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Th2 immunity plays important roles in both protective and allergic
responses. Nevertheless, the nature of antigen-presenting cells
responsible for Th2 cell differentiation remains ill-defined com-
pared with the nature of the cells responsible for Th1 and Th17 cell
differentiation. Basophils have attracted attention as a producer of
Th2-inducing cytokine IL-4, whereas their MHC class II (MHC-II)
expression and function as antigen-presenting cells are matters of
considerable controversy. Here we revisited the MHC-II expression
on basophils and explored its functional relevance in Th2 cell
differentiation. Basophils generated in vitro from bone marrow
cells in culture with IL-3 plus GM-CSF displayed MHC-II on the cell
surface, whereas those generated in culture with IL-3 alone did not.
Of note, these MHC-II–expressing basophils showed little or no tran-
scription of the corresponding MHC-II gene. The GM-CSF addition to
culture expanded dendritic cells (DCs) other than basophils. Cocul-
ture of basophils and DCs revealed that basophils acquired peptide–
MHC-II complexes from DCs via cell contact-dependent trogocytosis.
The acquired complexes, together with CD86, enabled basophils to
stimulate peptide-specific T cells, leading to their proliferation and
IL-4 production, indicating that basophils can function as antigen-
presenting cells for Th2 cell differentiation. Transfer of MHC-II from
DCs to basophils was also detected in draining lymph nodes of mice
with atopic dermatitis-like skin inflammation. Thus, the present
study defined the mechanism by which basophils display MHC-II
on the cell surface and appears to reconcile some discrepancies ob-
served in previous studies.
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Basophils, the rarest granulocytes, have long been considered
erroneously as minor relatives or blood-circulating precur-

sors of tissue-resident mast cells because of phenotypic similarity
between them, including basophilic granules in the cytoplasm and
the expression of high-affinity IgE receptor FceRI on the cell
surface (1). However, recent studies have revealed that basophils
and mast cells play distinct roles in immune responses such as al-
lergic inflammation and protective immunity to parasitic infections
(2–4). Basophils also contribute to immune regulation through
their interaction with other types of cells, including T cells (5–8),
monocytes (9, 10), innate lymphoid cells (11), fibroblasts (12, 13),
and endothelial cells (14).
Basophils rapidly secrete larger quantities of IL-4 than Th2 cells

on a per cell basis in response to a variety of stimuli (15). IL-4 has
an important role in promoting the differentiation of naive T cells
to Th2 cells (16). Sokol et al. demonstrated that basophils tran-
siently migrate to draining lymph nodes just before Th2 differen-
tiation occurs there, in response to subcutaneous injection of protease
allergens such as papain (17). They are localized in the T-cell zone
and express IL-4, and their depletion abolished Th2 differentia-
tion in lymph nodes (17). These results suggested that basophils
are a crucial provider of IL-4 necessary for Th2 differentiation. In
this setting, it was originally assumed that dendritic cells (DCs)

function as antigen-presenting cells (APCs) and induce Th2 dif-
ferentiation in cooperation with basophil-derived IL-4.
Reports from three independent groups further expanded the

role for basophils in Th2 differentiation and demonstrated in
three distinct experimental settings that basophils, rather than
DCs, are the critical APCs for driving Th2 differentiation (5–7).
In all settings, basophils expressed both MHC class II (MHC-II)
and costimulatory molecules (CD80, CD86, or CD40) necessary for
APC function, and could process and present antigens. Depletion
of basophils but not DCs abolished Th2 differentiation in vivo. This
paradigm shift was greeted with great enthusiasm, but also with
criticism (16, 18, 19). One concern is the method used for the
depletion of DCs and basophils, pointing out the possibility that
radioresistant DCs may have remained intact in the DC-depleted
chimeric mice (20) and that the basophil-depleting anti-FceRI an-
tibody may have ablated FceRI-expressing inflammatory DCs (21).
Indeed, the crucial role of DCs in Th2 differentiation was dem-
onstrated by later studies (20–23). Of note, basophils reportedly
express H-2M and invariant chain, which are key regulators of
peptide loading on MHC-II, at very low levels compared with DCs,
raising concerns about the basophil’s antigen-processing and pre-
sentation ability (21). Moreover, the level of MHC-II expression on
basophils varies, depending on experimental conditions, but it is
generally much lower than that on professional APCs such as DCs
and B cells (5–8). Thus, the significance of MHC-II expression on
basophils and the antigen-presentation capacity of basophils remain
controversial (24).
In the present study, we revisited MHC-II expression on baso-

