endothelial cells that line small
blood vessels and therefore appear to patrol the endothelium
in the steady state (Auffray et al., 2007).

Macrophages are also heterogeneous in their phenotype and
function, depending on the signals they receive (Biswas and
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Mantovani, 2010; Gordon and Taylor, 2005; Mosser and Ed-
wards, 2008; Murray and Wynn, 2011). Classically activated
M1-type macrophages are generated by stimulation with
bacterial moieties such as lipopolysaccharide (LPS) and the
Th1 cell cytokine interferon-y (IFN-v), whereas alternatively acti-
vated M2-type macrophages are typically elicited by stimulation
with the Th2 cell cytokines such as IL-4 and IL-13. M1 macro-
phages produce proinflammatory cytokines including IL-1 and
destroy intracellular pathogens such as M. tuberculosis by
means of an increased oxidative burst and NO production.
Although the in vivo roles of M2 macrophages have been less
well characterized, several functions are ascribed to them,
including those in protection from parasitic infections, promoting
Th2 cell-type immune responses, damping excessive inflam-
mation, tumor progression, angiogenesis, wound healing, tissue
remodeling, and fibrosis (Kreider et al., 2007; Martinez et al.,
2009; Murray and Wynn, 2011).

The developmental and functional relationship between
individual subsets of monocytes and those of macrophages
has not been fully elucidated. It is generally thought that
Ly6C*CCR2" inflammatory monocytes exit the bone marrow in
a CCR2-dependent manner and are recruited to inflamed tissues
where they can differentiate o inflammatory M1 macrophages
(Auffray et al., 2009; Dunay et al., 2008; Ingersoll et al., 2011; Ser-
bina and Pamer, 2006; Tsou et al., 2007). In contrast, the differ-
entiation of monocytes toward M2 macrophages remains ill
defined. It has been suggested that Ly6C CCR2™ resident
monocytes are also recruited to sites of inflammation and then
differentiate into M2 macrophages, contributing to wound heal-
ing (Auffray et al., 2007, 2009; Geissmann et al., 2010). Alterna-
tively, recent study with a mouse model of helminth infection
demonstrated that M2 macrophages are generated through
IL-4-mediated proliferation and alternative activation of tissue-
resident macrophages rather than the recruitment of blood
monocytes (Jenkins et al., 2011). Thus, the origin of M2 macro-
phages and their mode of generation under homeostatic and
pathological conditions remain obscure.

Basophils, the least common granulocyte, represent ~0.5% of
peripheral blood leukocytes (Galli, 2000). Owing to their pheno-
typic similarities to mast cells and their small numbers, basophils
had long been neglected in immunological studies. However,
recent studies have defined previously unrecognized roles for
basophils, including those in allergic responses, protection
against parasitic infections, and regulation of acquired immunity
(Karasuyama et al., 2011a; Min et al., 2012; Siracusa et al., 2011;
Voehringer, 2011). Basophils readily generate large quantities
of Th2 cell cytokines such as IL-4 and IL-13 (Piccinni et al.,
1991; Seder et al., 1991), which contribute to initiation of Th2
cell differentiation (Perrigoue et al., 2009; Sokol et al., 2008,
20089; Yoshimoto et al., 2008) and to activation of B cells for
the enhancement of humoral memory responses (Chen et al.,
2009; Denzel et al., 2008). It remains to be investigated whether
basophils and their products have any impact on the activation
and differentiation of innate immune cells, including monocytes
and macrophages.

In the present study, we analyzed the fate, polarization, and
function of monocytes after their recruitment to skin lesions of
immunoglobulin E (IgE)-mediated chronic allergic inflammation
(IgE-CAI), a model where basophils rather than mast cells and

T cells play a critical role for the elicitation of allergic response
(Mukai et al., 2005). We found that Ccr2~/~ mice unexpectedly
displayed an exacerbation rather than alleviation of IgE-CAI,
and ultimately identified a previously unappreciated mode of
M2 generation, in that inflammatory monocytes can differentiate
into anti-inflammatory M2-type macrophages via basophil-
derived IL-4, which in turn dampen allergic inflammation.

RESULTS

Ly6C*CCR2" Inflammatory Monocytes Are Recruited

to Allergen-Exposed Skin in IgE-CAI

We previously showed that an intradermal administration of
allergen induces three consecutive waves of ear swelling in
mice sensitized with allergen-specific IgE, with peaks of swelling
30 min, 10 hr, and 3-4 days after the allergen challenge (Mukai
et al., 2005). The delayed-onset (third) ear swelling with promi-
nent inflammation was designated IgE-CAl (Mukai et al., 2005).
Diphtheria toxin (DT)-mediated basophil ablation before the
antigen challenge abolished the development of IgE-CAl in
Mcpt8®™ mice (Wada et al., 2010) as shown in Figure 1A. This
confirmed the conclusion in our previous studies that basophils
play a pivotal role in the initiation of IgE-CAI, based on the results
of experiments via the cell transfer and antibody-mediated
basophil depletion (Mukai et al., 2005; Obata et al., 2007). Flow
cytometric analysis revealed that the cell number in the skin
lesions increased during the progress of IgE-CAI (Figure 1B).
Monocyte- and macrophage-lineage cells (referred to here as
monocytes-macrophages) and eosinophils were the major cell
types among the cellular infiltrates whereas neutrophils and
basophils were much less abundant (Figure 1C).

The vast majority of monocytes-macrophages isolated from
the IgE-CAIl skin lesions expressed Ly6C and CCR2, in
contrast to those isolated from the control ear skin (Figure 2A
and Figure S1A available online). Although resident macro-
phages in ear skin of naive mice barely express Ly6C,
substantial numbers of Ly6C*CCR2" monocytes-macro-
phages were detectable in the skin lesions even at 1 day after
challenge (Figure S1A, top). These results suggested that
monocytes-macrophages accumulating in the skin lesions
were derived from LyB6C*CCR2* inflammatory monocytes
circulating in the peripheral blood (Figure S1B). Among the
skin-infiltrating cells examined, basophils also expressed rela-
tively high amounts of CCR2 on their surface in both C57BL/6
and BALB/c mice (Figure 2B). The expression of mRNAs
encoding CCR2 ligands CCL8 and CCL12 (but not CCL2) was
upregulated in the IgE-CAI skin lesions (Figure 2C). Various
types of cells in the skin lesions expressed the CCR2 ligands,
but basophils showed little or no expression of any of them
(Figure S2A). Based on these observations, we assumed that
CCR2 could contribute to the recruitment of both basophils
and inflammatory monocytes to the skin lesions and hence
the development of IgE-CAl.

Ccr2™/- Mice Show Exacerbated IgE-CAI in Spite of
Impaired Recruitment of Inflammatory Monocytes

In sharp contrast to our expectation, the ear swelling in IgE-CAI
was greatly augmented and prolonged in Ccr2™'~ mice com-
pared to that in wild-type mice (Figure 3A). Histopathological
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Figure 1. Cellular Components in the IgE-
CAI Reaction that Is Eficited by Basophils

(A) Mcpt8®™ C57BL/6 mice were sensitized with
anti-TNP IgE and challenged with intradermal
administration of TNP-OVA (or control OVA) in
their ears to induce IgE-CAl. The mice were
treated with either DT (open squares) or control
PBS (closed squares) twice, 1 day before and
3 days after the antigen challenge. Time course of
ear swelling (Aear thickness) is shown (mean =
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examination revealed many more cellular infiltrates in the skin
lesion of Ccr2™/~ mice (Figure 3B). Flow cytometric analysis
demonstrated that the accumulation of monocytes-macro-
phages in the skin lesions was almost completely abolished in
Cer2~'~ mice, as expected (Figure 3C). By contrast, the infiltra-
tion of basophils was enhanced rather than reduced in Ccr2™'~
mice (Figure 3C), indicating that CCR2 was dispensable for
the basophil recruitment, unlike for- the monocyte recruitment.
The accumulation of neutrophils in the skin lesions was also
augmented in Ccr2™'~ mice (Figure 3C). Thus, the IgE-CAI
reaction was exacerbated rather than alleviated in Ccr2=/~
mice, in spite of the fact that the recruitment of Ly6C™ inflam-
matory monocytes was abolished.

