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1 | INTRODUCTION
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Abstract

Basophils produce interleukins (IL)-4 in response to various stimuli and may
contribute to type 2 immune responses to various infections and allergens. We
found that resting basophils freshly isolated from mice produce IL-4 in
response to IL-3 but not to high-affinity Fc receptor (FceRI) cross-linking (CL),
yet both required the immunoreceptor tyrosine-based activation motif (ITAM)
containing adaptor Fc receptor y-chain (FcRy), while basophils activated
in vitro by IL-3 become responsive to FceRI CL. Acquisition of responsiveness
to FceRI CL occurred upon infection with Trichinella spiralis or administration
of superantigen. Because cultured basophils return to a quiescent state upon
starvation with IL-3 with surface FceRI levels unchanged, this acquisition is
reversible and probably reflects intracellular events requiring protein synthe-
sis. Interestingly, similar activation-associated acquisition was observed for
responsiveness to other stimuli, including CD200R3 CL, which is known to
signal via DAP-12, and the allergen protease papain. This acquisition of
responsiveness to FceRI CL was inhibited by Jak inhibitor. Thus, the IL-3 sig-
nal bifurcates downstream of Jak, into two distinct pathway, one leading to
IL-4 production and the other to render basophils competent to respond to
stimuli dependent on ITAM-containing adaptors DAP12 and FcRy for IL-4
production.
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et al,, 1996; Reinhardt et al., 2006). Thus, T helper
1 (Th1) cell differentiation is initiated by interleukins

It has been well known that differentiation from naive T
cells into effector helper T cells is instructed by cytokines
produced by various types of accessory cells (Abbas

© 2023 Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd.

(IL)-12 that is produced by dendritic cells upon stimula-
tion through receptors for pathogen-associated molecules
(Trinchieri, 2003). T helper 1 (Th17) cells are on the other
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hand induced by transforming growth factor-p from uni-
dentified cells and by dendritic cells (DC)-derived IL-6
and/or IL-23 (Stockinger & Veldhoen, 2007). In contrast,
although IL-4 is well established as an essential cytokine
for T helper 2 (Th2) differentiation, the cellular source(s)
of this cytokine is still of debate.

Among several possible cellular sources of IL-4 and
IL-6, basophils are recently attracting growing attention
(Falcone et al., 2006; Min & Paul, 2008). Since the pio-
neering works by Paul's group on murine basophils (Ben-
Sasson et al., 1990; Seder, Paul et al., 1991), these cells in
mice and humans have been recognized as a cell type
potentially capable of initiating type 2 immune responses
by producing IL-4 in response to various stimuli. Such
stimuli include IL-3, Schistosoma mansoni egg antigens,
Brugia malayi antigens, Echinococcus multilocularis
extracts and signals through cell surface molecules, such
as high-affinity Immunoglobulin E (IgE) receptors
(FceRI) and CD200R3 (Aumuller et al., 2004; Falcone
et al., 1996; Hida et al., 2005; Kojima et al., 2007; Mitre
et al., 2004). Furthermore, basophils have recently been
shown to accumulate in the spleen and liver in mice trea-
ted with Th2-inducing agents (Khodoun et al., 2004; Min
et al., 2004; Voehringer et al., 2004). The allergen prote-
ase papain was reported to directly induce IL-4 produc-
tion by basophils as well as to cause basophil
accumulation in the regional lymph nodes where Th2
responses were assumed to be initiated (Sokol
et al., 2008). We also observed previously that basophils
could initiate Th2 differentiation in vitro in a manner
dependent on IL-3, and elevation of basophil numbers
in vivo due to the absence of negative regulator
interferon-regulatory factor-2 resulted in relative Th2
dominance (Hida et al., 2005). Oh et al. (2007) reported
that chronic treatment with IL-3 in vivo increased baso-
phils numbers and accelerated Th2 immune responses.
All these findings strongly supported the role of basophils
in the initiation and promotion of Th2 responses. In addi-
tion, basophil-derived IL-6 is also important for Th17 dif-
ferentiation and recruitment to inflammatory tissues
(Denzel et al., 2008; Yuk et al., 2017).

Nature of the stimuli known to induce basophils to
produce cytokines seems to be diverse; not to mention
various pathogen-associated molecules including those
molecularly not well defined, IL-3 is a local cytokine
released rapidly upon antigen-activation of CD4"T cells,
whereas IgE antibodies are a circulating product of class-
switched B cells, generated much later as a result of Th2
responses. 1L-3 signals are transduced through the intra-
cellular pathway initiated upon binding to IL-3Rs, involv-
ing Janus kinases and STAT-5 (Geijsen et al., 2001),
while IgE signals are mainly transduced through the
immunoreceptor tyrosine-based activation motif ITAM)-
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containing adaptor Fc receptor y-chain (FcRy), a compo-
nent of FceRI as well as various immunoreceptors
(Kinet, 1999). Some of pathogen-derived antigens
required IgE for stimulating basophils (Aumuller
et al., 2004; Mitre et al., 2004; Schramm et al., 2007), and
hence likely signaled also through FcRy. CD200R3 sig-
nals are mediated on the other hand by another molecule
DAP-12, which is also an ITAM-containing adaptor
(Kojima et al., 2007). Although the basophil “receptors”
and downstream signals for many allergens and patho-
gens are to be identified, basophils seem to be a rather
surprisingly versatile immune regulator that can produce
IL-4 in response to such a wide variety of signals. It is not
clear, however, whether cellular states of basophils
responding to those diverse stimuli are identical or not,
and the mechanisms controlling the responsiveness of
basophils to those stimuli are totally unknown.

Here, we show that basophils respond differently to
these stimuli depending on their activation state. In the
“resting” state, basophils produced IL-4 and IL-6 in
response to IL-3, but not to FceRI or CD200R3 cross-
linking and papain treatment. In contrast, upon “activa-
tion” by IL-3 in vitro or by nematode infection and
T-cell-directed superantigen stimulation in vivo, baso-
phils lose IL-3 responsiveness while acquired responsive-
ness to FceRI CL, CD200R3 CL, and papain treatment.
Thus, IL-3 switches intracellular signaling pathways
through which basophils are induced to IL-4 and IL-6.