phils and examined it in various cytokine milieus. Unexpectedly,
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MHC-II expression was detected on cultured basophils at protein,
but not at transcription level. We here demonstrate that baso-
phils acquired peptide–MHC-II complexes from DCs through cell
contact-dependent trogocytosis in vitro and in vivo. Peptide–
MHC-II–dressed basophils could function as APCs and induced
the proliferation and IL-4 production of T cells. Thus, the present
study clarified the mechanism by which basophils display MHC-II
on the cell surface and appears to reconcile some discrepancies
observed in previous studies.

Results
Basophils Express MHC-II at Protein but Not at Transcription Level.
Basophils isolated from the bone marrow and spleen displayed
MHC-II on their surface at very low levels, in contrast to high
expression on professional APCs such as DCs and B cells (Fig.
1A). Culture of basophils ex vivo with their survival and growth
factor IL-3 did not up-regulate the MHC-II expression (Fig. 1B).
The addition of other cytokines, including IFN-γ, thymic stromal
lymphopoietin (TSLP), and GM-CSF, showed no significant effect
on it (Fig. 1B), even though IFN-γ is known to induce MHC-II
expression on many types of cells (25). Considering that basophils
differentiate from their progenitor cells in the bone marrow, we
thought their MHC-II expression might be influenced by cytokine
milieu during their differentiation, but not once they mature. Indeed,
when bone marrow cells were cultured in the presence of IL-3 for 5 d
to generate bone marrow–derived basophils (BMBAs), the addition
of GM-CSF, but not IFN- γ or TSLP, significantly up-regulated the
MHC-II expression on BMBAs (Fig. 1C), whereas the expression
of FceRIα, IL-3Rα, Thy1, and 2B4 was unaffected (Fig. S1A).

Intriguingly, the GM-CSF addition induced little or no transcrip-
tional up-regulation of the H2Ab1 gene encoding MHC-II pro-
teins in BMBAs (Fig. 1D), despite the increased level of MHC-II
proteins on their surface (Fig. 1C). This was also the case for the
transcription of the Ciita gene, the master regulator of MHC-II
transcription (Fig. 1D). GM-CSF/IL-3-elicited BMBAs expressed
the basophil-specific Mcpt8 gene, but not the DC-specific Zbtb46
gene (Fig. 1D), and possessed ring-like nuclei (Fig. S1B), as did
authentic IL-3-elicited BMBAs. These results suggested that GM-
CSF did not directly act on basophils to induce the transcription
and translation of MHC-II and might influence the MHC-II ex-
pression on basophils indirectly, via the effect on another type
of cells.

Basophils Acquire MHC-II Proteins from DCs. Flow cytometric anal-
ysis revealed that the addition of GM-CSF to the IL-3 culture of
bone marrow cells expanded the CD200R3−CD11c+ population
(Fig. 2A). This population expressed high levels of GM-CSF re-
ceptor and MHC-II (Fig. 2B), suggesting BMBAs might have ac-
quired MHC-II proteins from DCs in culture. To explore this
possibility, we generated BMBAs from bone marrow cells of
CD11cDTR mice, in that the diphtheria toxin receptor (DTR) is
selectively expressed in CD11c+ cells. The treatment of their bone
marrow cells in vitro with diphtheria toxin depleted most of
CD11c+MHC-II+ cells (Fig. 2C; Fig. S2), and the culture of
treated cells with IL-3 plus GM-CSF resulted in significant re-
duction of MHC-II expression on BMBAs in comparison with the
expression in the presence of CD11c+ cells (Fig. 2C), suggesting
CD11c+ DCs were the major provider of MHC-II for BMBAs. In
accordance with this, coculture of IL-3-elicited BMBAs (from
H-2d BALB/c mice) with GM-CSF-elicited bone marrow-derived
DCs (BMDCs) (from H-2b C57BL/6 mice) in the presence of IL-3
resulted in the appearance of I-Ab molecules on the surface of
BMBAs (Fig. 2D), clearly demonstrating the transfer of MHC-II
proteins from DCs to basophils.