Monocytes-Macrophages in the Skin Lesions Display

a Combined Phenotype of Inflammatory Monocytes

and M2 Macrophages

To clarify the reason for this unexpected observation, we further
examined the phenotype of monocytes-macrophages infiltrating
the IgE-CAIl skin lesions of wild-type mice. Approximately
two-thirds of them expressed programmed death 1 ligand 2
(PD-L2) on their surface, whereas few cells isolated from the
control skin did so (Figures 4A, 4B, and S1A, bottom). Because
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PD-L2 is a marker of M2-type macro-
phages (Loke and Allison, 2003), we
examined the expression of other M2
markers in the skin lesions during the
IgE-CAl reaction. The Arg1, Chi3I3, and
Fizz1 expression was upregulated and
then downregulated, in parallel with the
number of PD-L2* monocytes-macro-
phages in the skin lesions (Figures 4B
and 4C). Moreover, PD-L2* monocytes-
macrophages expressed significantly
higher amounts of these mRNAs com-
pared to PD-L2~ monocytes-macro-
phages and other cell lineages in the IgE-CAIl skin lesions
(Figures 4D and S2B), demonstrating that PD-L2* monocytes-
macrophages indeed displayed an M2 phenotype.

Gene profiling of monocytes-macrophages accumulating in
the skin lesions revealed that M2 markers (Arg?, Chi3/3, and
Fizz1) but not M1 markers (//1b, Nos2, and Tnfa) were significantly
upregulated during the IgE-CAI progression (Figure S3A). By
contrast, the expression of the M2 markers and PD-L2 in blood
monocytes, regardless of Ly6C expression, remained undetect-
able or very low during the IgE-CAI progression (Figures S3C
and S3D). Importantly, the expression of genes involved in the
macrophage differentiation (Maf and Marfb) but not those
involved in the dendritic cell differentiation (Sfpi7 and Relb) was
upregulated in monocytes-macrophages in the skin lesions
during the IgE-CAIl progression (Figure S3B). These results
strongly suggested that inflammatory monocytes recruited to
the skin lesions differentiated into M2- but not M1-type macro-
phages during the IgE-CAI reaction. In contrast, monocytes-
macrophages accumulating in skin lesions of delayed-type
hypersensitivity (DTH) to the same antigen displayed an M1
phenotype with little or no expression of M2 markers including
PD-L2 (Figure S4). Thus, the phenotype of monocytes-macro-
phages in skin lesions, either M1 or M2, appeared to be
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Figure 2. Monocytes-Macrophages Accumulating in the IgE-CAI
Skin Lesions Display a Phenotype of Inflammatory Monocytes

(A) C57BL/6 mice were treated as in Figure 1 to induce IgE-CAI. The expres-
sion of Ly6C and CCR2 on F4/80*CD11b*SSC'® monocytes-macrophages in
the skin lesions of mice challenged with TNP-OVA or control OVA was
examined on day 4 postchallenge.

(B) The expression of CCR2 on indicated cell lineages isolated from the bone
marrow of C57BL/6 and BALB/c mice. Shaded histograms show control
staining with isotype-matched antibody.

(C) The expression of indicated mRNAs in the skin lesions of mice challenged
with TNP-OVA or control OVA was examined on day 3 postchallenge (mean +
SEM, n = 5 each).

Data shown are representative of three independent experiments. NS, not
significant; **p < 0.01. See also Figures S1 and S2.

associated with the type of immune responses rather than the
nature of antigens.

A previous study with a mouse model of helminth infection
reported that M2 macrophages are generated through the
proliferation and alternative activation of tissue-resident macro-
phages without any requirement of the blood monocyte recruit-
ment (Jenkins et al., 2011). Therefore, we examined whether this
mode of M2 generation could also take place in IgE-CAI.
Although tissue-resident macrophages, mostly negative for
Ly6C, were detected in ear skin of naive Ccr2™~ mice to an
extent comparable to that observed in wild-type mice (Fig-
ure 85A), PD-L2* monocytes-macrophages were barely de-
tected in the IgE-CAI skin lesions of Cer2™'~ mice (Figure 4E).
Moreover, few monocytes-macrophages in the skin lesions of

wild-type mice were positive for a proliferation marker Ki-67,
regardless of the PD-L2 expression (Figure S5B). Thus, the
proliferation and M2 conversion of tissue-resident macrophages
appear to have little, if any, contribution to the M2 generation
during the IgE-CAI reaction.

Basophil-Derived IL-4 Confers an M2-like Phenotype

on Ly6C" Inflammatory Monocytes Ex Vivo ‘

Th2 cell cytokines such as IL-4 and IL-13 as well as IL-10 have
been shown to induce the differentiation of macrophages
toward M2. Quantitative RT-PCR analysis revealed that the
expression of //4 but not //13 or I[10 mRNAs in the IgE-CAI skin
lesions was upregulated in parallel with the accumulation of
PD-L2" monocytes-macrophages (Figure 5A). //4 mRNAs were
almost exclusively expressed by basophils among various cell
types isolated from the skin lesions (Figure 5B). Indeed, primary
basophils isolated from the bone marrow produced substantial
amounts of IL-4 but not IL-13 when stimulated ex vivo with IgE
plus antigens (Figure 5C).

Ly6C*Ly6G™ inflammatory monocytes freshly isolated from
the bone marrow expressed no detectable PD-L2 on their
surface (Figure 5D). Of note, they upregulated the PD-L2 expres-
sion when incubated ex vivo with the culture supernatants of
primary basophils that had been stimulated with IgE plus
antigens. This upregulation of PD-L2 was abolished when IL-4
antibody was included during the incubation (Figures 5D and
5E), indicating that basophil-derived IL-4 was responsible for
the PD-L2 upregulation in inflammatory monocytes. The ex-
pression of Arg?, Chi3I3, and Fizz1 mRNAs in inflammatory
monocytes was also upregulated when incubated with the
culture supernatants of activated basophils in an IL-4-dependent
manner (Figure 5F). These results demonstrated that basophil-
derived IL-4 can confer an M2-like phenotype on monocytes
even before they differentiate into macrophages.

Skin-Infiltrating Monocytes Acquire an M2-like
Phenotype in an lL-4R- and Basophil-Dependent Manner
We next examined whether the basophil IL-4-mediated
acquisition of an M2-like phenotype by inflammatory monocytes
indeed occurs in vivo. First, CD115" bone marrow monocytes
were prepared from wild-type mice, labeled with CFSE, and
adoptively transferred into IgE-sensitized wild-type mice,
simultaneously with the challenge with allergens. On day 3
postchallenge, many of CFSE-labeled cells infiltrating the skin
lesions became positive for PD-L2, concomitantly with F4/80
upregulation (Figure 6A), indicating their differentiation into
M2-type macrophages. Of note, virtually all of the CFSE*PD-
L2*F4/80* cells expressed Ly6C (Figure 6A), suggesting that
they were derived from Ly6C* inflammatory but not Ly6C~
resident monocytes. Indeed, when CD115*Ly6C*Ly6G™ inflam-
matory monocytes were purified from the bone marrow and
adoptively transferred, most of them became positive for PD-
L2 in the skin lesions on day 3 postchallenge (Figure 6B).
Second, to examine the |IL-4 dependency of M2 differentiation,
CD115" bone marrow monocytes were prepared from wild-type
or ll4ra~~ mice, labeled with CFSE, and adoptively transferred
into wild-type mice, followed by IgE-CAI induction (Figure 6C).
On day 1 postchallenge, when few basophils were recruited to
the skin lesions (Figure 1C), little or no expression of PD-L2
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was detected on CFSE-labeled cells infiltrating the skin
lesions, regardless of the source of transferred cells (Figure 6C).
On day 3 postchallenge, when the basophil infiltration reached
a plateau (Figure 1C), a significant fraction of CFSE-labeled
cells infiltrating the skin lesions expressed PD-L2 in mice that
had received cells derived from wild-type but not /i4ra~~ mice
(Figure 6C). Thus, monocytes recruited to the skin lesions
acquired the PD-L2 expression in an IL-4 receptor (IL-4R)-
dependent manner.

We then investigated whether basophils could contribute to
this process. IgE-CAI was elicited in Mcpt8®™ mice, and on
day 2 postchallenge, CFSE-labeled CD115" bone marrow
monocytes from wild-type mice were adoptively transferred
to them, in conjunction with or without DT-mediated basophil
ablation. The basophil ablation completely abolished the acqui-
sition of PD-L2 expression by transferred monocytes infiltrating
the skin lesions (Figure 6D). These results strongly suggested
that blood-circulating monocytes acquire an M2-like phenotype
after their recruitment to the IgE-CAI skin lesions, in response to
basophil-derived IL-4.

