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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 Ly-6C+CCR2+ inflammatory
and Ly-6C�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; Domı́nguez and Ardavı́n, 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

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

Ly-6C, CCR2, and low amounts of CX3CR1, suggesting that

they are phenotypically equivalent to human CD14+CD16�

monocytes. Ly-6C+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

Ly-6C 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-g (IFN-g), 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

Ly-6C+CCR2+ inflammatory monocytes exit the bone marrow

in a CCR2-dependent manner and are recruited to inflamed

tissues where they can differentiate to inflammatory M1 macro-

phages (Auffray et al., 2009; Dunay et al., 2008; Ingersoll et al.,

2011; Serbina and Pamer, 2006; Tsou et al., 2007). In contrast,

the differentiation of monocytes toward M2 macrophages

remains ill defined. It has been suggested that Ly-6C�CCR2�

resident monocytes are also recruited to sites of inflammation

and then differentiate into M2 macrophages, contributing to

wound healing (Auffray et al., 2007, 2009; Geissmann et al.,

2010). Alternatively, recent studywith amousemodel 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

macrophages 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,

2009; Yoshimoto et al., 2009) 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

Ly-6C+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-CAI (Mukai et al., 2005).

Diphtheria toxin (DT)-mediated basophil ablation before the

antigen challenge abolished the development of IgE-CAI in

Mcpt8DTR 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-CAI skin lesions expressed Ly-6C 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 Ly-6C,

substantial numbers of Ly-6C+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 Ly-6C+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-CAI.

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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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

Ccr2�/� 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 Ly-6C+ 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-CAI 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

Figure 1. Cellular Components in the IgE-

CAI Reaction that Is Elicited by Basophils

(A) Mcpt8DTR 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-CAI. 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 (Dear thickness) is shown (mean ±

SEM, n = 5 each). *p < 0.05, ***p < 0.001.

(B and C) C57BL/6 mice were sensitized with

anti-TNP IgE and challenged with TNP-OVA

(closed circles) or control OVA (open circles).

The number of total cells (B) and indicated cell

types (C) isolated from the ear skin at each

time point postchallenge is shown (mean ± SEM,

n = 3 each).

Data shown are representative of at least

three independent experiments. Note that error

bars are displayed in all figures, but often are

hidden behind symbols such as squares and

circles.

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-CAI reaction. The Arg1, Chi3l3, 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-CAI 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 (Arg1, Chi3l3, and

Fizz1) but notM1markers (Il1b,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 Ly-6C 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 Mafb) but not those

involved in the dendritic cell differentiation (Sfpi1 and Relb) was

upregulated in monocytes-macrophages in the skin lesions

during the IgE-CAI 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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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

Ly-6C, were detected in ear skin of naive Ccr2�/� mice to an

extent comparable to that observed in wild-type mice (Fig-

ure S5A), PD-L2+ monocytes-macrophages were barely de-

tected in the IgE-CAI skin lesions of Ccr2�/� 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 andM2 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 Ly-6C+ 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 Il4 but not Il13 or Il10 mRNAs in the IgE-CAI skin

lesions was upregulated in parallel with the accumulation of

PD-L2+ monocytes-macrophages (Figure 5A). Il4 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).

Ly-6C+Ly-6G� 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 Arg1, Chi3l3, 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 IL-4R- andBasophil-DependentManner
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 Ly-6C (Figure 6A), suggesting that

they were derived from Ly-6C+ inflammatory but not Ly-6C�

resident monocytes. Indeed, when CD115+Ly-6C+Ly-6G�

inflammatory 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 ofM2 differentiation,

CD115+ bone marrow monocytes were prepared from wild-type

or Il4ra�/� 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

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 Ly-6C and CCR2 on F4/80+CD11b+SSClo 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.
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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 Il4ra�/� 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 Mcpt8DTR 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 Ly-6C+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

marrow cells dampened the exacerbated IgE-CAI in Ccr2�/�

mice to the level observed inwild-typemice (Figure 7A), suggest-

ing that CD115+ bone marrow monocytes manifest an anti-

inflammatory property after their recruitment to the skin lesion.