Basophils Capture MHC-II from DCs Through Cell Contact-Dependent
Trogocytosis. To clarify the molecular mechanism underlying the
translocation of MHC-II from DCs to basophils, we first examined
whether the cell contact between basophils and DCs during co-
culture is necessary for the translocation by using the transwell
culture apparatus. The separation of IL-3-elicited BMBAs and
GM-CSF-elicited BMDCs with 0.4-μm pore semipermeable
membrane completely abolished the transfer of MHC-II fromDCs
to basophils (Fig. 3A), ruling out the exosome-mediated one as the
major mechanism of MHC-II transfer. Moreover, once BMDCs
were fixed with paraformaldehyde, they could not transfer MHC-II
to BMBAs (Fig. 3B), suggesting that the cell–cell contact of living
cells is necessary for the MHC-II transfer.
Confocal microscopic examination revealed that fragments of

DC plasma membrane were translocated together with MHC-II
proteins to the surface of basophils (Fig. 3C). Moreover, the MHC-II
transfer from DCs to basophils could be detected as early as 15 min
after the start of coculture (Fig. 3D). These observations appeared to
be consistent with the phenomenon of trogocytosis that has been
demonstrated in lymphocytes when interacted with APCs (26, 27).
In trogocytosis, receptor–ligand interactions are thought to play an
important role in the cell–cell interaction to trigger the transfer of
proteins (28). Both BMBAs and BMDCs expressed LFA-1 (CD11a/
CD18), Mac-1 (CD11b/CD18), and their ligand ICAM-1 (Fig. S3A).
The addition of anti-ICAM1 blocking mAb to the BMBAs–BMDCs
coculture significantly suppressed the MHC-II transfer from BMDCs
to BMBAs (Fig. S3B). Moreover, anti-CD11a, but not anti-CD11b,
mAb suppressed it (Fig. S3B). Thus, the cell interaction through
ICAM-1 and LFA-1 appeared to contribute to the trogocytosis from
DCs to basophils.
Trogocytosis of MHC-II from DCs to basophils was significantly

suppressed by PP2 (Src inhibitor) or piceatannol (Syk inhibitor),

Fig. 1. Basophils express MHC-II at protein but not at transcription level. (A)
MHC-II expression (open histograms) on bone marrow basophils and splenic
basophils, DCs and B cells of C57BL/6 mice. Shaded histograms indicate staining
with isotype-matched control antibody. (B) Sort-purified basophils from the
bonemarrowwere cultured for 5 d in the presence of IL-3 alone, IFN-γ plus IL-3,
TSLP plus IL-3, or GM-CSF plus IL-3, and were subjected to flow cytometric
analysis of surface MHC-II expression. (C) Total bone marrow cells instead
of purified basophils were cultured as in B, and the resulting BMBAs
(CD200R3+CD49b+c-kit−) were examined for MHC-II expression. (Lower)
Relative MHC-II expression on BMBAs generated under different culture
conditions (mean ± SEM; n = 3 each), in that the ratio of mean fluores-
cence intensity (MFI; MFI of MHC-II staining divided by MFI of control
staining) in each group was calculated. (D) Relative amounts of indicated
mRNAs in IL-3- and GM-CSF/IL-3-elicited BMBAs in comparison with those in
BMDCs (mean ± SEM; n = 3 each). The amount of each mRNA in BMDCs is set
as 1. Data shown in A–D are representative of at least three independent
experiments. n.s., no significant differences. *P < 0.05; **P < 0.01.
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but not by PD98059 (MEK inhibitor) (Fig. S4), suggesting that
both Src and Syk kinases are involved in the trogocytosis, perhaps
through regulation of integrin outside-in signaling (29). Moreover,
actin mobilization appears to be important for the trogocytosis
because cytochalasin D, an actin cytoskeleton inhibitor, sup-
pressed the MHC-II transfer from DCs to basophils (Fig. S4).