Adoptive Transfer of Ly6C*CCR2"* Inflammatory
Monocytes Dampens the Exacerbated IgE-CAI

in Ccr2™”’~ Mice in an IL-4R-Dependent Manner

We next examined the functional consequence of the monocyte
recruitment to the IgE-CAI skin lesions by means of adoptive
transfer of wild-type monocytes to Ccr2~'~ mice that display
the exacerbated IgE-CAI. A single transfer of CD115* bone
marrow monocytes at the time point of the antigen challenge,
as shown in Figure 6A, showed no apparent impact on the ear
swelling (data not show). We assumed that repeated transfer
might be needed to reproduce the recruitment and accumulation
of monocytes in the IgE-CAI skin lesions. Of note, four consecu-
tive transfers of CD115" monocytes but not CD115~ bone
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Figure 3. IgE-CAIl Is Exacerbated rather
than Ameliorated in Ccr2”~ Mice
Wild-type and Ccr2~/~ BALB/c mice were treated
as in Figure 1 to induce IgE-CAI.
(A) Time course of ear swelling (Aear thickness) in
wild-type (open squares) and Ccr2™~ (closed
squares) mice is shown (mean + SEM, n = 4-5
each). Note that error bars are displayed, but often
are hidden behind symbols.
(B) Giemsa-stained specimens of IgE-CAI skin
lesions isolated 4 days postchallenge.
Eosinophil (C) The numbers of total cells and indicated cell
40 types isolated from the ear skin on day 4 post-
30 | challenge are shown (mean + SEM, n = 4-5 each).
Data shown are representative of four indepen-
dent experiments. *p < 0.05, *p < 0.01, **p <

B TNP-OVA
o OVA

Cell number (x10%)
n
(=]

i : 0.001.
0
WT  Cor2*
Basophil
g3 o
g marrow cells dampened the exacerbated
g 2 IgE-CAl in Ccr2~/~ mice to the level
g 1 observed in wild-type mice (Figure 7A),
3, suggesting that CD115" bone marrow
2 WT  Cer2* monocytes manifest an anti-inflamma-

tory property after their recruitment to
the skin lesion.

We then asked two questions. Are Ly6C*Ly6G ™~ inflammatory
monocytes (rather than Ly6C™ resident monocytes) that are re-
cruited to and accumulate in the skin lesions indeed responsible
for the negative regulation of IgE-CAI? Is the IL-4R-mediated
acquisition of the M2-like phenotype by inflammatory mono-
cytes associated with the regulation? To address these issues,
Ly6C*Ly6G™ inflammatory monocytes were further purified
from CD115* bone marrow cells, derived from either wild-type
or ll4ra~’~ mice, and directly transferred once into the ear dermis
of Ccr2~’~ mice where the antigens were administered (Fig-
ure 7B). The adoptive transfer of Ly6C*Ly6G~ inflammatory
monocytes derived from wild-type but not /i4ra~’~ mice damp-
ened the exacerbated IgE-CAI. This strongly suggests that after
the recruitment to the IgE-CAI skin lesions, CCR2*Ly6C*Ly6G~
inflammatory monocytes acquired an M2-like phenotype
through IL-4R and exerted an anti-inflammatory function to regu-
late the allergic inflammation.

DISCUSSION

Activated M2-type macrophages have been observed in arange
of physiological and pathological processes, including Th2
cell-type immune responses (Kreider et al., 2007; Martinez
et al, 2009; Murray and Wynn, 2011). However, the origin,
differentiation pathway, and function of M2 macrophages have
been ill defined, compared to those of M1 macrophages. In the
present study, we have demonstrated a previously unappreci-
ated cascade of monocyte-to-macrophage transition toward
M2, being from proinflammatory to anti-inflammatory to dampen
an allergic reaction. After recruitment to allergen-exposed skin,
Ly6C*CCR2" “inflammatory” monocytes acquired an M2-like
phenotype and exerted an anti-inflammatory function in IgE-
CAl, in response to IL-4 produced by antigen- and IgE-stimu-
lated basophils. Accordingly, the failure in the recruitment



Immunity
Basophils Regulate Monocyte Differentiation

PD-L2* Mo-Mac

TNP-OVA
62

3
(=]

OVA

6.9

w
(=]

Cell number (x10%)
> 8

0

(9]

Arg1

-
[}

-8~ TNP-OVA
~O-OVA.

©
B

* Relative quantity/actb
Relative quantity/actb

/OO GO 1
0 1 2 3 4 5 6 7 PD-L2

Time after challenge (days):

chizi3

*

Relative quantity/actb
Relative quantity/actb

’ Time after challenge (days)

_ Fizz1
16 ’

8§ O—0O—O—0OA)9

{23 4 5 6.7

‘Relative quantity/actb
‘Relative quantity/actb

> V01\2'3‘4567‘
Time after challenge (days)

Arg1

Chi3I3

Figure 4. Monocytes-Macrophages Accu-
mulating in the IgE-CAl Skin Lesions
Display a. Phenotype of M2-type Macro-
phages

(A-D) C57BL/6 mice were treated as in Figure 1 to
induce IgE-CAI.

(A) The expression of PD-L2 on F4/80"CD11b*
SSC"° monocytes-macrophages in the skin
lesions of mice challenged with TNP-OVA or
control OVA was examined on day 4 post-
challenge.

(B and C) Time course of the PD-L2* monocytes-
macrophage number (B, mean + SEM, n = 3 each)
and the expression of -indicated mRNAs (C,
mean + SEM, n'= 3 each)in the skin lesions of
mice challenged with TNP-OVA (closed circles) or
control OVA (open circles).

(D) The expression of indicated mRNAs in PD-L.2~
and PD-L2* monocytes-macrophages that were
isolated on day 3 postchallenge from the ear skin
of mice challenged with TNP-OVA (mean + SEM,
n = 6 each). ’

(E) Wild-type ‘and Ccr2~/~ BALB/c mice were
treated as in Figure' 3 to induce IgE-CAl. Data
show the numbers of PD-L2" monocytes-macro-
phages that wete isolated on day 4 postchallenge
from:the ear skin of mice challenged with TNP-
OVA or control OVA (mean + SEM, n = 4-5 each).
Data shown are representative of at least three
independent experiments. *p < 0.05, *p < 0.01,
***p < 0.001. See also Figures S1-85.
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Listeria monocytogenes. Ly6C'®~ resi-
dent monocytes recruited to the infection
site turn on the expression of typical M2
marker genes, including Arg? and Fizz1,
indicating their differentiation into M2
macrophages that probably contribute
to tissue repair (Auffray et al., 2007). In
contrast, Ly6C* inflammatory monocytes
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of inflammatory monocytes in Ccr2~/~ mice resulted in the
exacerbation rather. than alleviation -of -allergic inflammation;
and adoptive transfer of CCR2" inflammatory monocytes
normalized it. Thus, M2-like monocytes-macrophages derived
from -inflammatory monocytes- appear to negatively regulate
allergic inflammation in IgE-CAI.

Previous studies have shown two distinct modes of M2 gener-
ation. Oneis based on the observation during infection with

differentiate into  dendritic cells . that
produce inflammatory mediators (Kuri-
hara et al;, 1997; Serbina et al., 2003).
The other mode of M2 generation has
been demonstrated in .infection with
helminth Lifomosoides sigmodontis, in
that M2 macrophages are generated
through proliferation and alternative acti-
vation -of tissue-resident macrophages
rather than the recruitment of circulating
monocytes (Jenkins et al., 2011). Our
study on IgE-CAIl has identified the third
mode of M2 generation, in that Ly6C*
inflammatory monocytes give rise to M2-type macrophages.
The differentiation -of inflammatory monocytes to-M2 macro-
phages may not be restricted to allergic responses. A similar
differentiation was suggested in experimental autoimmune
encephalomyelitis, even though no direct evidence for this in vivo
was provided (Denney et al., 2012).

The in vivo function of M2 macrophages has been less well
characterized, compared to that of M1 macrophages, but has
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Figure 5. Basophil-Derived IL-4 Confers an
M2-type Phenotype on Ly6C* Inflammatory
Monocytes Ex Vivo

(A and B) C57BL/6 mice were treated as in Figure 1
to induce IgE-CAI. Time course of the expression
of indicated mRNAs in the skin lesions of mice
challenged with TNP-OVA (closed circles) or
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cell lineages were isolated on day 3 postchallenge
from the skin lesions of mice challenged with
TNP-OVA and subjected to quantitative RT-PCR
for the analysis of /4 expression (mean + SEM,
n = 3 each).

(C) Basophils (2 x 10° cells/ml) enriched from
bone marrow cells were sensitized ex vivo with
anti-TNP IgE and then stimulated with TNP-OVA
or control OVA at 37°C for 10 hr, and the con-
centration of IL-4 and IL-13 in their culture super-
natants was determined by ELISA (mean = SEM,
n =5 each). ND, not detectable.

(D-F) LyBC* inflammatory monocytes were
purified from C57BL/6 bone marrow cells and
incubated at 37°C for 24 hr in the presence of
anti-IL-4 or control rat IgG (rlgG), with the culture
supernatants of basophils that had been stimu-
lated as in (C).