2 | RESULTS

2.1 | Activation of basophils for
responsiveness to FceRI signals

Bone marrow (BM) cells were isolated from untreated
mice, which were kept in a strict clean room. Enriched
basophils, removed with T, B, NK, macrophages, and
erythrocytes from BM cells, were cultured for 24 h
in vitro in the presence of IL-3 or IgE/anti-IgE immune
complex. In BM, only 0.5% of cells were basophils (FceRI
o« DX5"%), and when enriched up to >30% purity and
stimulated with IL-3, substantial amounts of IL-4 were
produced (Figure 1la), while basophils stimulated with
IgE immune complexes produced less IL-4. Seder, Plaut,
et al. (1991) reported that splenic FceRI * cells, the fre-
quencies of which were increased several folds in mice
infected with nematodes or treated with anti-IgD anti-
body, produced IL-4 upon stimulation ex vivo with IL-3
plus plate-bound anti-IgE antibodies. It was not directly
examined, however, if these cells, most likely basophils,
were activated in such settings. We also observed here
that infection with a Th2-inducing nematode, Trichinella
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FIGURE 1 The acquisition of the responsiveness to FceRI CL
by basophils. (a) IL-4 production by fresh basophil-enriched
populations in response to IL-3. Freshly isolated basophil
preparations enriched as in each panel (1 x 10°/well) were
stimulated with medium (—), IL-3 or FceRI CL (CL) for 24 h, and
the amounts of IL-4 produced are shown. (b) Numbers in the dot
plots represent the frequencies of basophils as gated by the regions
(DX5"FceRI"). Numbers of basophils in the spleen in uninfected
mice and mice infected with Trichinella spiralis. Each symbol
represents an individual mouse with horizontal bars for the means
(n = 7). (c) Splenic basophils enriched from uninfected or

T. spiralis-infected mice were stimulated by FceRI CL. IL-4
produced per 1 x 10° basophils is shown. Representative data of
mice shown in (a). In panels (a) and (c), data for IL-4 production
represent the means and SEMs of duplicated cultures and
representative of more than three independent trials.

spiralis, caused not only the elevation of basophil num-
bers in the spleen (Figure 1b) but also the acquisition of
the responsiveness to FceRI CL (Figure 1c). As we calcu-
lated the amounts of IL-4 produced per 10° basophils pre-
sent in the cell preparations, elevation in basophil
numbers did not account for the upregulation of IL-4 pro-
duction. This observation was consistent with many pre-
vious reports (Gessner et al., 2005; Mohrs et al., 2005;
Schramm et al., 2007; Sokol et al., 2008) and indicated
that activation of basophils rendered them responsive to
FceRI CL in terms of IL-4 production not only in vitro
but also in vivo.

2.2 | T-cell activation results in the
acquisition of IgE responsiveness in mouse
basophils

To examine IgE reactivity of basophils when T cells are
activated in vivo, we administered the superantigen

recombinant Staphylococcal enterotoxin A (rSEA)
intraperitoneally and examined IL-4 and IL-6 produced
by splenic basophils by IgE and antigen stimulation
ex vivo at 6 h. Compared to PBS-treated mice, splenic
basophils from SEA-treated mice showed a marked
increase in the percentage of IL-4 (Figure 2a) and IL-6
(Figure 2b)-producing cells. The difference in cytokine-
producing cells compared between unstimulated and
stimulated in each mouse was also predominantly
increased (Figure 2a, b). In contrast to the parasite
infection experiment in Figure 1, these experiments
were done within a short time, arguing against the
involvement of IgE in the serum that would be pro-
duced much later.

2.3 | IL-3-dependent enhancement of
IgE responsiveness in mouse basophils

It is known that SEA activates peripheral T cells to pro-
duce large amounts of IL-3 in addition to other cytokines
such as IL-2 and IFN-y. Because mice infected with para-
sites, IL-3 is known to cause basophil proliferation (Lantz
et al., 1998). We hence examined whether rSEA-induced
enhancement of basophils IgE responses is mediated by
IL-3 produced by T cells. Depletion of CD4" T cells by
negative sorting with anti-CD4 antibody abolished SEA-
induced IL-3 production in vitro almost completely.
CD8™ T-cell depletion also reduced IL-3 production sub-
stantially, while B-cell depletion with anti-B220 anti-
body rather augment IL-3 production (Figure 3a),
perhaps through elevating T-cell frequencies. These
results indicated that IL-3 was produced by T cells,
mainly CD4" and to a lesser extent CD8" T cells. Next,
mice were injected intraperitoneally with recombinant
IL-3, and IgE reactivity of basophils was examined 6 h
later. Compared to PBS treatment, IL-3 treatment signif-
icantly increased the frequency of basophils producing
IL-4, but not IL-6, upon IgE plus antigen stimulation
(Figure 3b). The essential role for T-cell-derived IL-3
in vivo was indicated by the observation that rSEA
failed to enhance IgE plus antigen-induced cytokine
production by basophils isolated from Ragl /'~ and
[13mITYb/mITYb mice lacking entire T cells and IL-3,
respectively (Figure 3c). Since basophils were present at
normal frequencies in these mice, these results also
indicate that rSEA neither act directly on peripheral
basophils nor induce IL-3 production by cells other than
T cells. In addition, IgE reactivity of basophils in
Stat6~'~ mice treated with rSEA was comparable to that
of wild-type basophils (Figure 3d), suggesting that SEA-
induced enhancement of IgE reactivity did not require
Th2 differentiation or serum IgE.
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FIGURE 2 T-cell-activation results (a) @)
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24 | The acquisition of FceRI CL
responsiveness was activation-associated
and seemed to occur through multiple
mechanisms

When expanded in the presence of IL-3 in vitro, baso-
phils defined as c-kit™ cells still expressed surface
FceRI (Figure 4a). Unlike freshly isolated basophils,
however, those cultured basophils, enriched to around
90% purity by removing c-kit" mast cells as shown in
Figure 4a, produced IL-4 when stimulated with FceRI
CL, but instead not with IL-3 (Figure 4b). Cultured,
but not freshly isolated, basophils expressed the activa-
tion marker CD69, and were thus apparently in the
activated state (Yoshimura et al., 2002), while those
basophils returned to the resting state upon starvation
as indicated by the reduction of CD69 expression
(Figure 4c). Flow cytometry also revealed the unaltered
surface FceRI levels before and after starvation, indi-
cating that the acquisition of the responsiveness to
FceRI CL took place without surface FceRI modulation
and likely through intracellular mechanisms. In con-
trast, the levels of the a- and B-chains of IL-3Rs were
altered depending on the activation status of basophils.
Thus, IL-3Rs on cultured, IL-3-nonresponsive baso-
phils were reduced, yet not completely null, in compar-
ison with those on freshly isolated or starved basophils,
and IL-3R expression was almost fully restored on
starved basophils (Figure 4c).

2.5 | Distinct intracellular signaling
pathways for IL-4 production in fresh and
cultured basophils

Loss of responsiveness to FceRI CL occurred not immedi-
ately but gradually over several hours upon removal of
IL-3 (Figure 5a). Furthermore, inhibition of de novo pro-
tein synthesis with cycloheximide rendered basophils
unresponsive to FceRI CL even in the continuous pres-
ence of IL-3 with the kinetics similar to that observed
during IL-3 starvation (Figure 5b). Since cycloheximide
was removed when those basophils were stimulated by
FceRI CL, it was unlikely that the synthesis of IL-4 pro-
teins itself was inhibited by cycloheximide treatment.
The activated state thus seemed to be ensured by a cer-
tain as yet unidentified molecule(s) involved in the sig-
naling pathway downstream of FceRI, the expression of
which appeared to be dependent on IL-3.