Trogocytosis of Peptide–MHC-II Complexes from DCs Confers Antigen-
Presenting Ability on Basophils.To examine the functional relevance
of the trogocytosis of MHC-II from DCs to basophils, we first
examined whether peptide–MHC-II complexes generated by DCs
can be transferred to basophils through trogocytosis. To this end,
we took advantage of the Y-Ae antibody that recognizes the
complex of processed H2-Eα peptide and MHC-II (30). Pro-
teolytic processing is necessary for Eα peptide to form a complex
with MHC-II. BMDCs were preincubated with or without Eα
peptide before coculture with BMBAs. Regardless of pre-
incubation with or without Eα peptide, the coculture resulted in
the acquisition of MHC-II on BMBAs (Fig. 4A). Only when
BMBAs were cocultured with Eα peptide-pulsed BMDCs did
BMBAs become positive for Y-Ae staining (Fig. 4A), indicating

that the complex of processed Eα peptide and MHC-II was
transferred from BMDCs to BMBAs.
BMBAs constitutively displayed CD86 on their surface, albeit to

a lesser extent compared with BMDCs, whereas little or no CD80
expression was detected on BMBAs, unlike on BMDCs (Fig. 4B).
Coculture of BMBAs with BMDCs slightly increased the expres-
sion of CD86, but not CD80, on BMBAs (Fig. 4B). Therefore, one
may assume that peptide–MHC-II–dressed CD86+ BMBAs could
function as APCs and stimulate T cells. To address this possibility,
we examined the response of ovalbumin (OVA)-specific T-cell re-
ceptor (TCR) transgenic T cells to OVA peptide–MHC-II complexes
acquired by and displayed on BMBAs. Flow cytometric analysis using
FITC-labeled OVA peptides demonstrated that OVA peptides to-
gether with MHC-II were transferred from OVA peptide-pulsed
BMDCs to BMBAs during their coculture (Fig. S5 A and B), as ob-
served in the Eα peptide–MHC-II complex (Fig. 4A). When OVA-
specific TCR transgenic T cells were incubated with BMBAs that had
been cocultured with OVA peptide-pulsed BMDCs, prominent T-cell
proliferation was observed, and anti-MHC-II blocking mAb almost
completely abolished this proliferation (Fig. 4C). Cytoplasmic staining
of T cells revealed that proliferating T cells produced IL-4, indicating
their differentiation to Th2 cells (Fig. 4D). Such T-cell proliferation
and Th2 differentiation were not induced when T cells were incubated
with BMBAs that had cocultured with unpulsed BMDCs (Fig. 4 C
and D). Thus, peptide–MHC-II–dressed basophils could function as
APCs and promote Th2 differentiation.

Trogocytosis of MHC-II from DCs to Basophils Is Operative in Vivo.
Repeated topical application of a vitamin D3 analog, MC903,
induces atopic dermatitis-like allergic inflammation in the skin
and promotes basophil recruitment and accumulation in the skin

Fig. 2. Basophils acquireMHC-II proteins fromDCs. (A) The expression of CD11c
and CD200R3 on bone marrow cells cultured in the presence of IL-3 alone or
GM-CSF plus IL-3. (B) The expression of GMCSFRα and MHC-II (open histograms)
on the CD200R3+CD11c− (basophil), CD200R3−CD11c−, CD200R3−CD11c+ frac-
tions of GM-CSF/IL-3-cultured cells. Shaded histograms indicate staining with
isotype-matched control antibody. (C) Bonemarrow cells isolated from CD11cDTR

mice were cultured for 5 d with IL-3 plus GM-CSF in the presence of diphtheria
toxin (DT) or its inactive mutant (Mutant DT). CD11c and MHC-II expression on
total cells in the culture (Left) and MHC-II expression on BMBAs (Right). (Lower)
Relative MHC-II expression on BMBAs in each group (mean ± SEM; n = 3 each).
(D) BMBAs and BMDCs were generated from BALB/c and C57BL/6J mice, re-
spectively. BMBAs were cultured in the presence of IL-3 and GM-CSF for 12 h
together with or without BMDCs. The expression of MHC-II (I-Ab and I-Ad) on
cultured BMBAs is shown in comparison with that on BMDCs (Upper). (Lower)
Relative expression of I-Ab and I-Ad on BMBAs is displayed (mean ± SEM; n = 3
each). Data in A–D are representative of at least three independent experi-
ments. n.s., no significant differences. *P < 0.05; **P < 0.01.