(D and E) The cultured monocytes were subjected
to flow cytometric analysis for PD-L2 expression.
Representative staining profiles are shown in (D).
Shaded histograms show control staining with
isotype-matched antibody. Al the data are
summarized in (E) (mean + SEM, n = 5-7 each), in
that the relative mean fluorescence intensity (MFI)
was calculated as MFI (PD-L2 staining)/MFI
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been implicated in a variety of processes, including protection
against parasitic infection, promoting Th2 cell-type immune
responses, wound healing, tissue fibrosis, metabolic regulation,
angiogenesis, and tumorigenesis (Kreider et al., 2007; Martinez
et al., 2009; Murray and Wynn, 2011). The role of M2 macro-
phages in allergy and asthma has not been well understood,
in contrast to the extensive study on its role in parasitic infec-
tions. Of note, in mice infected with helminth Schistosoma
mansoni, M2 macrophages and their products have been
shown to suppress rather than promote Th2 cell-type inflam-
mation (Nair et al., 2009; Pesce et al., 2009). No such anti-
inflammatory property of M2 macrophages was definitely
demonstrated in allergic responses, as far as we aware.
Instead, in mouse models of airway allergic inflammation, M2
macrophages reportedly contribute to the pathogenesis of
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mation (Ford et al., 2012; Kim et al,,
2008; Kurowska-Stolarska et al., 2009;
Melgert et al,, 2010; Moreira et al.,
2010; Nagarkar et al., 2010) and angio-
genesis (Sun et al., 2008). Intriguingly, Ccr2™~ mice were
reported to display enhanced airway allergic inflammation,
but the underlying mechanism remains to be determined (Kim
et al., 2001).

In the present study, we clearly demonstrated that M2-like
monocytes-macrophages derived from inflammatory mono-
cytes exert an anti-inflammatory function in IgE-CAl. Their
absence or the failure in their conversion to M2 type resulted
in the exacerbation of allergic inflammation. Thus, M2-like
monocytes-macrophages appear to dampen excessive inflam-
mation in IgE-CAL It remains to be definitely demonstrated
how they exert an anti-inflammatory function. Treatment of
mice with an inhibitor of arginase-1 showed no apparent effect
on IgE-CAl (data not show), although arginase-1 has been
shown to suppress Th2 cell-type inflammation in helminth

TNP-OVA
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monocytes (purity > 99%) sorted from CD115*
bone marrow cells (B) were labeled with CFSE and

D intravenously transferred (2 x 10° cells/mouse)

into BALB/c mice that had been sensitized with
anti-TNP IgE 1 day earlier. Recipient mice were
challenged with intradermal administration of
TNP-OVA immediately after the cell transfer. Flow
cytometric analysis was performed for the surface
expression of F4/80, PD-L2, and Ly6C in CFSE-
labeled cells before the transfer and in those
isolated from the TNP-OVA-injected skin on day 3
posttransfer.

(C) CD115* bone marrow cells were prepared from
wild-type or li4ra™~ mice, labeled with CFSE, and
intravenously transferred (3 x 10° cells/mouse)
into IgE-sensitized BALB/c mice, followed by the
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antigen challenge (TNP-OVA or control OVA) as in (A) and (B). Flow cytometric analysis was performed for the surface expression of F4/80 and PD-L2 in
CFSE-labeled cells before the transfer (left) and in those isolated from the ear skin on day 1 and day 3 posttransfer (middle and right, respectively).

(D) Mcpt8P™ C57BL/6 mice were sensitized with anti-TNP IgE and challenged with TNP-OVA as in Figure 1A to induce IgE-CAI. On day 2 postchallenge, the mice
were treated with intravenous injection of CFSE-labeled CD115* bone marrow cells (1 x 107 cells/mouse) derived from wild-type mice, in conjunction with DT
or control PBS. On day 4 postchallenge, the expression of F4/80 and PD-L2 on CFSE-labeled cells isolated from the ear skin was examined.

Data shown are representative of three independent experiments.

infection (Pesce et al., 2009). Notably, M2-like monocytes-
macrophages infiltrating skin lesions of IgE-CAl express PD-
L2, a ligand for the inhibitory receptor PD-1 (Loke and Allison,
2003). Blockade of PD-L2 with a specific antibody enhanced
a Th2 cell-type response in helminth infection (Huber et al.,
2010). However, our preliminary experiments with PD-L2
antibody suggested no apparent contribution of PD-L2 to the
damping of allergic inflammation in IgE-CAIl. In skeletal muscle
injury, LyB6C* inflammatory monocytes are recruited and
converted into “anti-inflammatory” macrophages that express
IL-10 and transforming growth factor-B (TGF-8) (Arnold et al.,
2007). In Ige-CAl, however, neither IL-10 nor TGF-B seems to
be involved in damping inflammation in IgE-CAI (not all data
shown). Of note, PD-L2* monocytes-macrophages accu-
mulating in the IgE-CAI skin lesions expressed high amounts
of a mannose receptor CD206 (Figure S6A), suggesting that
they might have enhanced endocytic activity (Montaner et al.,
1999). Indeed, PD-L2* monocytes-macrophages in the skin
lesions showed a much higher extent of antigen uptake
compared to PD-L2~ monocytes-macrophages or other cell
lineages including eosinophils and neutrophils (Figure S6B).
This suggests that the failure in the generation of M2-like
monocytes-macrophages may lead to the insufficient clearance
of antigens in the skin lesions. Considering the fact that
the extent and duration of the IgE-CAI reaction correlate well
with the dose of antigens (Sato et al., 2003), the anti-inflamma-
tory property of M2-like monocytes-macrophages could be
attributed, at least in part, to their efficient uptake and clear-
ance of antigens, making antigens unavailable for basophil
activation.

Alternatively activated M2-type macrophages are typically
generated by stimulation with the Th2 cell cytokines, IL-4
and IL-13, that can be produced by Th2 cells, natural killer

T (NKT) cells, mast cells, eosinophils, basophils, and innate-
type lymphoid cells (Paul and Zhu, 2010). Memory Th2 cells
are the major source of Th2 cell cytokines for M2 generation
in helminth infection (Anthony et al., 2006), whereas NKT cell-
derived IL-4 is important for M2 generation in experimental
autoimmune encephalomyelitis (Denney et al., 2012). In
adipose tissues, eosinophil-derived IL-4 and IL-13 are crucial
for M2 generation to maintain glucose homeostasis (Wu
et al., 2011). In the present study, we demonstrated that
basophil-derived IL-4 can act on inflammatory monocytes
and convert them to anti-inflammatory M2-like monocytes-
macrophages. Thus, basophils can contribute to the activation
and differentiation of monocytes and macrophages, in addition
to those of T and B cells as reported previously (Perrigoue
et al., 2009; Sokol et al., 2008, 2009; Yoshimoto et al., 2009;
Chen et al., 2009; Denzel et al., 2008). Of note, when stimulated
ex vivo with IL-4, human CD14* monocytes display a phenotype
characteristic for human M2-type macrophages, including
upregulated expression of PD-L2 on their surface (Semnani
et al., 2011). Given the fact that human basophils produce
large quantities of Th2 cell cytokines as do murine basophils
(Piccinni et al., 1991), it is plausible that basophils contribute
to the generation of M2-type monocytes-macrophages in
humans as observed in mice.

In conclusion, the present study demonstrated a previously
unappreciated mode of monocyte-to-macrophage transition,
that is, a conversion from inflammatory monocytes to anti-
inflammatory M2-type monocytes-macrophages in an allergic
response. In repeated infections with parasites, host animals
often raise IgE against parasite antigens, and hence basophils
can be stimulated with IgE plus antigens as seen in IgE-CAl
(Karasuyama et al., 2011b; Voehringer, 2009). Moreover, baso-
phils can be directly activated in an IgE-independent manner,
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challenge. Time course of ear swelling (Aear
thickness) is shown (mean £ SEM, n = 3-5 each).

(B) Ly6C*Ly6G ™~ inflammatory monocytes (purity > 99%) sorted from bone marrow cells of wild-type (open squares) or ldra=™'~ (closed squares) mice were
intradermally administered once (1 x 106 cells/site) in the ear of Cer2™'~ mice, in conjunction with administration of TNP-OVA or control OVA. Time course of ear

swelling (Aear thickness) is shown (mean + SEM, n = 4 each).