2.6 | Switching of basophil
responsiveness to other ITAM-mediated
signals

In addition to IL-3 or FceRI CL, IL-4 production by cul-
tured basophils could be induced upon CD200R3 CL with
anti-CD200R3 antibody (Ba91), in a fashion dependent
on DAP-12 (Kojima et al., 2007). We found that IL-3-
starved basophils produced much less IL-4 compared
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FIGURE 3 IL-3-dependent enhancement of IgE responsiveness in
mouse basophils. (a) Mouse spleen cells were negatively sorted with
anti-CD4, anti-CDS8, or anti-B220 antibodies and stimulated with rSEA
in vitro. Six hours later, IL-3 in the culture supernatant was measured
by ELISA. (b) Mice were treated with PBS or rIL-3, then splenic
basophils were enriched and stimulated with DNP-BSA after IgE
sensitization; the frequency of IL-4" (top) or IL-6* (bottom) basophils
was measured by flow cytometry (n = 8). (b, right) As in Figure 2, each
plot represents the increased amount of cytokine-producing cells upon
FceRI CL stimulation of mouse basophils. (¢) Increased frequency of
IL-4 or IL-6 positivity cells upon FceRI CL stimulation of splenic
basophils when rSEA was administered to control mice, Ragl ~'~ or
1137/~ (control, n = 4; Ragl ™/, n = 3; [I3™IW/mIDb 4 _ 3y

(d) Increased frequency of IL-4 or IL-6 positivity cells upon FceRI CL
stimulation of splenic basophils when rSEA was administered to
control mice, Stat6 '~ (control, n = 3; Stat6~'~, n = 4). Data in (a) are
representative of at least three independent experiments. *p < 0.05,
**p < 0.001. n.s., not significant (Mann-Whitney's U-test).
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FIGURE 4 Surface marker profiles of resting and activated
basophils. (a, b) Cultured basophil preparations enriched as in each
panel (1 x 10°/well) were stimulated with medium (), IL-3 or
FceRI CL (CL) for 24 h. (b) The amount of IL-4 produced by
cultured or IL-3-starved basophils. (c) The expression of cell surface
markers as indicated on fresh, cultured, and starved basophils.
Histograms are shown for DX5"c-kit™ cells for fresh basophils
enriched as in Figure 1a and c-kit™ cultured/starved basophils.
Representative data for more than three independent experiments.

with those produced by cultured basophils upon
CD200R3 CL (Figure 6a). As in the case for FceRI (see
Figure 4), the levels of surface CD200R3 were not differ-
ent between cultured and starved basophils (Figure 6b),
indicating that the failure of starved basophils to respond
efficiently to CD200R3 CL was also likely due to the
alteration of the intracellular state during starvation.
Consistent with what previously has been observed
(Sokol et al., 2008), the allergen protease papain induced
IL-4 production in cultured basophils albeit at the levels
much lower than those observed upon CD200R3 CL or
FceRI CL but readily above control (Figure 6a). It was
reported that papain-induced IL-4 production is depen-
dent on the ITAM-containing adaptor protein FcRy
(Rosenstein et al., 2014). In order to confirm this result,
we cultured BM cells from mice lacking the ITAM-
bearing adaptor FcRy in IL-3 and enriched c-kit™ cells as
above. FcRy was essential for transport of FceRI to the
cell surface, basophils were negative for surface FceRI
expression and did not produce IL-4 upon FceRI CL even
in the activated state (Figure 6¢). Notably, these basophils
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FIGURE 5 Distinct intracellular signaling pathways for IL-4

production in fresh and cultured basophils. (a) IL-4 production by
cultured basophils starved for the indicated periods followed by
stimulation with FceRI CL for 24 h. (b) Basophils expanded in IL-3
for 13 days were further cultured with IL-3 for the indicated periods
in the presence (CHX) or absence (—) of cycloheximide. Those cells
were then washed extensively and stimulated with FceRI CL for

24 h without cycloheximide, and IL-4 production by those
basophils was measured. Data in panels represent the means, and
error bars are for SEM of duplicated or triplicated cultures.
Repeated at least three times with similar results.

failed to produce IL-4 upon treatment with papain
(Figure 6d). In contrast, these FcRy-deficient, activated
basophils were fully capable of producing IL-4 in
response to CD200R3 CL (Figure 6¢). These observations
indicated that the responsiveness to FceRI CL, CD200R3
CL and papain was acquired and lost concurrently upon
activation and starvation, respectively.

2.7 | Jak signaling is essential for the
acquisition of FceRI CL responsiveness

The IL-3 signaling pathway includes a Jak-Stat-mediated
pathway that promotes cell proliferation and a pathway
important for cytokine production via the Src family and
FcRy-Syk (Hida et al., 2009). Recently, Jak inhibitors
have been developed and their indications have been
expanded to autoimmune and allergic diseases. As shown
in Figure 5, IL-3 starvation reduced time-dependent IL-4
production from cultured basophils. To investigate the
involvement of Jak in this altered intracellular event, we
examined IL-4 production from cultured basophils using
AG490, an inhibitor of Jak2/3. Inhibitor was added for
3 or 6 h before FceRI CL stimulation, and after removal
of the inhibitor, stimulation with IgE/DNP immune com-
plexes was performed (Figure 7a). The results showed
that IL-4 and IL-6 productions were inhibited by Jak
inhibitor in a concentration-dependent manner
(Figure 7b, c). These results clearly indicate that Jak-
dependent downstream signaling is important for the
acquisition of responsiveness to FceRI CL.
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FIGURE 6 Similar switching for other ITAM-dependent
stimulants. (a) Cultured and starved basophils were stimulated as
indicated, and the amounts of IL-4 produced by 1 x 10° basophils
are shown. (b) CD200R3 expression on cultured and starved
basophils (c-kit ™). Open histograms represent background staining.
(c, d) IL-4 production by cultured basophils (1 x 10°) from wild-
type (black bar) or Fcerlg~'~ (right hatched bar) mice stimulated as
indicated. The means and SEMs of duplicated or triplicated cultures
representative of at least three independent trials.

3 | DISCUSSION

In this study, we showed that murine basophils switched
intracellular signaling pathways depending on their acti-
vation status, thereby responding to divergent stimuli
that led to IL-4 and IL-6 production. Thus, basophils
acquired responsiveness to FceRI CL upon activation.
Because IL-3 starvation reverted the basophil responsive-
ness to these stimuli, it was apparent that such a switch-
ing was not a result of basophil maturation, but instead
activation-associated. It has become clear that there are
FcRy-dependent and FcRy-independent signals down-
stream of the IL-3 signaling pathway. The FcRy-
dependent IL-3 signaling pathway is the pathway that
induces IL-4 production in resting basophils, which we
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FIGURE 7 Jak signaling is essential for the potentiation of
FceRI signaling pathway. (a) Schedule of treatment with Jak2/3
inhibitor (AG490; 5 pM, 25 pM or 50 pM). (b, ¢) Cultured with Jak
inhibitor for 3 h (b) or 6 h (c) before FceRI CL stimulation. After
cells were collected and inhibitors were removed, cells were
stimulated with IgE/DNP-immune complexes. Twenty four hours
of culture, IL-4 and IL-6 in the cell supernatant were measured by
ELISA. Error bars in (b) and (c) denote mean + SEM. Data in

(b) and (c) are representative of at least three independent
experiments.