Fig. 3. Basophils acquire MHC-II from DCs through cell contact-dependent
trogocytosis. (A) BMBAs and BMDCs were cultured for 12 h, together in the
same chamber or separately in the lower and upper chambers, respectively, in
the transwell apparatus. MHC-II expression on BMBAs after the culture (open
histograms) is shown (Left), and all data are summarized (Right), showing
relative MHC-II expression (mean ± SEM; n = 3 each). (B) BMBAs were cocul-
tured with BMDCs that had been pretreated with paraformaldehyde (PFA) or
control PBS for 15 min. MHC-II expression on BMBAs after the 12-h coculture
was analyzed (mean ± SEM; n = 3 each). (C) Before the culture, the cytosol of
BMBAs was labeled in blue with CellTrace Violet, whereas the plasma mem-
brane of BMDCs was labeled in red with PKH26. BMBAs were cultured with or
without BMDCs for 12 h, and then MHC-II molecules on their surface were
stained in green with FITC-conjugated anti-I-A/I-E antibody. Representative
photographs of BMBAs taken under confocal fluorescence microscope are
shown. (Scale bars, 5 μm.) (D) BMBAs were cocultured with BMDCs. Time
course of MHC-II expression on BMBAs is shown (mean ± SEM; n = 3 each).
Data in A–D are representative of at least three independent experiments. n.s.,
no significant differences. *P < 0.05; **P < 0.01.
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lesion and draining lymph nodes (31, 32). In this model, basophil
depletion has been shown to impair Th2 cell differentiation in
draining lymph nodes (32). We found that basophils isolated
from lymph nodes expressed substantial amounts of MHC-II on
their surface (Fig. 5A). The MHC-II expression on basophils
isolated from the skin lesion and spleen also increased moder-
ately in MC903-treated mice compared with in control mice (Fig.
5A). To examine whether MHC-II molecules detected on lymph
node basophils were derived from DCs, we took advantage of
CD11cCreH2Ab1fl/fl C57BL/6 mice, in that the MHC-II expres-
sion is defective in CD11c-expressing cells. The number of ba-
sophils and CD11c+ cells in draining lymph nodes was
comparable in CD11cCreH2Ab1fl/fl and control H2Ab1fl/fl mice
when treated with MC903 (Fig. S6). Nevertheless, the MHC-II
expression on lymph node basophils was almost completely

abolished in the former (Fig. 5B), suggesting the transfer of
MHC-II from DCs to basophils could occur in vivo, as observed
in the coculture system in vitro. Confocal microscopic examina-
tion detected the intimate contact of basophils and DCs in
draining lymph nodes of MC903-treated mice (Fig. 5C).

Discussion
The activation of naive CD4 T cells requires interaction with
professional APCs that present peptide–MHC-II complexes and
provide costimulatory signals and instructive cytokines to T cells
(33). Basophils fulfill two of the criteria for APCs (namely, the
expression of costimulatory molecules and the production of IL-4),
whereas their expression of MHC-II has been a matter of debate.
The mechanism by which basophils display MHC-II, if any,
remained to be determined. In the present study, we demonstrated
that basophils produce little or no MHC-II by themselves, and
instead acquire MHC-II from DCs through cell contact-dependent
trogocytosis in vitro and in vivo. This appears to explain well why
the level of MHC-II expression on basophils varied in different
experimental settings (5–8, 21), likely depending on the basophil–
DC interaction and the extent of trogocytosis. Of note, once ba-
sophils acquired peptide–MHC-II complexes from DCs, they