We then asked two questions. Are Ly-6C+Ly-6G� inflamma-

tory monocytes (rather than Ly-6C� resident monocytes) that

are recruited 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 inflam-

matory monocytes associated with the regulation? To address

these issues, Ly-6C+Ly-6G� inflammatory monocytes were

further purified from CD115+ bone marrow cells, derived from

either wild-type or Il4ra�/� mice, and directly transferred once

into the ear dermis of Ccr2�/� mice where the antigens were

administered (Figure 7B). The adoptive transfer of Ly-6C+Ly-

6G� inflammatory monocytes derived from wild-type but not

Il4ra�/� mice dampened the exacerbated IgE-CAI. This strongly

suggests that after the recruitment to the IgE-CAI skin lesions,

CCR2+Ly-6C+Ly-6G� inflammatory monocytes acquired an

M2-like phenotype through IL-4R and exerted an anti-inflamma-

tory function to regulate the allergic inflammation.

DISCUSSION

Activated M2-type macrophages have been observed in a range

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,

Figure 3. IgE-CAI 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 (Dear 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.

(C) The numbers of total cells and indicated cell

types isolated from the ear skin on day 4 post-

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 <

0.001.
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Ly-6C+CCR2+ ‘‘inflammatory’’ monocytes acquired an M2-like

phenotype and exerted an anti-inflammatory function in IgE-

CAI, in response to IL-4 produced by antigen- and IgE-stimu-

lated basophils. Accordingly, the failure in the recruitment

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

Figure 4. Monocytes-Macrophages Accu-

mulating in the IgE-CAI 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+

SSClo 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-L2�

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-CAI. Data

show the numbers of PD-L2+ monocytes-macro-

phages that were 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–S5.

from inflammatory monocytes appear to

negatively regulate allergic inflammation

in IgE-CAI.

Previous studies have shown two

distinct modes of M2 generation. One is

based on the observation during infection

with Listeria monocytogenes. Ly-6Clo/�

resident monocytes recruited to the

infection site turn on the expression of

typical M2 marker genes, including Arg1

and Fizz1, indicating their differentiation

into M2 macrophages that probably

contribute to tissue repair (Auffray et al.,

2007). In contrast, Ly-6C+ inflammatory

monocytes differentiate into dendritic

cells that produce inflammatory media-

tors (Kurihara et al., 1997; Serbina et al.,

2003). The other mode of M2 generation

has been demonstrated in infection with

helminth Litomosoides sigmodontis, in

that M2 macrophages are generated

through proliferation and alternative activation of tissue-resident

macrophages rather than the recruitment of circulating mono-

cytes (Jenkins et al., 2011). Our study on IgE-CAI has identified

the third mode of M2 generation, in that Ly-6C+ inflammatory

monocytes give rise to M2-type macrophages. The differentia-

tion of inflammatory monocytes to M2 macrophages may not

be restricted to allergic responses. A similar differentiation was

suggested in experimental autoimmune encephalomyelitis,
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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

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-

Figure 5. Basophil-Derived IL-4 Confers an

M2-type Phenotype on Ly-6C+ Inflammatory

Monocytes Ex Vivo

(A and B) C57BL/6micewere 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

control OVA (open circles) is shown in (A) (mean ±

SEM, n = 3 each). *p < 0.05. In (B), the indicated

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 Il4 expression (mean ± SEM,

n = 3 each).

(C) Basophils (2 3 105 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

concentration of IL-4 and IL-13 in their culture

supernatants was determined by ELISA (mean ±

SEM, n = 5 each). ND, not detectable.

(D–F) Ly-6C+ 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 (rIgG), 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. All 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

(control staining).

(F) The cultured monocytes were subjected to

quantitative RT-PCR analysis for expression of

indicated mRNAs (mean ± SEM, n = 5 each).