Data shown are representative of three independent experiments. *p < 0.05, **p < 0.01, **p < 0.001. Note that error bars are displayed in all figures, but often are

hidden behind symbols. See also Figures S6.

for example with certain proteases and pathogen products
(Schroeder et al., 2001). Therefore, basophil-elicited M2 genera-
tion might be widely observed in various settings. Further studies
will clarify their functional significance in each setting.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 and BALB/c mice were purchased from CLEA Japan. Mcpt8®™
C57BL/6 (Wada et al., 2010), Ccr2™/~ (Kuziel et al., 1997), and fi4ra™~
BALB/c (Noben-Trauth et al., 1997, 1999) mice were as described previously
and maintained under specific-pathogen-free conditions in our animal
facilities. All animal studies were approved by the Institutional Animal Care
and Use Committee of Tokyo Medical and Dental University.

Induction of IgE-CAI

IgE-CAl was elicited as described previously (Mukai et al., 2005). In brief, mice
were sensitized with intravenous injection of 300 pg of anti-TNP IgE, and on the
following day challenged with an intradermal injection of 10 pg TNP4-conju-
gated ovalbumin (OVA) and control OVA into the right and left ear, respectively.
The value of Aear thickness, the differences in ear thickness (right — left) was
calculated for the evaluation of inflammation.

Isolation of Bone Marrow Basophils and Monocytes

Basophils and monocytes were enriched from bone marrow cells via IMag
system with biotinylated anti-CD49b and anti-CD115, respectively, followed
by streptavidin-conjugated magnetic particles (BD PharMingen). Inflam-
matory monocytes were purified by sorting Ly6C"Siglec-F"CD11¢™Ly6G™
cells from the CD115" bone marrow cell population with FACSAria (BD
Biosciences).

In Vitro Stimulation of Basophils and Monocytes

Basophils were stimulated for 10 hr with TNP;,-OVA or control OVA
(300 ng/ml) after sensitization with TNP-specific IgE. The concentration of
cytokines in culture supernatants was determined with Mouse IL-4 ELISA
MAX Standard (Biolegend) for IL-4 and mouse Ready-Set-Go! ELISA kit
(eBioscience) for IL-13. Monocytes were incubated for 24 hr with the culture
supernatant of activated basophils in the presence or absence of anti-IL-4
or control rat igG (20 pg/ml).

Ablation of Basophils
Mcpt8®™ mice were treated once or twice with intravenous injection of
diphtheria toxin (DT, Sigma-Aldrich, 500 ng/injection).

Statistical Analysis
Statistical analysis was performed with unpaired Student's t test. A

p value <0.05 was considered statistically significant.
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Thymic stromal lymphopoietin-elicited basophil
responses promote eosinophilic esophagitis

Mario Notil»>?7, Elia D Tait Wojno!>2%7, Brian S Kim!-3, Mark C Siracusal>2, Paul R Giacomin!-24,

Meera G Nairl»25, Alain J Benitez, Kathryn R Ruymann’, Amanda B Muir®, David A Hilll:27,

Kudakwashe R Chikwava®, Amin E Moghaddam?, Quentin ] Sattentau®, Aneesh Alex!0-12, Chao Zhou!0-12,
Jennifer H Yearley!3, Paul Menard-Katcher!4, Masato Kubo!>16, Kazushige Obata-Ninomiyal7:18,
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Eosinophilic esophagitis (EoE) is a food allergy-associated inflammatory disease characterized by esophageal eosinophilia.
Current management strategies for EoE are nonspecific, and thus there is a need to identify specific immunological pathways
that could be targeted to treat this disease. EoE is associated with polymorphisms in the gene that encodes thymic stromal
lymphopoietin (TSLP), a cytokine that promotes allergic inflammation, but how TSLP might contribute to EoE disease
pathogenesis has been unclear. Here, we describe a new mouse model of EoE-like disease that developed independently of

IgE, but was dependent on TSLP and basophils, as targeting TSLP or basophils during the sensitization phase limited disease.
Notably, therapeutic TSLP neutralization or basophil depletion also ameliorated established EoE-like disease. In human subjects
with EoE, we observed elevated TSLP expression and exaggerated basophil responses in esophageal biopsies, and a gain-of-
function TSLP polymorphism was associated with increased basophil responses in patients with EoE. Together, these data suggest
that the TSLP-basophil axis contributes to the pathogenesis of EoE and could be therapeutically targeted to treat this disease.

EoE is a food allergy-associated inflammatory disease that affects chil-
dren and adults'-3. In industrialized countries, the incidence of EoE has
increased dramatically in the past 30 years, resulting in a considerable
public health and economic burden®%5. EoE is characterized by esopha-
geal eosinophilia and inflammation and histological changes in the
esophagus associated with stricture, dysphagia and food impaction!-3.
Currently, treatment strategies for EoE are nonspecific and impose a bur-
den on patients. Although swallowed topical steroids can be effective in

limiting EoE-associated inflammation, there are concerns regarding the
long-term use of steroids, particularly in children?S. Adherence to an
elemental diet that eliminates exposure to foods that trigger EoE results in
resolution of symptoms in many patients; however, this approach requires
disruptive changes in lifestyle and eating habits®”. Thus, there is a need
to identify new drug targets and more specific therapies”. The observa-
tions that immune suppression or removal of dietary trigger foods can
ameliorate EoE symptoms indicate that EoE is a food antigen-driven
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disease mediated by aberrant immune responses!-28, Therefore, target-
ing the dysregulated immunological pathways that underlie EoE could
offer new treatment strategies for this disease.

Studies investigating the immunological mechanisms that mediate
EoE have shown that various immune cell types, including eosinophils,
mast cells, type 2 helper T (Ty2) cells that produce interleukin-4
(IL-4), IL-5, and IL-13, and IgE-producing B cells, may contribute to
esophageal inflammation during EoE!-?. Further, recent work has
shown that there is a strong association between a gain-of-function
polymorphism in the gene that encodes the predominantly epithe-
lial cell-derived cytokine TSLP and the development of EoE in chil-
dren!®11, TSLP is associated with multiple allergic disorders'%-16 and is
thought to promote allergic inflammation by activating dendritic cells,
inducing Ty2 cell responses, supporting IgE production and eliciting
the population expansion of phenotypically and functionally distinct
basophils!217-21. However, whether TSLP directly promotes inflam-
matory responses associated with EoE and the mechanisms by which
polymorphisms in TSLP and increased TSLP expression may contrib-
ute to the pathogenesis of EoE in patients has been unknown.

RESULTS

A new mouse model of experimental EoE-like disease

To investigate whether TSLP directly promotes EoE disease patho-
genesis, we developed a new mouse model of EoE-like disease that

is associated with exaggerated TSLP production. Multiple studies in
mouse models and humans suggest that sensitization to food allergens
may occur at sites where the skin barrier is disrupted, such as atopic
dermatitis lesions?2-24, Thus, we employed a model in which mice
were epicutaneously sensitized to a food antigen, ovalbumin (OVA),
on a developing atopic dermatitis-like skin lesion induced by topical
treatment with the vitamin D analog MC903 (Fig. 1a). Consistent
with previous reports!”-2°-27, wild-type (WT) BALB/c mice treated
epicutaneously with the vitamin D analog MC903 showed increased
TSLP expression in the skin compared to ethanol vehicle-treated con-
trol mice (Fig. 1b). Epicutaneous sensitization to and subsequent oral
challenge with OVA resulted in the development of experimental EoE-
like disease that was characterized by inflammation, edema and eosi-
nophilia in the esophagus, as measured histologically and quantified
by enumeration of eosinophils per high-power field (HPF) (Fig. 1c,d).
Flow cytometric analysis (Fig. 1e,f) and immunofluorescence stain-
ing (Fig. 1g) also demonstrated that there was an accumulation of
eosinophils in esophageal tissues of mice with EoE-like disease, and
electron microscopic (EM) analysis revealed the presence of degranu-
lated eosinophils in these tissues (Fig. 1h). We also observed sig-
nificantly higher expression of genes that encode Ty2 cytokines and
the basophil-specific protease Mcpt8 and a trend toward increased
Tslp expression in esophageal tissues of mice with EoE-like disease
compared to control mice (Fig. 1i). Further, we observed a similar
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Figure 1 Experimental mouse model of EoE-like disease. (a) Schematic of EoE-like disease mouse model in
which WT BALB/c mice are epicutaneously sensitized for 14 d with OVA on a developing atopic dermatitis—like
skin lesion, challenged intragastrically (i.g.) with OVA on days 14 and 17.5 and sacrificed (sac.) at day 18.