Fig. 4. Trogocytosis of peptide–MHC-II complexes from DCs confers anti-
gen-presenting ability on basophils. (A) BMBAs were cultured for 12 h with
or without BMDCs that had been pulsed with Eα peptide or vehicle (PBS)
alone. The expression of MHC-II molecules and processed peptide/MHC-II
complexes on BMBAs was detected by using anti-MHC-II and Y-Ae anti-
bodies, respectively. Representative staining profiles are shown. (B) BMBAs
were cultured for 12 h with or without BMDCs, and CD80 and CD86 ex-
pression on BMBAs was examined in comparison with that on BMDCs.
(C) BMBAs were cocultured with BMDCs that had been pulsed with or
without OVA peptides. BMBAs were purified from the culture and then
cocultured for 5 d with CellTrace Violet-labeled naive CD4+ T cells isolated from
the spleen of OT-II Tg mice, in the presence of anti-MHC-II blocking or isotype-
matched control Ab. As a control, T cells were cultured without BMDCs. The
extent of T-cell proliferation was assessed by dilution of CellTrace Violet. (Left)
Representative CellTrace Violet staining profiles. (Right) Frequency (percentage)
of divided T cells (showing diluted CellTrace Violet) in each group (mean ± SEM;
n = 3 each). (D) BMBAs were cultured with or without BMDCs for 12 h. BMBAs
were purified from the culture and then cocultured with naive CD4+ T cells
isolated from OT-II Tg mice for 5 d in the presence of OVA peptides as antigens.
As a control, T cells were cultured without BMDCs. (Left) IL-4 production of
T cells was examined by cytoplasmic staining with anti-IL-4 mAb. (Right) Relative
IL-4 staining (mean ± SEM; n = 3 each). Data in A–D are representative of at
least three independent experiments. n.d., not detected. *P < 0.05.

Fig. 5. Trogocytosis of MHC-II fromDCs to basophils occurs in vivo. (A) Ear skin
of wild-type C57BL/6 mice was topically treated with MC903 or vehicle EtOH
alone for 6 consecutive days. Cells isolated from draining lymph nodes (LNs),
ear skin, and spleen were analyzed for the expression of CD49b and CD200R3
(Left). The frequency (percentage) of CD200R3+CD49b+ basophils among iso-
lated cells is shown. (Right) MHC-II expression on basophils (open histograms).
Shaded histograms indicate staining with isotype-matched control antibody.
(B) Ear skin of CD11cCreH2Ab1fl mice and control H2Ab1fl mice were treated
with MC903 or EtOH, as in A. MHC-II expression of draining LN basophils is
shown (mean ± SEM; n = 3 each). (C) After the ear skin of Mcpt8GFP mice was
treatedwithMC903 for 6 d, as inA, PE-conjugated anti-CD11c antibody was i.v.
administered to visualize CD11c+ cells. Draining LNs were dissected from mice
and subjected to confocal fluorescence microscopic analysis. Representative
photographs are shown in that basophils and CD11c+ cells are labeled in green
and red, respectively. (Scale bars, 10 μm.) Data in A–C are representative of at
least three independent experiments. n.s., no significant differences. *P < 0.05.
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could function as APCs and stimulated T cells to proliferate and
produce IL-4. This finding appears to reconcile the discrepancy
observed in previous studies demonstrating basophils as important
APCs for driving Th2 differentiation under some, but not other,
experimental conditions (5–8, 21, 22).
Tang et al. reported that the cooperation of basophils and DCs

is important for papain-induced Th2 differentiation in lymph
nodes (20). Leyva-Castillo et al. also demonstrated that both types
of cells are essential for MC903-elicited Th2 differentiation in
lymph nodes (32). In both cases, basophil depletion showed no
significant effect on CD4+ T-cell expansion, and it abolished Th2
differentiation. Depletion of DCs also abolished Th2 differentia-
tion. Therefore, these studies suggested that DCs function as
APCs, whereas basophils function as IL-4 provider, as originally
proposed by Sokol et al. (17). Alternatively, considering our find-
ings in the present study, one may assume that basophils function
as Th2-oriented APCs through IL-4 production and trogocytosis-
mediated MHC-II acquisition from DCs. In this situation, DC
depletion should deprive basophils of APC function, and therefore
results in impaired Th2 differentiation, consistent with the reported
observations (20, 32). Otsuka et al. reported that basophils cannot
take up or process ovalbumin proteins in significant quantities,
whereas they can promote Th2 skewing on ovalbumin protein
exposure in the presence of DCs (8). This apparently puzzling
observation can be readily explained by the trogocytosis of
peptide–MHC-II complexes from DCs to basophils.
It remains to be determined how IL-4 production by basophils is