identified in our previous study (Hida et al., 2009). On
the other hand, FcRy -independent IL-3 signaling is
essential for survival and cell proliferation, known for
example to induce Bcl-XL expression (Hida et al., 2009;
Kohno et al., 2005). In this study, IL-3 also enhanced IL-4
production by CD200R3 CL in FceRIg~'~ basophils, as
shown in Figure 6, suggesting that the potentiation of
FceRI signaling is an effect of IL-3 through FcRy-
independent signaling. The alteration of intracellular
states seemed to be the major mechanism for the acquisi-
tion of the responsiveness to FceRI and CD200R3 CL by
activated basophils. A common feature was apparent
among the IL-4 inducers for activated basophils exam-
ined here, in that the ITAM-bearing adaptors were uti-
lized for the induction of IL-4; FcRy by FceRI CL and
papain (Figure 6) and DAP-12 by CD200R3 CL (Kojima
et al., 2007). Such a feature raised an interesting possibil-
ity that yet other pathogen-associated or host-derived
substances could also induce IL-4 and IL-6 production in
activated basophils through receptors associated with
ITAM-bearing adaptors. Although the “receptor” on

basophils for papain is to be identified, such a receptor
would likely be found among FcRy-associated receptors
(Nimmerjahn & Ravetch, 2006) as our present study indi-
cated. The activation-associated, reversible intracellular
alteration seemed to be controlled by a putative
molecule(s), which was induced and sustained by IL-3 and
lost gradually with a half-life of around several hours upon
cessation of IL-3 signals or interruption of protein synthe-
sis. Today, numerous signaling molecules have been placed
downstream of FcRy and DAP-12 (Abram & Lowell, 2007;
Kambayashi & Koretzky, 2007), but it is not clear which of
those are involved in the pathway connecting these ITAM-
bearing adaptors to cytokine production in basophils. Iden-
tification of the putative activation-associated molecule(s)
would shed new lights on the regulatory mechanism for
the signaling pathways in basophils. In terms of cytokine
production by basophils, IL-3 was unique in that this cyto-
kine not only directly induced IL-4 and IL-6 production in
resting basophils but also conferred them responsible to
the activation-dependent cytokine inducers. Compared
with FceRI and CD200R3, however, even less is known for
the IL-3 signaling pathways leading to IL-4 and IL-6 pro-
duction in basophils. This is partly because studies of
IL-3-triggered responses have been focused almost exclu-
sively on those for proliferation and survival of hematopoi-
etic cells (Geijsen et al., 2001), and partly because of a
technically more serious reason, the paucity of basophils
occupying only less than 1% of peripheral mononuclear
cells. In this regard, our current culture protocol will be
very useful as it can furnish us with substantial numbers of
starved as well as activated basophils for biochemical and
molecular biological analyses of the IL-3 signal transduc-
tion pathways for the basophil effector functions, namely
IL-4 production and the acquisition of the responsiveness
to the activation-dependent IL-4 inducers.
Activation-dependence distinguished at least two intra-
cellular signaling pathways leading to cytokine production
in murine basophils; one triggered by IL-3 in resting baso-
phils and the other downstream of ITAM-bearing adaptors
in activated basophils. Based on the current findings, we
hypothesized that basophils would use either of these two
signaling pathways in different stages of type 2 immune
responses. Thus, basophils would be triggered to produce
IL-4 by IL-3 released from antigen-activated CD4" T cells,
thereby playing roles in the initiation of Th2 differentiation
at an early stage of immune responses. In later stages,
when IgE antibodies were abundantly produced by class-
switched B cells, basophils had presumably been activated
by IL-3 and would produce IL-4 and perhaps other media-
tors upon CL of FceRI IgE complexes with cognate anti-
gens, thereby promoting type 2 immune responses further
and contributing to the establishment of inflammatory
lesions (Min et al., 2004; Mukai et al., 2005; Obata
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et al., 2007; Voehringer et al., 2004). Once IL-3 production
ceased as a result of antigen clearance, basophils would
revert to the resting state gradually and become eventually
unresponsive to FceRI CL. At this moment, this scenario
is in large measure speculative and awaits further studies
to validate, but such a switching mechanism, if operated,
would ensure the termination of type 2 immune
responses, which may otherwise cause allergic disorders.
We observed here that T. spiralis infection or superantigen
rendered basophils competent for producing IL-4 in
response to FceRI CL. These observations together indi-
cated that basophils required prior activation for the
responsiveness to FceRI CL also in vivo in terms of IL-4
production. Although IL-3 would presumably be produced
by activated T cells in those immunized or infected ani-
mals as suggested by in vitro observations (Hida
et al., 2005), it is currently unclear when IL-3 begins to be
produced upon infection or immunization, and how long
IL-3 production continues to maintain the activated status
of basophils in vivo. Even, we have at this moment no
direct evidence for the requirement of only IL-3 in the acti-
vation of basophils in T. spiralis infection and a possibility
cannot be excluded that basophil activators other than
IL-3 are responsible for the in vivo basophil activation.

Numbers of reports showed that human basophils
released IL-4 in response to several parasite antigens in a
manner dependent on IgE and hence FceRI (Falcone
et al., 2006), and IL-3 could “prime” human basophils for
FceRI CL-induced IL-4 production, yet the amounts of
IL-4 produced in such settings seemed to vary among
donors (Brunner et al, 1993; Falcone et al, 1996;
MacGlashan, 2007). Furthermore, in one of these studies,
either IL-3 or FceRI CL alone was shown to induce little
IL-4 production (Brunner et al., 1993). Another report
claimed that pre-activation by IL-3 was dispensable to pro-
duce IL-4 upon FceRI CL (Arock et al., 1993), and direct
induction of IL-4 production by allergens was sometimes
observed for human basophils (Kasaian et al., 1996;
Phillips et al., 2003). Based on the findings in those previ-
ous reports and this study, we speculate that freshly pre-
pared human basophils even from “healthy” donors
have been “activated” to variable extents, conceivably
reflecting difference in the personal history of infection,
allergen exposure and allergic diseases as well as the
genetic background of donors. Our study shows that
environmental conditions such as infection and foreign
antigens actually increase the cytokine-producing
capacity of basophils. We imagine that our mouse baso-
phils, a well-regulated experimental platform for study-
ing what happens during the activation of basophils for
the production of IL-4 and other mediators, will also
contribute to a better understanding of parasitic infec-
tions and type I allergic diseases in humans.

WILEYJ—

4 EXPERIMENTAL PROCEDURES

41 | Animals

Ragl_/ -, Stat6 ', FceRIg_/ ~ mice (Hida et al., 2009), on
the C57BL/6 background, used in this study were bred
and maintained in the animal facility in Shinshu Univer-
sity or Nagoya City University under strictly controlled spe-
cific pathogen-free (SPF) conditions, with regular
monitoring of infection with agents including Pasturella
pneumotropica, ectoparasites, intestinal protozoa and pin-
worms, and used at 8-12 weeks of age. Mice lacking IL-3
(Kohno et al., 2005) originally established and provided by
Prof. V. Tybulewicz, The Francis Crick Institute, through
Dr. Takashi Saito, RIKEN IMS, were backcrossed to the
C57BL/6 background more than 10 times, maintained and
used in the animal facility in Shinshu University. C57BL/6
mice were from SLC. All animal experiments were
approved by the Committee for Animal Experimentation
and Care of Shinshu University and Nagoya City University
and conducted according to the guideline.