(b) TSLP (ng per mg of ear skin) expression in supernatants of overnight-cultured skin (ears) measured by ELISA.
Data are from one experiment (EtOH + OVA, n = 3; MC903, n = 3; MC903 + OVA, n = 4) and are representative a (0%)
of three independent replicates. EtOH, ethanol. (c) Histological sections (H&E staining) from the esophagus.
Arrowheads identify tissue-infiltrating eosinophils. Scale bar, 25 um. Insets: x4 magnification of whole image focusing
on eosinophils. (d) Number of eosinophils per HPF in the esophagus. (e) Representative flow cytometry plots showing

Food impaction
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E{OH + OVA
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MC903 + OVA
“ 3l
‘~ (33%) }

frequencies of eosinophils in esophageal tissues. Data in c—e are from one experiment (EtOH + OVA, n = 3; MC903,
n=3; MC903 + OVA, n = 4) and are representative of three or more independent replicates. (f) Frequencies of eosinophils in esophageal tissues,
as measured by flow cytometry. Data are from three pooled experiments (EtOH + OVA, n=7; MC903, n = 8; MC903 + OVA, n= 11). (g) Immuno-

fluorescence staining for eosinophils (Siglec-F-specific mAb, red) in esophageal tissues. Counterstaining with DAPI (blue). Scale bar, 25 pm. Images are
representative of two controls and three EoE-like disease samples. Insets: x4 magnification of whole image focusing on eosinophils. (h) Representative

EM image of an eosinophil in the esophagus of control mice with intact granules with electron dense cores (left) or degranulating eosinophils in MC903
+ OVA-treated mice (right), showing loss of electron density in granule cores (red arrow), granule extrusion channels (blue arrow) and complete loss of
granule contents (green arrow) into the extracellular matrix (purple arrow). Scale bar, 2 um. (i) mRNA expression of Ty2 cytokines (//4, 115, 1/13), the
basophil-specific protease Mcpt8 and Tslp in the esophagus. Data depicted are from one experiment (EtOH + OVA, n = 3; MC903, n = 3; MC903 + OVA,
n = 4) and are representative of three independent replicates. y axis shows fold induction compared to controls (see Online Methods). (j) Representative
images of esophagi, with incidence of impaction. Arrowheads identify impacted food. Data depicted are from two pooled experiments (EtOH + OVA,
n=7,MC903 + OVA, n=9). All parameters were assessed 12 h post-final oral antigen challenge. Data in a—i are from mice challenged twice with OVA,
and data in j are from mice challenged six times with OVA. Results are shown as mean + s.e.m., and a nonparametric, one-way Kruskal-Wallis analysis
of variance (ANOVA) with Dunn’s post hoc testing was used to determine significance. *P< 0.05; **P<0.01; ***P< 0.001.
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experiments (Tslprt/+ EtOH + OVA, n = 5; Tslprt/+ MC903 + OVA, n=11; Tslpr/- EtOH + OVA, n=5; Tslpr’/- MC903 + OVA, n = 12). (e) Histological
sections (H&E staining) from the esophagus of WT BALB/c mice treated with an isotype control or TSLP-specific mAb (anti-TSLP). Arrowheads identify
tissue-infiltrating eosinophils. Scale bar, 50 pm. Insets: x4 magnification of whole image showing eosinophils. (f) Number of eosinophils per HPF in
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n=>5; MC903 + OVA + I1gG, n=9; MC903 + OVA + anti-TSLP mAb, n= 10). All parameters were assessed 12 h after final oral antigen challenge.

Data are from mice challenged twice with OVA. Results are shown as mean * s.e.m., and a nonparametric, one-way Kruskal-Wallis ANOVA with Dunn’s
post hoc testing or a nonparametric, two-way ANOVA with Bonferroni’s post hoc testing were used to determine significance. **P< 0.01; ***P < 0.001.

NS, not significant.

pattern of EoE-like disease in mice that were epicutaneously sensi-
tized to crude peanut extract (CPE) on an atopic dermatitis-like skin
lesion (Supplementary Fig. 1a—c), confirming that sensitization to
a natural food allergen in the presence of elevated amounts of TSLP
results in experimental EoE-like disease. Eosinophil accumulation in
this model was not restricted to the esophagus, as mice with EoE-like
disease also showed eosinophilia in the gastrointestinal tract after epi-
cutaneous sensitization and oral challenge with OVA (Supplementary
Fig. 1d,e) associated with antigen-specific T2 cytokine responses in
the mesenteric lymph node and spleen (Supplementary Fig. 1f,g).
EoE in humans is diagnosed on the basis of immunological param-
eters and the presence of physiological changes in esophageal tissue
and signs of esophageal dysfunction, including food impaction, which
occurs in approximately 40% of patients with EoE!-328. To assess
whether clinical manifestations of EOE were present in the experi-
mental mouse model of EoE-like disease, we challenged mice that had
existing EoE-like disease repeatedly with OVA to induce prolonged
esophageal inflammation. Although analysis using optical coher-
ence tomography (OCT), which allows for high-resolution imaging
of live biological tissues based on optical scattering?®39, revealed that
EoE-like disease was characterized by minimal changes in the thick-
ness of the esophageal epithelium, (Supplementary Fig. 2a,b), pro-
longed esophageal inflammation was associated with food impaction
in the esophagus. Approximately 30% of fasted mice with EoE-like
disease exhibited food impaction at the time of killing, but we never
observed food impaction in the esophagus of control (ethanol)-treated
mice (Fig. 1j). Collectively, these data indicate that this new model
of EoE-like disease is characterized by a number of immunological

and pathophysiological changes in esophageal tissues and signs
of esophageal dysfunction similar to those observed in humans
with EoE1-331-34,

EoE-like disease is dependent on TSLP but independent of IgE
To determine whether TSLP directly promotes the pathogenesis of
experimental EoE-like disease in mice, we epicutaneously sensitized
WT BALB/c (Tslpr*/*) mice or mice deficient in the TSLP receptor
(TSLPR) (Tslpr~'-) to OVA followed by oral antigen challenge (see
Fig. 1a). Whereas sensitized and challenged Tslprt/* mice showed
esophageal eosinophilia and associated inflammation, Tslpr~/~ mice
did not develop esophageal eosinophilia (Fig. 2a-d). Using an alter-
native approach to abrogate TSLP signaling, we found that multiple
systemic treatments with a monoclonal antibody (mAb) that neutral-
izes TSLP during epicutaneous sensitization with OVA in WT BALB/c
mice also limited eosinophil infiltration in the esophagus after oral
challenge (Fig. 2e-h).

To test whether TSLP was sufficient for the development of EoE-like
disease during epicutaneous sensitization, we intradermally injected
mice with exogenous recombinant TSLP (rTSLP) in the presence or
absence of OVA and challenged them orally (Supplementary Fig. 3a).
Mice sensitized to OVA in the presence of r'TSLP also showed esopha-
geal eosinophilia after oral challenge compared to mice treated with
OVA alone or rTSLP alone (Supplementary Fig. 3b). In a comple-
mentary approach, Tslprt/* mice were treated with control antibody
or a TSLP-specific mAb, and Tslpr~/~ mice were sensitized with OVA
on tape-stripped skin (Supplementary Fig. 3c). Tape-stripping was
associated with elevated local TSLP production following physical
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perturbation of the skin barrier (Supplementary Fig. 3d and ref. 35).
Whereas Tslprt/* mice treated with control antibody that were
sensitized to OVA on tape-stripped skin showed esophageal eosi-
nophilia after oral antigen challenge, Tslpr*/* mice treated with a
TSLP-specific mAb and Tslpr~/~ mice did not develop esophageal
eosinophilia (Supplementary Fig. 3e,f). Finally, we assessed the con-
tribution of TSLP to the development of clinical signs of EoE-like
disease. Repeated challenge with OVA following sensitization in the
presence of MC903 was not associated with changes in the thickness
of the esophageal epithelium. However, prolonged esophageal inflam-
mation was associated with an increased incidence of food impaction
in the esophagus in Tslpr*/* but not Tslpr~/~ mice (Supplementary
Fig. 4a,b). Collectively, these data indicate that TSLP-TSLPR inter-
actions are necessary and sufficient for the development of experi-
mental EoE-like disease in mice.

TSLP-TSLPR interactions are known to promote the produc-
tion of IgE3637, a key mediator of allergic inflammation38, and
class-switched B cells have been observed in the esophagus of
patients with EoE%3940, In addition, MC903-induced TSLP expres-
sion was associated with high amounts of systemic OVA-specific
IgE (Fig. 3a), suggesting that TSLP-dependent EoE-like disease in
mice might be IgE dependent. To directly test this, we epicutane-
ously sensitized IgE-sufficient WT BALB/c (Igh-7+/*) mice and IgE-
deficient (Igh-7-/~) mice to OVA in the presence of MC903. Following
oral challenge with antigen, both Igh-7+/* and Igh-7-/~ mice showed
equivalent EoE-like disease, characterized by esophageal inflam-
mation, elevated tissue eosinophilia (Fig. 3b-d), the presence of
degranulated eosinophils in the esophagus (Fig. 3e) and significant
increases in gene expression of Ty2 cytokines in esophageal tissues
(Fig. 3f). These data demonstrate that EoE-like disease can occur in
an IgE-independent manner and are consistent with recent findings
from clinical studies suggesting that treatment with an IgE-specific
mADb does not ameliorate EoE in most patients#!-44. Together, these

data indicate that manipulation of the IgE pathway may not be an
effective therapeutic approach for the treatment of EoE.