triggered to promote Th2 differentiation, but one might assume
the following scenario: Formation of the immunologic synapse
between peptide–MHC-II–dressed basophils and T cells stimulates
T cells to produce IL-3 or other molecules, which in turn activate
basophils to secrete IL-4, as suggested by previous report (34). IL-4
produced by basophils conjugated to T cells can efficiently differ-
entiate T cells toward Th2 cells. Alternative or additional stimuli
for IL-4 production may include allergen–IgE complexes, cytokines
such as IL-33 and TSLP, and ligands for Toll-like receptors (TLR).
In addition to IL-4 production, basophils appear to have charac-
teristics suitable for Th2 induction. Given the fact that weak TCR
and costimulatory signals preferentially induce Th2 differentiation,
lower levels of MHC-II and costimulatory molecules on basophils,
compared to those on DCs, favor Th2 skewing (33). Moreover,
basophils have been shown to suppress Th1 differentiation in an
IL-4-independent and cell contact-dependent manner (35).
BMBAs are commonly used as a source of basophils for both

in vitro and in vivo transfer experiments as a result of the limited
availability of primary basophils, because of their rarity. We rou-
tinely generated BMBAs by culturing bone marrow cells with a
relatively low concentration (0.3 ng/mL) of IL-3, as we noticed that
a higher IL-3 concentration preferentially expands mast cells,
rather than basophils. In contrast, previous studies by others used a
much higher concentration (10∼30 ng/mL) of IL-3 to generate
BMBAs (5, 7, 8, 17, 21), in that MHC-II+CD11c+ DCs were also
generated, even without the addition of GM-CSF (21). Careful and
precise purification of BMBAs from such a culture may be able to
avoid the contamination of DCs (36), whereas BMBAs likely ex-
press MHC-II acquired from DCs during the culture. Thus, our
findings in the present study warn that data obtained from exper-
iments using such BMBAs should be carefully interpreted.
Intercellular transfer of cell surface proteins can be achieved by

multiple mechanisms, including trogocytosis, secretion of exosome,
and tunneling nanotubes (37–39). Trogocytosis is a dynamic
transfer of membrane patches that occurs within minutes of con-
jugate formation of two live cells (26, 27). It is well documented
that T cells and natural killer (NK) cells can acquire MHC-I mole-
cules via trogocytosis. CD8 T cells that acquired their peptide–MHC-I
ligands become susceptible to antigen-specific cytolysis, leading to
effector clearance (40). Acquisition of MHC-I by NK cells from tu-
mor cells leads to a reduced NK cytotoxic function (41). Acquisition

of MHC-II fromDCs via trogocytosis has been shown in CD4 T cells,
NK cells, DCs, macrophages, and lymph node stromal cells (28, 42–
45). MHC-II–dressed recipient cells either stimulate or suppress
T cells, perhaps depending on the expression and acquisition of
costimulatory molecules (28). Innate lymphoid cell (ILC)2s can also
acquire MHC-II from DCs, although ILC2s express endogenous
MHC-II, and process and present protein antigens to T cells (46).
MHC-II+ ILC2s induce T-cell proliferation and differentiation to
IL-13-producing Th2 cells in an IL-4-independent manner (46).
In the present study, we demonstrated that basophils acquire
peptide–MHC-II complexes from DCs via trogocytosis and can
function as APCs that preferentially drive T cells to differentiate
into IL-4-producing Th2 cells. The relative contribution of ba-
sophils and DCs in vivo as APCs in Th2 differentiation may vary,
depending on experimental settings, in that the trogocytosis-
mediated transfer of peptide–MHC-II complexes from DCs to
basophils may occur to various extents. Indeed, we found in the
MC903-elicited model of atopic dermatitis that basophils were
recruited to both the skin lesion and draining lymph nodes,
whereas their MHC-II expression was much higher in lymph
nodes than in the skin, despite the fact that both tissues contained
DCs. It remains to be determined what makes this difference,
including cell density, cytokine and chemokine milieu, expression
of adhesion molecules, and the nature of antigens.
In conclusion, we have defined the mechanism by which baso-

phils display MHC-II on the cell surface at the protein, but not
transcriptional, level. Trogocytosis-mediated acquisition of pep-
tide–MHC-II complexes from DCs together with CD86 expression
confers the Th2-oriented APC activity on basophils in conjunction
with their production of IL-4, illustrating the functional significance
of physical interaction of basophils with DCs in the immune system.

Materials and Methods
Further details are available in SI Materials and Methods.