4.2 | Preparation of recombinant
proteins

Recombinant superantigen SEA was amplified by PCR
from genomic DNA of S. aureus (MRSA252), using for-
ward primer 5-GGG GGA TCC GAG AAA AGC GAA
GAA ATA AAT GAA AAA GAT TTG-3' and reverse
primer 5-GGG AAG CTT AAC TTG TAT ATA AAT
ATA TAT CAA TAT GCA TGT TTT-3". Mouse IL-3 was
amplified from the cDNA that synthesized with Prime-
Script RT master mix (Takara) with C57BL/6 mouse
spleen total RNA using forward primer 5- GAG CTC
GCT TCA ATC AGT GGC CGG GAT ACC-3' and reverse
primer 5- GAA TTC TTA ACA TTC CAC GGT TCC
ACG GTT AGG AG-3'. The genes were cloned into pro-
karyotic expression plasmid pCold-IT (Takara Bio) and
then transformed into ClearColi™ (Lucigen, Middle-
town). The recombinant proteins were induced by cold
shock in the presence of IPTG (1 mM, Nacalai tesque) as
a N-terminal hexa-histidine tagged protein and affinity
purified using Ni Sepharose 6 Fast Flow (GE Healthcare)
in according to manufacturer's instruction. In the case of
mlIL-3, inclusion bodies were solubilized with denaturing
buffer (20 mM Tris-HCI, 0.5 M NaCl, 8 M urea, pH 7.5)
and proteins were refolded on column by gradually
decreasing the urea concentration and eluted with
250 mM imidazole (Itoh et al., 2010). Purified proteins
were dialyzed against PBS. The purities of them were
estimated to be more than 95% by SDS-polyacrylamide
electrophoresis and Coomassie Brilliant Blue staining
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(Figure S1). The concentration of rSEA was determined
using a BCA reagent (Nacalai tesque) and the concentra-
tion of rmIL-3 was determined by ELISA.

4.3 | Recombinant SEA or mIL-3
administration

Mice were administered i.p. in a single shot with 50 pg
rSEA, or 2 pg rmIL-3, each in 200 pl PBS or with 200 pl
PBS alone. Six hours later, mice were sacrificed under
anesthesia and spleens were collected. Enrichment of
splenic basophils was carried out as described (Hida
et al.,, 2005; Hida et al., 2009) through depletion of T, B,
NK, NKT, mast, erythroid cells, and granulocytes using
antibodies against TCRf, B220, CD19, Gr-1, TER119, c-kit,
CD11c, and NKp46 (all biotin-antibodies were purchased
from Biolegend) with IMag beads (BDbioscience). Baso-
phils were sensitized with anti-DNP IgE (SPE7; Sigma) for
30 min, washed and cross-linked with DNP-BSA
(100 pg/mL). After stimulation, the cells were cultured
in the presence of Berfeldin A for 2.5 h and the percentage
of IL-4 or IL-6 positive cells within CD200R3 DX5"B220~
basophils were measured by flow cytometry.

44 | T. spiralis infection

T. spiralis larvae were isolated from the skeletal muscles
of orally infected mice by digestion with pepsin and used
for inoculation (300 larvae/mouse) as described (Tian
et al.,, 2003). Ten days later, mice were sacrificed, and
splenic basophils were enriched and stimulated as above.

4.5 | Surface and intracellular staining
on basophils

Fluorochrome-conjugated and unlabeled antibodies were
purchased from Biolegend. The recovered splenic basophils
were enriched and stained with anti-mouse CD200R3,
anti-mouse B220, and anti-mouse CD49b(DX5) mAb for
30 min at 4°C. The cells were fixed with 4% (w/v) para-
formaldehyde and permeabilized by washing twice with
buffer containing 0.5% (w/v) BSA, 0.1% (w/v) saponin
and 0.05% (w/v) NaNs. For intracellular cytokine stain-
ing, fixed/permeabilized cells were resuspended in fluo-
rescent dye-labeled anti-mouse IL-4 Ab or anti-mouse
IL-6 antibody at a given optimal concentration for 30 min
at 4°C in the dark (Hida et al., 2009). After two washes,
cells were immediately analyzed by flow cytometry. Ana-
lyses of stained cells were carried out on the Cytomics
FC500 flowcytometer (Beckman-Coulter) or FACSverse

(BD Bioscience). KALUZA software (Beckman-Coulter)
was used for data analyses.

4.6 | BM-derived basophil culture
BM-derived basophils were cultured as described (Hida
et al., 2009). Briefly, whole BM cells (2 x 10”) were cul-
tured in 10 mL of 10% fetal calf serum-containing
RPMI1640 medium (Nissui) supplemented with mIL-3
(5 ng/mL) for 10-12 days with medium changed every
3 days. Recombinant mIL-3 was produced by a cell line
transfected with mIL-3 expression vector. For starvation,
cultured basophils were washed extensively, depleted of
c-kit™ mast cells, seeded at 2 x 10°/mL and starved for
1-12 h. Parallel non-starved cultures contained 5 ng/mL
of IL-3. Cultured basophils were, in some experiments,
treated with cycloheximide (FujiflmWako) at 10 pM,
washed and subjected to stimulation. For stimulation,
cultured basophils were purified by depleting mast
(c-kit™) cells using IMag beads. The regular purities of
fresh and cultured/starved basophils subjected to stimu-
lation were 20%-40% and higher than 85%, respectively.

4.7 | Stimulation of basophils for
cytokine production

Fresh, cultured or starved basophils enriched as above
(0.50r 1 x 10’ cells) were stimulated with IL-3 (5 ng/mL),
IgE (2 pg/mL, SPE7, Sigma Aldrich) + DNP-BSA (2 pg/mL),
Anti-CD200R3 antibody (0.5 pg/mL, clone Ba91, kindly pro-
vided by H. Karasuyama) or papain (100 pg/mL; Calbio-
chem) for 24 h, and the supernatants were collected to
measure IL-4, IL-6 proteins using mouse IL-4 or IL-6 ELISA
kit (Biolegend). In some experiments, basophils were
incubated with IgE (1 pg/mL) antibody, washed and cul-
tured in the presence of anti-IgE antibody (2 pg/mL) as
above. Cells were surface-stained, fixed, permeabilized,
and stained with PE-conjugated anti-IL-4 or IL-6 anti-
body (Biolegend).

4.8 | Statistical analysis

Statistical significance was determined by a Mann-
Whitney U-test or Kruskal-Wallis test. *p < 0.05,
***p < 0.001 was considered significant. Values of
p > 0.05 were regarded as nonsignificant (n.s.).

ACKNOWLEDGMENTS
We would like to thank Prof. V. Tybulewicz and
Dr. Takashi Saito for IL-3-deficient (113" ™?/mITY0) mice,

B5UB017 SUOLULLOD 31D 3|edl|dde aUy Ag pausenob a1 3ol YO ‘BSn 0 S3|nJ 104 ARIq1T BUIUO /8|1 UO (SUORIPUOD-PLR-SLLBYW0D" A3 1M ARIq 1 [RU1IUO//SARY) SUORIPUOD PUe SWiB L 8U} 885 *[£202/TT/TZ] Uo ARiqIT aulluo AB|1M il ieuriyood Aq L0OET ¥/TTTT OT/I0p/uod 3| Im Afelqifeul|uoy//sdny Woj papeo|umoq ‘€ ‘€202 ‘Err2s9eT



KITANO ET AL.

