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The cysteine protease papain was shown to induce production of IL-4 and other cytokines in murine baso-
phils, a critical event for initiating and promoting type 2 immune responses. However, the papain ‘sensor(s)’
and the intracellular signaling pathway for IL-4 production triggered by the protease remained unknown. Here
we show that basophils lacking FcRy or expressing dominant negative Syk failed to produce IL-4 in response to
papain, indicating the involvement of the FcRy-Syk pathway that was essential also for IL-3-induced IL-4 pro-
duction. While IL-3, IgE cross-linkage and papain induced production of IL-4, IFN-B production was induced
only by papain, indicating that papain sensor(s) or its downstream signaling pathways for production of IL-4
seemed to be distinct from those for IFN-p production. We further showed using the artificial papain sensor
CD8-FcRy fusion protein that IL-3 potentiated, independently of FcRy, basophil response to FcRy-dependent
papain signals. Thus, our current study showed that papain sensing and/or downstream signaling are unique for
cytokines to be induced and regulated through cross-talk with other signals such as IL-3 signals.
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INTRODUCTION

It is well established that proteases, regardless whether
endogenously or exogenously derived, exhibited a wide vari-
ety of effects on immunity. Among these immune-modulating
activities of proteases, particularly interesting was those on the
type 2 immunity since type 2 immune responses were consid-
ered important in protective immunity against helminths and
allergic inflammation caused by these proteases.' It has been
reported that proteases secreted by multicellular helminths and
protease-allergens derived from organisms such as rag weed
pollen, cockroach, 4Aspergillus and house dust mites induced
type 2 immunity uniquely.+9 As for a mechanism of protease-
induced inflammation, the cellular G-protein-coupled receptor
protease activating receptor 2 (PAR2), expressed on mucosal
epithelial cells, was shown to recognize serine and cysteine
proteases and induce the release of pro-inflammatory medi-
ators including IL-6, IL-8, TNF-a and thymic stromal lym-
phopoietin (TSLP), thereby implicated in allergic inflamma-
tions® ). Proteases may induce type 2 immune responses also
through triggering the production of the Th2 cytokine IL-4.
Thus, it has recently shown that the cysteine protease papain
induced IL-4 production by basophils,'? rare blood cells that
were shown to infiltrate into inflamed tissues and produce 1L-4
upon helminth infection and administration of allergens.!3-'9
Although recently established genetically modified mice, in
which basophils could be depleted constitutively or induci-
bly in vivo, questioned the essential roles for basophils in the
initiation of Th2 responses,202) IL-4 derived from basophils

appeared to contribute to Th2 responses under certain condi-
tions.2022 Consistent with this notion, spontaneous or induced
basophilia resulted in excess Th2 differentiation in vivo.2-
25 Although bone marrow (BM) -derived basophils (BMBs)
indeed produced IL-4 in vitro upon stimulation with papain
in a manner dependent on its protease activity, basophils did
not express PAR2,'2 and the mechanism remains unaddressed
as to how basophils ‘sense’ the protease activity, what kind of
intracellular IL-4-inducing signaling pathway(s) are activated
upon protease sensing and how these signaling pathways are
regulated.2o

Large numbers of studies have shown that human and
murine basophils produced ample amounts of IL-4 in response
to a variety of physicochemically different stimuli in addition
to those that crosslinked IgE associated with FceRI.26-2% Such
stimuli include cytokines such as IL-3, IL-18 and IL.-33.30-32)
The intracellular signals triggered by those substances seemed
to be transduced mainly via two pathways, the immunorecep-
tor tyrosine-based activation motif (ITAM)-Syk and MyD88-
NF-kB pathways.3!:3339 Here we found that FcRy, an adaptor
molecule containing an ITAM critical for signaling via FceRI
and other immunoreceptors,’® played critical roles in the pro-
duction of IL-4 in response also to papain in basophils in vit-
ro. Furthermore, we also found that IL-3 not only induced
IL-4 production in an FcRy-dependent manner but also poten-
tiated FcRy-dependent papain-induced signals in an FcRy-
independent manner. These results collectively indicated that
basophils ‘sensed’ external signals such as IL-3 and papain
with multiple surface molecules and such surface molecules
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triggered distinct intracellular signaling leading to the produc-
tion of multiple cytokines.