Data shown are representative of at least three

independent experiments. *p < 0.05, ***p < 0.001.

inflammatory property of M2 macro-

phages 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 disease, including

promotion of inflammation (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 angiogenesis (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-CAI. 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-CAI. It remains to be definitely demonstrated

how they exert an anti-inflammatory function. Treatment of
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mice with an inhibitor of arginase-1 showed no apparent effect

on IgE-CAI (data not show), although arginase-1 has been

shown to suppress Th2 cell-type inflammation in helminth

infection (Pesce et al., 2009). Notably, M2-like monocytes-

macrophages infiltrating skin lesions of IgE-CAI 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-CAI. In skeletal muscle

injury, Ly-6C+ inflammatory monocytes are recruited and

converted into ‘‘anti-inflammatory’’ macrophages that express

IL-10 and transforming growth factor-b (TGF-b) (Arnold et al.,

2007). In IgE-CAI, 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 up-

regulated 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

Figure 6. CD115+ Monocytes Acquire

PD-L2 Expression after Their Infiltration

into the Skin Lesions, in a Manner Depen-

dent on IL-4R and Basophils

(A and B) CD115+ bone marrow cells isolated from

BALB/c mice (A) or Ly-6C+Ly-6G� inflammatory

monocytes (purity > 99%) sorted from CD115+

bonemarrow cells (B) were labeled with CFSE and

intravenously transferred (2 3 106 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 Ly-6C in CFSE-

labeled cells before the transfer and in those

isolated from the TNP-OVA-injected skin on day 3

posttransfer.

(C) CD115+ bonemarrow cells were prepared from

wild-type or Il4ra�/� mice, labeled with CFSE, and

intravenously transferred (3 3 106 cells/mouse)

into IgE-sensitized BALB/c mice, followed by the

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)Mcpt8DTR C57BL/6mice were sensitized with anti-TNP IgE and challenged with TNP-OVA as in Figure 1A to induce IgE-CAI. On day 2 postchallenge, themice

were treated with intravenous injection of CFSE-labeled CD115+ bone marrow cells (1 3 107 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.
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can be stimulated with IgE plus antigens as seen in IgE-CAI

(Karasuyama et al., 2011b; Voehringer, 2009). Moreover, baso-

phils can be directly activated in an IgE-independent manner,

for example with certain proteases and pathogen products

(Schroeder et al., 2001). Therefore, basophil-elicited M2 genera-

tionmight bewidely 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. Mcpt8DTR

C57BL/6 (Wada et al., 2010), Ccr2�/� (Kuziel et al., 1997), and Il4ra�/�

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-CAI was elicited as described previously (Mukai et al., 2005). In brief, mice

were sensitized with intravenous injection of 300 mg of anti-TNP IgE, and on the

following day challenged with an intradermal injection of 10 mg TNP12-conju-

gated ovalbumin (OVA) and control OVA into the right and left ear, respectively.

The value of Dear 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-conjugatedmagnetic particles (BD PharMingen). Inflammatory

monocytes were purified by sorting Ly-6ChiSiglec-F�CD11c�Ly-6G� 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 TNP12-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 mg/ml).

Ablation of Basophils

Mcpt8DTR 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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Figure S1 (related to Figures 2 and 4). Expression of Ly-6C, CCR2, and PD-L2 on 
monocytes-macrophages accumulating in the skin lesions during the progression of IgE-CAI 
(A) BALB/c mice were treated as in Figure 1 to induce IgE-CAI. The expression of Ly-6C, CCR2, and 
PD-L2 on F4/80+SSClow monocytes-macrophages in ear skin was examined on day 0 (naïve), day 1, 
and day 3 post-challenge of TNP-OVA. (B) The expression of Ly-6C, CCR2 and PD-L2 on 
lin-CD11b+ monocytes isolated from the peripheral blood of naïve BALB/c mice is shown. Data 
shown are representative of three independent experiments. 
 