Genes to Cells WILEY_L 5

We also thank Prof. H. Karasuyama for anti-CD200R3
antibody.

CONFLICT OF INTEREST
The authors declare no competing financial interests.

ORCID

Saotomo Itoh ‘© https://orcid.org/0000-0002-5704-0543
Shinsuke Taki @ https://orcid.org/0000-0001-5143-3496
Shigeaki Hida ‘® https://orcid.org/0000-0003-4787-9430

REFERENCES

Abbas, A. K., Murphy, K. M., & Sher, A. (1996). Functional diver-
sity of helper T lymphocytes. Nature, 383, 787-793. https://doi.
0rg/10.1038/383787a0

Abram, C. L., & Lowell, C. A. (2007). The expanding role for ITAM-
based signaling pathways in immune cells. Sci STKE,
2007(377), re2. https://doi.org/10.1126/stke.3772007re2

Arock, M., Merle-Beral, H., Dugas, B., Ouaaz, F., Le Goff, L.,
Vouldoukis, I., Jean-Michel Mencia-Huerta, J. M., Schmitt, C.,
Leblond-Missenard, V., Debre, P., & Djavad Mossalayi, D
(1993). IL-4 release by human leukemic and activated normal
basophils. Journal of Immunology, 151, 1441-1447.

Aumuller, E., Schramm, G., Gronow, A., Brehm, K., Gibbs, B. F.,
Doenhoff, M. J., & Haas, H. (2004). Echinococcus multilocu-
laris metacestode extract triggers human basophils to release
interleukin-4. Parasite Immunology, 26, 387-395. https://doi.
org/10.1111/j.0141-9838.2004.00724.x

Ben-Sasson, S. Z., Le Gros, G., Conrad, D. H., Finkelman, F. D., &
Paul, W. E. (1990). Cross-linking fc receptors stimulate splenic
non-B, non-T cells to secrete interleukin 4 and other lympho-
kines. Proceedings of the National Academy of Sciences of the
United States of America, 87, 1421-1425. https://doi.org/10.
1073/pnas.87.4.1421

Brunner, T., Heusser, C. H., & Dahinden, C. A. (1993). Human
peripheral blood basophils primed by interleukin 3 (IL-3) pro-
duce IL-4 in response to immunoglobulin E receptor stimula-
tion. The Journal of Experimental Medicine, 177, 605-611.
https://doi.org/10.1084/jem.177.3.605

Denzel, A., Maus, U. A., Rodriguez Gomez, M., Moll, C,
Niedermeier, M., Winter, C., Maus, R., Hollingshead, S.,
Briles, D. E., Kunz-Schughart, L. A., Talke, Y., & Mack, M.
(2008). Basophils enhance immunological memory responses.
Nature Immunology, 9, 733-742. https://doi.org/10.1038/ni.1621

Falcone, F. H., Dahinden, C. A., Gibbs, B. F., Noll, T., Amon, U.,
Hebestreit, H., Abrahamsen, O., Klaucke, J., Schlaak, M., &
Haas, H. (1996). Human basophils release interleukin-4 after
stimulation with Schistosoma mansoni egg antigen. European
Journal of Immunology, 26, 1147-1155. https://doi.org/10.1002/
€ji.1830260528

Falcone, F. H., Zillikens, D., & Gibbs, B. F. (2006). The 21st century
renaissance of the basophil? Current insights into its role in aller-
gic responses and innate immunity. Experimental Dermatology,
15, 855-864. https://doi.org/10.1111/j.1600-0625.2006.00477.X

Geijsen, N., Koenderman, L., & Coffer, P. J. (2001). Specificity in
cytokine signal transduction: Lessons learned from the IL-
3/IL-5/GM-CSF receptor family. Cytokine & Growth Factor

Reviews, 12, 19-25. https://doi.org/10.1016/51359-6101(00)
00019-8

Gessner, A., Mohrs, K., & Mohrs, M. (2005). Mast cells, basophils,
and eosinophils acquire constitutive IL-4 and IL-13 transcripts
during lineage differentiation that are sufficient for rapid cyto-
kine production. Journal of Immunology, 174, 1063-1072.
https://doi.org/10.4049/jimmunol.174.2.1063

Hida, S., Tadachi, M., Saito, T., & Taki, S. (2005). Negative control
of basophil expansion by IRF-2 critical for the regulation of
Th1/Th2 balance. Blood, 106, 2011-2017. https://doi.org/10.
1182/blood-2005-04-1344

Hida, S., Yamasaki, S., Sakamoto, Y., Takamoto, M., Obata, K.,
Takai, T., Karasuyama, H., Sugane, K., Saito, T., & Taki, S.
(2009). Fc receptor gamma-chain, a constitutive component of
the IL-3 receptor, is required for IL-3-induced IL-4 production
in basophils. Nature Immunology, 10, 214-222. https://doi.org/
10.1038/ni.1686

Itoh, S., Hamada, E., Kamoshida, G., Yokoyama, R., Takii, T.,
Onozaki, K., & Tsuji, T. (2010). Staphylococcal superantigen-
like protein 10 (SSL10) binds to human immunoglobulin G
(IgG) and inhibits complement activation via the classical path-
way. Molecular Immunology, 47, 932-938. https://doi.org/10.
1016/j.molimm.2009.09.027

Kambayashi, T., & Koretzky, G. A. (2007). Proximal signaling
events in fc epsilon RI-mediated mast cell activation. The Jour-
nal of Allergy and Clinical Immunology, 119, 544-552. https://
doi.org/10.1016/j,jaci.2007.01.017

Kasaian, M. T., Clay, M. J, Happ, M. P.,, Garman, R. D,
Hirani, S., & Lugman, M. (1996). IL-4 production by allergen-
stimulated primary cultures: Identification of basophils as the
major IL-4-producing cell type. International Immunology, 8,
1287-1297. https://doi.org/10.1093/intimm/8.8.1287

Khodoun, M. V., Orekhova, T., Potter, C. Morris, S., &
Finkelman, F. D. (2004). Basophils initiate IL-4 production dur-
ing a memory T-dependent response. The Journal of Experimen-
tal Medicine, 200, 857-870. https://doi.org/10.1084/jem.
20040598

Kinet, J. P. (1999). The high-affinity IgE receptor (Fc epsilon RI):
From physiology to pathology. Annual Review of Immunology,
17, 931-972. https://doi.org/10.1146/annurev.immunol.17.1.931

Kohno, M., Yamasaki, S., Tybulewicz, V. L., & Saito, T. (2005).
Rapid and large amount of autocrine IL-3 production is respon-
sible for mast cell survival by IgE in the absence of antigen.
Blood, 105, 2059-2065. https://doi.org/10.1182/blood-2004-07-
2639

Kojima, T., Obata, K. Mukai, K. Sato, S. Takai, T,
Minegishi, Y., & Karasuyama, H. (2007). Mast cells and baso-
phils are selectively activated in vitro and in vivo through
CD200R3 in an IgE-independent manner. Journal of Immunol-
ogy, 179, 7093-7100. https://doi.org/10.4049/jimmunol.179.10.
7093

Lantz, C. S., Boesiger, J., Song, C. H., Mach, N., Kobayashi, T.,
Mulligan, R. C., Nawa, Y., Dranoff, G., & Galli, S. J. (1998).
Role for interleukin-3 in mast-cell and basophil development
and in immunity to parasites. Nature, 392, 90-93. https://doi.
0rg/10.1038/32190

MacGlashan, D. W., Jr. (2007). Relationship between spleen tyro-
sine kinase and phosphatidylinositol 5" phosphatase expression
and secretion from human basophils in the general population.