EoE-like disease depends on basophils

In addition to its role in promoting B cell and IgE responses, TSLP
expression is associated with the selective expansion of a distinct pop-
ulation of basophils!718. These data suggest that basophils may con-
tribute to TSLP-dependent, IgE-independent EoE-like disease in mice.
Consistent with this hypothesis, MC903-induced expression of TSLP
in the skin was associated with TSLP-dependent, IgE-independent
systemic basophil responses (Supplementary Fig. 5a,b). To assess
whether basophils contribute to the development of experimental
EoE-like disease, we employed an established genetic approach to
deplete basophils in vivo. C57BL/6 mice in which the diphtheria toxin
receptor (DTR) is exclusively expressed by basophils (Baso-DTR*
mice)!7:1945 and DTR-negative littermate controls (Baso-DTR™ mice)
were epicutaneously sensitized and orally challenged with OVA while
being treated with diphtheria toxin (Fig. 4a). Consistent with results
observed in BALB/c mice (Fig. 1b), we observed increased local and
systemic TSLP production in C57BL/6 Baso-DTR™ and Baso-DTR*
mice sensitized to OVA in the context of MC903 treatment (data not
shown). Notably, whereas Baso-DTR™~ mice that were epicutaneously
sensitized and orally challenged with OVA showed high frequencies
of eosinophils in the esophagus, depletion of basophils in Baso-DTR*
mice (Supplementary Fig. 5¢) led to a reduction in esophageal eosi-
nophilia (Fig. 4b-e) and a reduction in expression of genes related to
Ty2 cytokine responses (Supplementary Fig. 6a—c).

Using an alternative approach, we treated epicutaneously sensitized
and orally challenged WT BALB/c mice with a mAb specific for CD200R3
(Bal03) to deplete basophils*® (Fig. 4f). Mice in which basophils were
depleted during sensitization (Supplementary Fig. 5d) showed a reduced
accumulation of eosinophils in the esophagus compared to control mAb—
treated mice after oral challenge with OVA (Fig. 4g—j). Collectively, these

1008

VOLUME 19 | NUMBER 8 | AUGUST 2013 NATURE MEDICINE



ARTICLES

Esophageal eosinophilia
a b c d e
MCS03 +OVA 0 EtOH + OVA MC903 + OVA i
= + *hkk
5 o R s i Baso-DTR Baso-DTR” Baso-DTR" e 2t
2 2 = 52
< < Sa 17 gE
DTinjections & B gL s 5 8 20
0 o5
11 "f I 1f OVAwatar ﬁ I g_’ 9
T T T 1 0 0
0 MC903 + OVA 14 17.518 Time (d) DTR - — + DTR - — +
+ + + 8 T  + + +
VA + + + %) OVA + + +
RO RO
Sl K5
TN SN
f g MCS903 + OVA h 1 Esophageal eosinophilia ‘ ]
o 9 +control IgG  + anti-CD200R3 8 *x +conirol IgG  al-GH200R3 15 phar_
i § § S 7 Nl e ) T EtOH + OVA MC903 + OVA MC903 + OVA ° 0 3
+Ant-CD200R3 5 3§ & = 24 13.4 73 gZ 10
-1 3 7 12 4 ST 4 £ g
y 1 | pOVAvater £% | g
T T g 3 a c@ 5
0 MC903 + OVA 14 17.518 Time (d) w i a9
0
OVA + + OVA + + +
' Anti-CD200R3 — + % Anti-CD200R3 — — +
Fs» @ o @ge%b&
RS Siglec-F > QO

Figure 4 Basophils promote EoE-like disease. (a) Schematic of in vivo basophil depletion strategy. C57BL/6 (Baso-DTR~) or Baso-DTR* mice were
treated with diphtheria toxin (DT) during the course of epicutaneous sensitization. (b) Histological sections (H&E staining) from the esophagus.
Arrowheads identify tissue-infiltrating eosinophils. Scale bar, 25 um. Insets: x4 magnification of whole image showing eosinophils. (¢) Number of
eosinophils per HPF in the esophagus. (d) Representative flow cytometry plots showing frequencies of eosinophils in esophageal tissues. Data in b—d
are from one experiment (Baso-DTR- EtOH + OVA, n = 3; Baso-DTR~ MC903 + OVA, n = 3; Baso-DTR* MC903 + OVA, n = 4) and are representative of
three independent replicates. (e) Frequencies of eosinophils in esophageal tissues, as measured by flow cytometry. Data depicted are from three pooled
experiments (Baso-DTR~ EtOH + OVA, n = 7; Baso-DTR~ MC903 + OVA, n = 10; Baso-DTR* MC903 + OVA, n = 11). (f) Schematic of in vivo basophil
depletion strategy using CD200R3-specific mAb (anti-CD200R3) in WT BALB/c mice. (g) Histological sections (H&E staining) from the esophagus.
Arrowheads identify tissue-infiltrating eosinophils. Scale bar, 50 um. Insets: x4 magnification of whole image showing eosinophils. (h) Number of
eosinophils per HPF in the esophagus. (i) Representative flow cytometry plots showing frequencies of eosinophils in esophageal tissues. Data in g-i are
from one experiment (EtOH + OVA + 1gG, n = 3; MC903 + OVA + IgG, n= 3; MC903 + OVA + anti-CD200R3 mAb, n = 4) and are representative of three
independent replicates. (j) Frequencies of eosinophils in esophageal tissues, as measured by flow cytometry. Data are from three pooled experiments
(EtOH + OVA + 1gG, n=8; MC903 + OVA + IgG, n=9; MC903 + OVA + anti-CD200R3 mAb, n= 10). All parameters were assessed 12 h after final oral
antigen challenge. Data are from mice challenged twice with OVA. Results are shown as mean + s.e.m., and a nonparametric, two-tailed Mann-Whitney
t-test or a nonparametric, one-way Kruskal-Wallis ANOVA with Dunn's post hoc testing were used to determine significance. *P< 0.05; **P<0.01; ***P<0.001.

results indicate that basophils are major contributors to the pathogenesis
of experimental EoE-like disease in mice and may represent a new thera-
peutic target to treat this disease in patients.

TSLP or basophils can be targeted to treat EoE-like disease

As TSLP and basophils were required during sensitization for the
development of EoE-like disease in mice, we next tested whether the
TSLP-basophil pathway could be therapeutically targeted to treat
established EoE-like disease. First, we sensitized and challenged mice
with OVA to establish EoE-like disease and then treated them system-
ically with either an isotype control or a neutralizing TSLP-specific
mAD during repeated antigen challenge (Fig. 5a). Whereas mice with
established EoE-like disease treated with a control antibody showed
esophageal eosinophilia, mice that were treated with a TSLP-specific
mAb had decreased esophageal eosinophilia, as measured histologi-
cally (Fig. 5b). Flow cytometric analysis also revealed that the total
immune cell infiltrate and esophageal eosinophilia were significantly
reduced in mice treated with a TSLP-specific mAb compared to mice
treated with a control mAbD (Fig. 5¢,d).

To test whether basophils contributed to the maintenance of EoE-
like disease, we treated mice with established EoE-like disease with an
isotype control or basophil-depleting CD200R3-specific mAb during
repeated OVA challenge (Fig. 5e). Similar to the results observed
after neutralization of TSLP, specific depletion of basophils resulted in
decreased esophageal eosinophilia, as measured histologically (Fig. 5f),
and flow cytometric analysis showed a reduction in total immune cell
infiltrate and eosinophil numbers in the esophagus (Fig. 5g,h). To test

whether neutralization of TSLP or depletion of basophils was also
associated with a resolution of signs of esophageal dysfunction, we
treated mice with established EoE-like disease with a control antibody,
TSLP-specific mAb, or CD200R3-specific mAb and assessed them for
the incidence of food impaction. Whereas we observed food impac-
tion in about 30% of mice treated with a control antibody, we did not
observe food impaction in mice in which TSLP or basophil responses
were blocked (Fig. 5i). Taken together, these data demonstrate that
TSLP neutralization or basophil depletion can be used to ameliorate
inflammation and clinical symptoms of established experimental
EoE-like disease in mice.