 



 3 

 
 
Figure S2 (related to Figures 2 and 4). Expression of mRNAs encoding CCR2 ligands and M2 
markers by each cell type in the IgE-CAI skin lesions 
The indicated cell types were isolated from the TNP-OVA-injected skin on day 3 post-challenge, and 
subjected to quantitative RT-PCR analysis for expression of the indicated CCR2 ligands (A) and M2 
markers (B). Data shown (mean ± SEM, n=3 each) are representative of three independent 
experiments. 
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Figure S3 (related to Figure 4). Time course of M1 and M2 marker expression in 
skin-infiltrating monocytes-macrophages and blood monocytes during IgE-CAI 
C57BL/6 (A and B) and BALB/c (C and D) mice were treated as in Figure 1 to induce IgE-CAI. (A 
and B) F4/80+CD11b+ monocytes-macrophages were sorted from the TNP-OVA (closed circles) or 
control OVA (open circles)-injected skins at the indicated time points of post-challenge, and subjected 
to a quantitative RT-PCR analysis for expression of the indicated mRNAs (mean ± SEM, n=3 each). 
Note that although the Nos2 expression tended to increase transiently, its level was far lower than that 
in typical M1 macrophages generated during the DTH reaction (Fig. S4C). (C) lin-CD115+Ly-6C+ and 
lin-CD115+Ly-6C- monocytes were separately isolated from the peripheral blood of naïve mice or 
IgE-CAI-induced mice on day 4 post-challenge, and subjected to quantitative RT-PCR analysis for 
expression of the indicated mRNAs (mean ± SEM, n=3 each). Note that although the Chi3l3 
expression was detected in blood monocytes even from naïve mice, its amount was far lower than that 
in M2-type monocytes-macrophages isolated from the IgE-CAI skin lesions as shown in A. (D) The 
expression of Ly-6C and PD-L2 on lin-CD11b+ blood monocytes isolated from IgE-CAI-induced mice 
on day 4 post-challenge is shown. Data shown in A-D are representative of at least two independent 
experiments. *p<0.05, **p<0.01, ***p<0.001. 
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Figure S4 (related to Figure 4). Monocytes-macrophages accumulating in DTH skin lesions 
display an M1 but not M2 phenotype 
DTH was elicited in C57BL/6 mice by an intradermal administration of TNP-OVA or control BSA in 
their ears 14 days after immunization with a mixture of TNP-OVA and complete Freund’s adjuvant. 
Cells were isolated from skin lesions on day 4 post-challenge, and subjected to analyses with flow 
cytometry and quantitative RT-PCR. (A) The number of monocytes-macrophages in the skin lesions 
(mean ± SEM, n=4 each). (B) The expression of F4/80 and PD-L2 on monocytes-macrophages in the 
ear skin challenged with TNP-OVA or control BSA. (C) The mRNA expression of M1 markers (Nos2, 
Il1b) and M2 markers (Arg1, Chi3l3 and Fizz1) in the skin lesions (mean ± SEM, n=4 each). For 
comparison, the same type of analysis was performed by using cells isolated from IgE-CAI skin 
lesions on day 4 post-challenge (mean ± SEM, n=4 each). 
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Figure S5 (related to Figure 4). Little or no proliferation of monocytes-macrophages 
accumulating in the IgE-CAI skin lesions 
(A) Cell numbers of F4/80+CD11b+SSClow monocytes-macrophages (filled bars) and 
Ly-6C-F4/80+CD11b+SSClow monocytes-macrophages (open bars) isolated from naïve BALB/c and 
Ccr2-/- mice are displayed (mean ± SEM, n=3 each). n.s., not significant. (B) C57BL/6 mice were 
treated as in Figure 1 to induce IgE-CAI. Cells isolated from TNP-OVA- or control OVA-injected skin 
on day 3 post-challenge were subjected to staining for surface F4/80, CD11b and PD-L2, followed by 
intracellular staining for Ki-67. The expression of Ki-67 and PD-L2 in F4/80+CD11b+SSClow 
monocytes-macrophages is shown (left panels). As a positive control for the Ki-67 expression, total 
bone marrow cells isolated from the same mice were stained in parallel (right panels). Data shown are 
representative of at least two independent experiments. 
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Figure S6 (related to Figure 7). Prominent antigen uptake by PD-L2+ monocytes-macrophages 
accumulating in the IgE-CAI skin lesions, compared to PD-L2- monocytes-macrophages and 
other cell lineages 
(A) C57BL/6 mice were treated as in Figure 1 to induce IgE-CAI. The expression of PD-L2 and 
CD206 on F4/80+SSClow monocytes-macrophages in the skin lesions was examined on day 4 
post-challenge with TNP-OVA. (B) C57BL/6 mice were sensitized with anti-TNP IgE, and challenged 
with intradermal administration of DyLight 633-labeled (open histograms) or unlabeled (closed 
histograms) TNP-OVA to induce IgE-CAI. Cells were prepared from the skin lesions on day 4 
post-challenge, and subjected to flow cytometric analysis to measure the fluorescence intensity of 
DyLight 633 in indicated cell types. Data shown in A and B are representative of two independent 
experiments.  
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Supplemental Experimental Procedures 