B5UB017 SUOLULLOD 31D 3|edl|dde aUy Ag pausenob a1 3ol YO ‘BSn 0 S3|nJ 104 ARIq1T BUIUO /8|1 UO (SUORIPUOD-PLR-SLLBYW0D" A3 1M ARIq 1 [RU1IUO//SARY) SUORIPUOD PUe SWiB L 8U} 885 *[£202/TT/TZ] Uo ARiqIT aulluo AB|1M il ieuriyood Aq L0OET ¥/TTTT OT/I0p/uod 3| Im Afelqifeul|uoy//sdny Woj papeo|umoq ‘€ ‘€202 ‘Err2s9eT


https://orcid.org/0000-0002-5704-0543
https://orcid.org/0000-0002-5704-0543
https://orcid.org/0000-0001-5143-3496
https://orcid.org/0000-0001-5143-3496
https://orcid.org/0000-0003-4787-9430
https://orcid.org/0000-0003-4787-9430
https://doi.org/10.1038/383787a0
https://doi.org/10.1038/383787a0
https://doi.org/10.1126/stke.3772007re2
https://doi.org/10.1111/j.0141-9838.2004.00724.x
https://doi.org/10.1111/j.0141-9838.2004.00724.x
https://doi.org/10.1073/pnas.87.4.1421
https://doi.org/10.1073/pnas.87.4.1421
https://doi.org/10.1084/jem.177.3.605
https://doi.org/10.1038/ni.1621
https://doi.org/10.1002/eji.1830260528
https://doi.org/10.1002/eji.1830260528
https://doi.org/10.1111/j.1600-0625.2006.00477.x
https://doi.org/10.1016/s1359-6101(00)00019-8
https://doi.org/10.1016/s1359-6101(00)00019-8
https://doi.org/10.4049/jimmunol.174.2.1063
https://doi.org/10.1182/blood-2005-04-1344
https://doi.org/10.1182/blood-2005-04-1344
https://doi.org/10.1038/ni.1686
https://doi.org/10.1038/ni.1686
https://doi.org/10.1016/j.molimm.2009.09.027
https://doi.org/10.1016/j.molimm.2009.09.027
https://doi.org/10.1016/j.jaci.2007.01.017
https://doi.org/10.1016/j.jaci.2007.01.017
https://doi.org/10.1093/intimm/8.8.1287
https://doi.org/10.1084/jem.20040598
https://doi.org/10.1084/jem.20040598
https://doi.org/10.1146/annurev.immunol.17.1.931
https://doi.org/10.1182/blood-2004-07-2639
https://doi.org/10.1182/blood-2004-07-2639
https://doi.org/10.4049/jimmunol.179.10.7093
https://doi.org/10.4049/jimmunol.179.10.7093
https://doi.org/10.1038/32190
https://doi.org/10.1038/32190

I MYV SAVEl Genes to Cells

KITANO ET AL.

The Journal of Allergy and Clinical Immunology, 119, 626-633.
https://doi.org/10.1016/j.jaci.2006.09.040

Min, B., & Paul, W. E. (2008). Basophils and type 2 immunity. Cur-
rent Opinion in Hematology, 15, 59-63. https://doi.org/10.1097/
MOH.0b013e3282f13ce8

Min, B., Prout, M., Hu-Li, J., Zhu, J., Jankovic, D., Morgan, E. S,,
Urban, J. F., Jr, Dvorak, A. M. Finkelman, F. D,
LeGros, G., & Paul, W. E. (2004). Basophils produce IL-4 and
accumulate in tissues after infection with a Th2-inducing para-
site. Journal of Experimental Medicine, 200, 507-517. https://
doi.org/10.1084/jem.20040590

Mitre, E., Taylor, R. T., Kubofcik, J., & Nutman, T. B. (2004). Para-
site antigen-driven basophils are a major source of IL-4 in
human filarial infections. Journal of Immunology, 172, 2439-
2445. https://doi.org/10.4049/jimmunol.172.4.2439

Mohrs, K., Wakil, A. E., Killeen, N., Locksley, R. M., & Mohrs, M.
(2005). A two-step process for cytokine production revealed by
IL-4 dual-reporter mice. Immunity, 23, 419-429. https://doi.
0rg/10.1016/j.immuni.2005.09.006

Mukai, K., Matsuoka, K., Taya, C., Suzuki, H., Yokozeki, H.,
Nishioka, K., Hirokawa, K., Etori, M., Yamashita, M.,
Kubota, T., Minegishi, Y., Yonekawa, H., & Karasuyama, H.
(2005). Basophils play a critical role in the development of IgE-
mediated chronic allergic inflammation independently of T
cells and mast cells. Immunity, 23, 191-202. https://doi.org/10.
1016/j.immuni.2005.06.011

Nimmerjahn, F., & Ravetch, J. V. (2006). Fcgamma receptors: Old
friends and new family members. Immunity, 24, 19-28. https://
doi.org/10.1016/j.immuni.2005.11.010

Obata, K., Mukai, K., Tsujimura, Y., Ishiwata, K., Kawano, Y.,
Minegishi, Y., Watanabe, N., & Karasuyama, H. (2007). Baso-
phils are essential initiators of a novel type of chronic allergic
inflammation. Blood, 110, 913-920. https://doi.org/10.1182/
blood-2007-01-068718

Oh, K., Shen, T., Le Gros, G., & Min, B. (2007). Induction of Th2
type immunity in a mouse system reveals a novel immunoregu-
latory role of basophils. Blood, 109, 2921-2927. https://doi.org/
10.1182/blood-2006-07-037739

Phillips, C., Coward, W. R., Pritchard, D. L., & Hewitt, C. R. (2003).
Basophils express a type 2 cytokine profile on exposure to pro-
teases from helminths and house dust mites. Journal of Leuko-
cyte Biology, 73, 165-171. https://doi.org/10.1189/j1b.0702356

Reinhardt, R. L., Kang, S. J,, Liang, H. E., & Locksley, R. M. (2006). T
helper cell effector fates—who, how and where? Current Opinion in
Immunology, 18, 271-277. https://doi.org/10.1016/j.c0i.2006.03.003

Rosenstein, R. K., Bezbradica, J. S., Yu, S., & Medzhitov, R. (2014).
Signaling pathways activated by a protease allergen in baso-
phils. Proceedings of the National Academy of Sciences of the
United States of America, 111, E4963-E4971. https://doi.org/10.
1073/pnas.1418959111

Schramm, G., Mohrs, K., Wodrich, M., Doenhoff, M. I,
Pearce, E. J., Haas, H., & Mohrs, M. (2007). Cutting edge:
IPSE/alpha-1, a glycoprotein from Schistosoma mansoni eggs,
induces IgE-dependent, antigen-independent IL-4 production
by murine basophils in vivo. Journal of Immunology, 178, 6023-
6027. https://doi.org/10.4049/jimmunol.178.10.6023

Seder, R. A., Paul, W. E., Dvorak, A. M., Sharkis, S. J., Kagey-
Sobotka, A., Niv, Y., Finkelman, F. D., Barbieri, S. A,

Galli, S. J., & Plaut, M. (1991). Mouse splenic and bone marrow
cell populations that express high-affinity Fc epsilon receptors
and produce interleukin 4 are highly enriched in basophils.
Proceedings of the National Academy of Sciences of the
United States of America, 88, 2835-2839. https://doi.org/10.
1073/pnas.88.7.2835

Seder, R. A., Plaut, M. Barbieri, S., Urban, J., Ir,
Finkelman, F. D., & Paul, W. E. (1991). Purified fc epsilon R+
bone marrow and splenic non-B, non-T cells are highly
enriched in the capacity to produce IL-4 in response to immobi-
lized IgE, IgG2a, or ionomycin. Journal of Immunology, 147,
903-909.