The TSLP-basophil axis is associated with EoE in humans

The roles of TSLP and basophils in experimental EoE-like disease
in mice (Figs. 2 and 4) and the established association between a
gain-of-function polymorphism in TSLP and EoE in human pediatric
subjects!®!l prompted us to hypothesize that the TSLP-basophil
pathway may contribute to the pathogenesis of EoE in humans. To
assess whether the TSLP-basophil axis is active in human subjects
with EoE, we examined TSLP expression and basophil responses in
esophageal biopsies from a cohort of pediatric subjects. We stratified
this patient population on the basis of the number of eosinophils
counted in histologic sections from esophageal biopsies into the
following groups: (i) control subjects without EoE, (ii) subjects
with active EoE (=15 eosinophils per HPF) and (iii) subjects with
inactive EoE (<15 eosinophils per HPF and a prior clinical history
of active EoE) (Fig. 6a). In agreement with previous studies'®11,
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Figure 5 Neutralization of TSLP or depletion of basophils ameliorates established EoE-like disease. (a) Schematic of treatment with TSLP-specific
mAb in WT BALB/c mice with established EoE-like disease. (b) Histological sections (H&E staining) from the esophagus. Arrowheads identify tissue-
infiltrating eosinophils. Scale bar, 50 um. (c) Frequencies of CD45* cells in esophageal tissues, as measured by flow cytometry. (d) Representative

flow cytometry plots showing frequencies and total numbers of eosinophils in esophageal tissues. Data in b—d are from one experiment (MC903 + OVA
+ 1gG, n=5; MC903 + OVA + anti-TSLP mAb, n = 5) and are representative of three independent replicates. (e) Schematic of CD200R3-specific mAb
basophil-depletion strategy in WT BALB/c mice in established EoE-like disease. (f) Histological sections (H&E staining) from the esophagus. Arrowheads

identify tissue-infiltrating eosinophils. Scale bar, 50 um. (g) Frequencies of CD45* cells in esophageal tissues, as measured by flow cytometry.

(h) Representative flow cytometry plots showing frequencies and total numbers of eosinophils in esophageal tissues. Data in f-h are from one
experiment (MC903 + OVA + IgG, n=4; MC903 + OVA + anti-CD200R3 mAb, n = 5) and are representative of three independent replicates.

(i) Quantified incidence of food impaction. All parameters were assessed 12 h after final oral antigen challenge. Data are from mice challenged repeatedly with
OVA. Results are shown as mean + s.e.m., and a nonparametric, two-tailed Mann-Whitney t-test was used to determine significance. *P< 0.05; **P<0.01.

TSLP expression in esophageal biopsies was higher in subjects with
active EoE compared to control subjects or subjects with inactive
EoE (Fig. 6b). Immunohistochemical staining revealed that strati-
fied squamous epithelial cells showed positive staining for TSLP in
esophageal biopsies from subjects with active EoE (Fig. 6¢). We then
used flow cytometric analysis to identify and quantify the inflam-
matory cell infiltrate in biopsies. Notably, we observed higher fre-
quencies of cells with a phenotype consistent with that of basophils
(lin~CD49b*FceRI*c-kit-2D7*) in esophageal biopsies from subjects
with active EoE compared to those from control subjects or subjects
with inactive EoE (Fig. 6d,e). Further, the frequency of basophils
positively correlated (Spearman r = 0.6638) with the number of
eosinophils counted per HPF in histological sections of esophageal
biopsies (Fig. 6f). Additionally, we were able to stratify a cohort of
adult subjects on the basis of the number of eosinophils counted in
histologic sections (Supplementary Fig. 7a). Consistent with results
observed in pediatric subjects (Fig. 6d-f), adult subjects with active

EoE had a higher (although not statistically significant) frequency of
basophils in the esophageal biopsy, as measured using flow cytometry,
that positively correlated (Spearman r = 0.5282) with the number of
eosinophils counted per HPF in histological sections (Supplementary
Fig. 7b,c). Collectively, these data indicate for the first time, to our
knowledge, that the TSLP-basophil axis is associated with active EoE
in pediatric and adult subjects.

These findings, coupled with the association between the develop-
ment of EoE and a previously identified gain-of-function polymor-
phism in TSLP associated with TSLP overexpression (TSLPrisk)10,
suggested that there may be an association between the TSLP*sk poly-
morphism and enhanced basophil responses in human subjects with
EoE. To directly test this, we assessed a separate cohort of pediatric
subjects with active or inactive EoE genotyped for the presence of the
TSLPrisk polymorphism for basophil frequencies among peripheral
blood mononuclear cells (PBMCs). Subjects who were homozygous or
heterozygous for the TSLP"isk polymorphism had significantly higher
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from pediatric control subjects (n = 19) and subjects with active EoE (n = 16) or inactive EoE (n = 15). (f) Correlation of frequencies of basophils

in pediatric esophageal biopsies and the number of eosinophils per HPF observed histologically (n = 50) (Spearman r= 0.6638). (g) Frequencies of
basophils in the PBMCs of pediatric subjects with EoE who were homozygous (n = 26) or heterozygous for the TSLPisk polymorphism (n = 26) or

who lacked the TSLPsk polymorphism (n = 9), as identified by flow cytometry. All data are shown as mean + s.e.m., and a nonparametric, two-tailed
Mann-Whitney t-test or a nonparametric, one-way Kruskal-Wallis ANOVA with Dunn’s post hoc testing were used to determine significance. Correlation
analysis was performed using a nonparametric Spearman correlation (sensitivity analyses were performed), and a linear regression of the data is shown.

*P<0.05; **P<0.01; ***P<0.001.

basophil frequencies in their PBMCs than subjects with EoE who
did not carry the TSLP'isk polymorphism (Fig. 6g), which suggests
a genetic link between a gain-of-function TSLP polymorphism,
increased peripheral basophil responses and EoE. As with most
human inflammatory diseases such as asthma, inflammatory bowel
disease and multiple sclerosis?’-%0, the development of EoE probably
involves a complex interplay of genetic and environmental factors.
However, these data suggest a model in which patients that carry the
TSLPrisk polymorphism have a predisposition toward TSLP overex-
pression and associated peripheral basophilia that may increase the
likelihood of developing EoE after encounter with trigger antigens
(Supplementary Fig. 8).

DISCUSSION
Here we describe a new mouse model in which epicutaneous sensitiza-
tion to a model food antigen followed by oral antigen challenge results
in EoE-like disease. We demonstrate that TSLP and basophils, but
not IgE, are required for the development of experimental EoE-like
disease in mice and that antibody-mediated neutralization of TSLP
or depletion of basophils is effective in preventing the development
of experimental EoE-like disease. Targeting TSLP or basophils was
also effective in treating established EoE-like disease in mice. In addi-
tion, we identify for the first time the presence of enhanced basophil
responses in the esophageal biopsy tissue of human subjects with EoE
and a genetic link between a gain-of-function polymorphism in TSLP
and increased peripheral basophil responses.

Although all experimental model systems have limitations and do
not recapitulate the diversity of symptoms reported in humans, the
model of EoE-like disease we report here is associated with several

characteristics of EoE in humans, including esophageal eosinophilia
and associated esophageal dysfunction. In addition, this model is
also characterized by gastrointestinal eosinophilia and systemic Ty2
cytokine responses. EoE in humans is defined as a disease associated
with eosinophilia in the esophagus. However, patients with EoE often
suffer from coexisting allergic disorders such as atopic dermatitis,
allergic rhinitis, asthma or intestinal food allergy>7->1. These obser-
vations suggest that a subset of individuals with EoE with coexisting
allergic diseases may present with manifestations of allergic disease
at tissue sites outside of the esophagus®2. Thus, the mouse model
of EoE-like disease we describe may recapitulate a pan-allergic
disease state present in some humans who have EoE and suffer
from additional allergic diseases. Although EoE-like disease in this
model develops independently of IgE and is dependent on TSLP and
basophils, further studies will be required to investigate whether the
gastrointestinal eosinophilia in this model is dependent on IgE or
TSLP-elicited basophils.

Previous studies in mouse models and humans have identified vari-
ous immunological factors that are associated with EoE1-3:31-34,53-58,
However, recent clinical trials that have targeted some of these
factors, including IgE and IL-5, have failed to ameliorate symptoms
of disease?4142:4459.60  guggesting that these factors may not be
essential for the pathogenesis of EoE. The demonstration that EoE-
like disease in mice can develop independently of IgE but is depend-
ent on TSLP and basophils may explain why previous clinical
trials employing other candidate biologic therapies have not been
successful. The identification of a role for TSLP and basophils in
experimental EoE-like disease in mice, coupled with the association
between TSLP and basophil responses and EoE in humans, indicate
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