 

Antibodies 

The following Abs were purchased from BD PharMingen: anti-IL-4 (11B11); 

FITC-conjugated anti-Ly-6C (AL-21), anti-c-kit (2B8) and anti-CD3 (145-2C11); 

PE-conjugated anti-Siglec-F (E50-2440), anti-CD49b (DX5), anti-Ki-67 (B56) and 

streptavidin; APC-conjugated anti-B220 (RA3-6B2) and anti-CD49b (HMα2); biotinylated 

anti-mouse IgE (R35-72), anti-Ly-6C (AL-21) and anti-CD49b (DX5). FITC-conjugated 

anti-CD11b (M1/70), anti-CD206 (C068C2) and CD45 (30-F11), PE-conjugated anti-FcεRIα 

(MAR-1), anti-CD11c (N418), anti-Ly-6G (1A8), anti-CD3ε (145-2C11), anti-CD19 (6D5) 

and anti-PD-L2 (TY25), APC-conjugated anti-Ly-6G (1A8), anti-F4/80 (BM8) and 

streptavidin, Pacific BlueTM-conjugated anti-CD11b (M1/70) and anti-c-kit (2B8), Brilliant 

Violet 421TM-conjugated anti-F4/80 (BM8) and streptavidin, and biotinylated anti-CD115 

(AFS98), anti-PD-L2 (TY25) and LEAFTM purified rat IgG1 control antibody (RTK2071) 

were from Biolegend. FITC-conjugated I-A/I-E (M5/114.15.2), PE-conjugated anti-CCR2 

(FAB5538P), APC-conjugated anti-CCR2 (FAB5538P) and Pacific BlueTM-conjugated 

streptavidin were from eBioscience, R&D Systems and Invitrogen, respectively. IgE mAb 

(IGELb4, ATCC-TIB141) specific to 2,4,6-trinitrophenol (TNP) and anti-CD16/32 mAb 

(2.4G2) were prepared in our laboratory. 

 

Quantitative PCR 

Total mRNAs from ear cells and cultured cells were isolated by RNeasy Mini Kit (Qiagen). 

The first strand cDNAs were generated with reverse transcription using oligo-dT and random 

primers. Quantitative PCR of the cDNA was performed on Applied BiosystemsStepOnePlus 

Real-Time PCR system (Applied Biosystems) using a Fast SYBR Green Master Mix (Applied 

Biosystems) and the following primer sets: 
Ccl2 (sense-TTAAAAACCTGGATCGGAACCAA and antisense-GCATTAGCTTCAGATTTACGGGT), 

Ccl8 (sense-CTGGGCCAGATAAGGCTCC and antisense-CATGGGGCACTGGATATTGTT), 

Ccl12 (sense-ATTTCCACACTTCTATGCCTCCT and antisense-ATCCAGTATGGTCCTGAAGATCA), 

Arg1 (sense-CTCCAAGCCAAAGTCCTTAGAG and antisense-AGGAGCTGTCATTAGGGACATC), 

Chi3l3 (sense-TCACTTACACACATGAGCAAGAC and antisense-CGGTTCTGAGGAGTAGAGACCA), 

Fizz1 (sense-CCAATCCAGCTAACTATCCCTCC and antisense-CCAGTCAACGAGTAAGCACAG), 

Il4 (sense-GGCATTTTGAACGAGGTCAC and antisense-AAATATGCGAAGCACCTTGG), 

Il13 (sense-GCAACATCACACAAGACCAGA and antisense-GTCAGGGAATCCAGGGCTAC), 

Il10 (sense-GCTGGACAACATACTGCTAACC and antisense-CCCAAGTAACCCTTAAAGTCCTG), 
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Il1b (sense-AAGGGCTGCTTCCAAACCTTTGAC and antisense-ATACTGCCTGCCTGAAGCTCTTGT), 