Mice. BALB/c and C57BL/6J mice were purchased from Sankyo Labo Service
Corporation, Inc. H2Ab1fl/fl C57BL/6 mice (47) were purchased from the
Jackson Laboratory. CD11cDTR (48), OT-II (provided by Francis R. Carbone,
University of Melbourne) (49) and CD11cCre (provided by T. Ohteki, Tokyo
Medical and Dental University) (50) mice on the C57BL/6 background were
described previously. Mcpt8GFP-transgenic mice were established in our
laboratory, as written in SI Materials and Methods. Mice were maintained
under specific pathogen-free conditions in our animal facilities. All animal
studies were approved by the Institutional Animal Care and Use Committee
of the Tokyo Medical and Dental University.

Generation and Purification of BMBAs and BMDCs. BMBAs were generated as
described previously (51), with some modifications. Briefly, bone marrow
cells were cultured in the presence of murine IL-3 (300 pg/mL; BioLegend) for
7 d. In some experiments, GM-CSF (3 ng/mL), IFN-γ (10 ng/mL; Miltenyi), or
TSLP (1 μg/mL; Affymetrix) was included in culture. To purify basophils,
CD49b+c-kit−CD11c−FSClowSSClow cells were isolated by using FACSAria II.

BMDCs were generated by culturing bone marrow cells in the pres-
ence of murine GM-CSF (20 ng/mL; Miltenyi) for 7 d. On day 6 of culture,
cells were stimulated with LPS (1 μg/mL; Sigma-Aldrich). To purify DCs,
CD49b−c-kitint-hiCD11c+FSChiSSChi cells were isolated by using FACSAria II.

Coculture of Basophils and DCs. Sort-purified BMBAs were cocultured with
sort-purified BMDCs (5 × 105 cells/well, each) in 96-well round bottom plates at
37 °C for indicated periods. For distinction of BMBAs from BMDCs, BMBAs
were stained with CellTrace Violet (LifeTechnologies) before coculture. In the
transwell assay shown in Fig. 3A, BMBAs and BMDCs were placed, respectively,
into the lower and upper chambers that were separated by 0.4 μm-pore
semipermeable membrane (Corning). As controls, BMBAs and BMDCs were
cultured together in the lower chamber of a transwell plate.

Flow Cytometric Analyses and Cell Sorting. For flow cytometric analysis, single-
cell suspensions prepared from thebonemarrowor spleenwere incubatedwith
indicated antibodies after treatment with an anti-CD16/32 mAb (clone name:
2.4G2) and normal rat serum (Merck Millipore) to reduce the nonspecific
staining. Dead cells stained with propidium iodide (Sigma-Aldrich) were
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excluded in the analyses. Stained cells were analyzed with FACS Canto II (BD
Biosciences). Data were analyzed using FlowJo software (Treestar). Cell line-
ages were identified as follows: basophils (CD200R3+CD49b+c-kit−CD11c−),
DCs (CD200R3−CD11c+CD49b−c-kitint-hi), B cells (CD19+), and CD4+ T cells
(CD3e+CD4+CD49b−).

For analysis of Th2 differentiation, cells were first stimulated for 6 h with
phorbol 12-myristate 13-acetate (PMA 0.1 μg/mL; Sigma-Aldrich) plus ion-
omycin (1 μM; Sigma-Aldrich) in the presence of monensin (BD GolgiStop; BD
Biosciences) for the last 2 h. Stimulated cells were stained with Ghost Dyes
(Tonbo Biosciences) to exclude dead cells, followed by staining for cell sur-
face markers (CD3e, CD4, and CD49b). Subsequently, cells were treated with
BD Cytofix/Cytoperm Fixation and Permeabilization Solution (BD Biosci-
ences) and then stained with anti-IL-4 mAb (BVD-24G2).

MC903-Induced Allergic Inflammation in the Skin. MC903 (calcipotriol; Tocris
Biosciences) dissolved in ethanol (EtOH) or control EtOH alone was topically

applied on mouse ears (2 nmol in 20 μL per ear) for 6 consecutive days. Ears
were excised and treated with collagenase (125 U/mL; Wako Chemicals) in
RPMI complete medium at 37 °C for 2 h, followed by depletion of red blood
cells to prepare single cell suspension. Cells isolated from ear skin and
draining lymph nodes were subjected to flow cytometric analysis.

Statistical Analysis. Statistical analysis was performed using unpaired Student
t test. P value <0.05 was considered statistically significant.
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