Sokol, C. L., Barton, G. M., Farr, A. G., & Medzhitov, R. (2008). A
mechanism for the initiation of allergen-induced T helper type
2 responses. Nature Immunology, 9, 310-318. https://doi.org/10.
1038/ni1558

Stockinger, B., & Veldhoen, M. (2007). Differentiation and function
of Th17 T cells. Current Opinion in Immunology, 19, 281-286.
https://doi.org/10.1016/j.c0i.2007.04.005

Tian, X., Takamoto, M., & Sugane, K. (2003). Bisphenol a promotes
IL-4 production by Th2 cells. International Archives of Allergy
and Immunology, 132, 240-247. https://doi.org/10.1159/
000074305

Trinchieri, G. (2003). Interleukin-12 and the regulation of innate
resistance and adaptive immunity. Nature Reviews Immunology,
3, 133-146. https://doi.org/10.1038/nri1001

Voehringer, D., Shinkai, K., & Locksley, R. M. (2004). Type 2 immu-
nity reflects orchestrated recruitment of cells committed to IL-4
production. Immunity, 20, 267-277. https://doi.org/10.1016/
$1074-7613(04)00026-3

Yoshimura, C., Yamaguchi, M., Iikura, M., Izumi, S., Kudo, K.,
Nagase, H., Ishii, A., Walls, A. F., Ra, C., Iwata, T., Igarashi, T.,
Yamamoto, K., & Hirai, K. (2002). Activation markers of
human basophils: CD69 expression is strongly and preferen-
tially induced by IL-3. The Journal of Allergy and Clinical
Immunology, 109, 817-823. https://doi.org/10.1067/mai.2002.
123532

Yuk, C. M., Park, H. J., Kwon, B. I, Lah, S.J., Chang, J., Kim, J. Y.,
Lee, K. M., Park, S. H., Hong, S., & Lee, S. H. (2017). Basophil-
derived IL-6 regulates T(H)17 cell differentiation and CD4 T
cell immunity. Scientific Reports, 7, 41744. https://doi.org/10.
1038/srep41744

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Kitano, T., Togawa, K.,
Takemori, J., Motoki, Y., Kishida, K., Itoh, S.,
Takamoto, M., Taki, S., & Hida, S. (2023).
Interleukin-3-dependent potentiation of IgE
responsiveness in mouse basophils. Genes to Cells,
28(3), 226-236. https://doi.org/10.1111/gtc.13007

B5UB017 SUOLULLOD 31D 3|edl|dde aUy Ag pausenob a1 3ol YO ‘BSn 0 S3|nJ 104 ARIq1T BUIUO /8|1 UO (SUORIPUOD-PLR-SLLBYW0D" A3 1M ARIq 1 [RU1IUO//SARY) SUORIPUOD PUe SWiB L 8U} 885 *[£202/TT/TZ] Uo ARiqIT aulluo AB|1M il ieuriyood Aq L0OET ¥/TTTT OT/I0p/uod 3| Im Afelqifeul|uoy//sdny Woj papeo|umoq ‘€ ‘€202 ‘Err2s9eT


https://doi.org/10.1016/j.jaci.2006.09.040
https://doi.org/10.1097/MOH.0b013e3282f13ce8
https://doi.org/10.1097/MOH.0b013e3282f13ce8
https://doi.org/10.1084/jem.20040590
https://doi.org/10.1084/jem.20040590
https://doi.org/10.4049/jimmunol.172.4.2439
https://doi.org/10.1016/j.immuni.2005.09.006
https://doi.org/10.1016/j.immuni.2005.09.006
https://doi.org/10.1016/j.immuni.2005.06.011
https://doi.org/10.1016/j.immuni.2005.06.011
https://doi.org/10.1016/j.immuni.2005.11.010
https://doi.org/10.1016/j.immuni.2005.11.010
https://doi.org/10.1182/blood-2007-01-068718
https://doi.org/10.1182/blood-2007-01-068718
https://doi.org/10.1182/blood-2006-07-037739
https://doi.org/10.1182/blood-2006-07-037739
https://doi.org/10.1189/jlb.0702356
https://doi.org/10.1016/j.coi.2006.03.003
https://doi.org/10.1073/pnas.1418959111
https://doi.org/10.1073/pnas.1418959111
https://doi.org/10.4049/jimmunol.178.10.6023
https://doi.org/10.1073/pnas.88.7.2835
https://doi.org/10.1073/pnas.88.7.2835
https://doi.org/10.1038/ni1558
https://doi.org/10.1038/ni1558
https://doi.org/10.1016/j.coi.2007.04.005
https://doi.org/10.1159/000074305
https://doi.org/10.1159/000074305
https://doi.org/10.1038/nri1001
https://doi.org/10.1016/s1074-7613(04)00026-3
https://doi.org/10.1016/s1074-7613(04)00026-3
https://doi.org/10.1067/mai.2002.123532
https://doi.org/10.1067/mai.2002.123532
https://doi.org/10.1038/srep41744
https://doi.org/10.1038/srep41744
https://doi.org/10.1111/gtc.13007

	Interleukin-3-dependent potentiation of IgE responsiveness in mouse basophils
	1  INTRODUCTION
	2  RESULTS
	2.1  Activation of basophils for responsiveness to FcεRI signals
	2.2  T-cell activation results in the acquisition of IgE responsiveness in mouse basophils
	2.3  IL-3-dependent enhancement of IgE responsiveness in mouse basophils
	2.4  The acquisition of FcεRI CL responsiveness was activation-associated and seemed to occur through multiple mechanisms
	2.5  Distinct intracellular signaling pathways for IL-4 production in fresh and cultured basophils
	2.6  Switching of basophil responsiveness to other ITAM-mediated signals
	2.7  Jak signaling is essential for the acquisition of FcεRI CL responsiveness

	3  DISCUSSION
	4  EXPERIMENTAL PROCEDURES
	4.1  Animals
	4.2  Preparation of recombinant proteins
	4.3  Recombinant SEA or mIL-3 administration
	4.4  T. spiralis infection
	4.5  Surface and intracellular staining on basophils
	4.6  BM-derived basophil culture
	4.7  Stimulation of basophils for cytokine production
	4.8  Statistical analysis

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