Nos2 (sense-GTTCTCAGCCCAACAATACAAGA and antisense-GTGGACGGGTCGATGTCAC), 

Tnfa (sense-GCCTCTTCTCATTCCTGCTTG and antisense-GGGTCTGGGCCATAGAACTG), 

Maf (sense-CTGCCGCTTCAAGAGGGTGCAGC and antisense-GATCTCCTGCTTGAGGTGGTC), 

Mafb (sense-GTTATAGGGGAGGTCTAGGTGT and antisense-AAGCTCGTTTCCGATGCAG), 

Sfpi1 (sense-TTCAGAGCTATACCAACGTCCA and antisense-TGATCGCTATGGCTTTCTCCA), 

Relb (sense-GTTCCAGTGACCTCTCTTCCC and antisense-CCAAAGCCGTTCTCCTTAATGTA). 

Gene expression was analyzed using Actb as an endogenous control in each sample. 

 

Induction of DTH 

DTH was elicited in C57BL/6 mice by an intradermal administration of 10 µg TNP12-OVA or 

bovine serum albumin (BSA) in their ears 14 days after tail-base immunization with a mixture 

of 50 µg TNP12-OVA and complete Freund’s adjuvant. 

 

Histopathological and flow cytometric analyses, and cell sorting 

Ear specimens for histopathological examination were prepared as described (Mukai et al., 

2005). For flow cytometric analyses, single cell suspensions were prepared from the ear skin 

by treating excised ears with collagenase (125 U/ml, Wako) in RPMI complete medium at 

37°C for 2 h, followed by depletion of red blood cells. After pre-incubation with 

anti-CD16/32 and normal rat serum on ice for 30 min to prevent the non-specific binding of 

irrelevant Abs, cells were stained with indicated combination of Abs, and analyzed with 

FACSCanto (BD Biosciences) or sorted with FACSAria (BD Biosciences). Each cell lineage 

was identified as follows: T cells (CD3+B220-), B cells (CD3-B220+), NK cells 

(CD49b+c-kit-FcεRIα-SSClow), neutrophils (Ly-6G+Siglec-F-), eosinophils 

(Ly-6GintSiglec-F+SSChigh), basophils (CD49b+c-kit-FcεRIα+IgE-binding+), monocytes in the 

bone marrow and the peripheral blood (lin- (CD3ε-, CD19-, CD11c-, CD49b-, Ly-6G-, 

Siglec-F-)CD115+CD11b+), monocyte-macrophages in the skin (F4/80+CD11b+SSClow), DC 

(CD11c+I-A/I-Ehigh), and non-hematopoietic cells (CD45-). In some experiments, CD115+ 

bone marrow monocytes or Ly-6C+ inflammatory monocytes were incubated with 1 µM 

5-(and -6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) for 8 min to label them. 

For detection of intracellular Ki-67, cells were first strained for the surface markers, and then 

fixed and permeabilized with BD Cytofix/CytopermTM Fixation and Permeabilization 

Solution (BD Biosciences), followed by staining with anti-Ki-67. For measurement of antigen 

uptake, TNP12-OVA was labeled with DyLight 633 by using DyLight 633 Antibody Labeling 

Kits (Thermo Scientific) according to the manufacturer's recommendations. Mice sensitized 
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with anti-TNP IgE one day earlier were challenged with intradermal administration of 10 µg 

DyLight 633-labeled TNP-OVA into the ear. On day 4-post challenge, cells isolated from the 

skin lesions were analyzed for the fluorescence intensity of DyLight 633. 
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