MATERIALS AND METHODS

Mice All mice used in this study were maintained in the
animal facilities in Nagoya city University and/or Shinshu
University under strictly controlled specific pathogen-free
conditions, with regular monitoring of infection, and used at
8—14 weeks of age. FcRy” mice on the C57BL/6 background
were described previously.?h) C57BL/6 mice were from SLC
(Shizuoka, Japan). Control mice for FcRy~~ mice were in most
cases littermates heterozygous for the genes that gave results
undistinguishable from those obtained using wild-type mice. All
animal experiments were approved by the Committee for Animal
Experimentation and Care of Nagoya City University and Shinshu
University and conducted according to the guideline.

Cell Culture BM-derived basophils (BMBs) were obtained
as described?® with slight modification. Briefly, whole BM cells
(2 x 107) were cultured in 10 mL of 10% fetal bovine serum-
containing RPMI1640 medium (Nissui, Japan) supplemented
with recombinant murine IL-3 (5 ng/mL) for 11-12 days with
medium changed every 3 days. Recombinant murine IL-3 was
produced by a cell line transfected with murine IL-3 expres-
sion vector (a kind gift from Prof. Hajime Karasuyama). BM-
derived basophils were purified by depleting mast (c-kit*) cells
using IMag beads (BD Biosciences), and used for stimulation.
BMBs were stimulated with IL-3 (5 ng/mL), anti-CD200R3
antibody (0.5 pg/mL), anti-DNP IgE mAb (SPE-7, SIGMA
or Nihon biotest, 1 pg/mL) +anti-IgE Abs (BD Biosciences,
1 pg/mL) or anti-DNP IgE mAb (2 or 5 pg/mL) +DNP-BSA
(2 or 5 pg/mL), and papain (Calbiochem, 100 pg/mL). For
IFN-B pretreatment, BMBs were washed extensively, deplet-
ed of c-kitt mast cells, seeded at 1 or 2 x 10¢/mL and incu-
bated for 20—24 h. The supernatants were collected to meas-
ure IL-4 proteins using Mouse IL-4 ELISA antibodies set
(Biolegend). RNA was isolated from BMBs using RNAiso
plus reagents (Takara bio). RT-PCR was carried out on cDNA
prepared using PrimeScript RT Master Mix (Takara bio) on
a Thermal Cycler Dice (Takara bio). The sense and antisense
primer sequences were 5’-AGATGGATGTGCCAAACGTC-
CTCAC-3’ and 5’-AACGACCTTGGAAGCCCTACAGAC-3’
for mouse IL-4 ; 5’~-GCTCCTGGAGCAGCTGAATGG-3’ and
5’-TCTCTTGGATGGCAAAGGCAGT-3’ for mouse IFN-f;
5’-TGAACCCTAAGGCCAACCGTGA-3’, and 5’-CCTGTG-
GTACGACCAGAGGCATAC-3’ for mouse fB-actin.

Retroviral Infection Retroviral vectors were used for
transfection of FcRy and its mutants into BMBs.?) These retro-
viral constructs were transiently transfected into the packaging
cell line Phoenix using Geneluice reagent (Merck Millipore).
Retrovirus-containing supernatants were collected 48 h after
transfection, concentrated about 10-fold by centrifugation and
added to 12-well plates, which were processed by sequential
treatment with RetroNectin solution (20 pg/mL, Takara Bio)
in PBS. After incubating the plates with the virus supernatants
for 3 h at room temperature, BMBs (1 x 106 cells/mL) were
added and infected for 2 days. Cells stably expressing ratCD2
were sorted with IMag-beads, and used for stimulation.

Statistical Analysis Statistical significance was calculated
with Mann-Whitney U-test.
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Fig. 1. Papain-Induced IL-4 Production by Bone BM-Derived Basophils
Required FcRy

relative expression

FcRy 7

BMBs derived from either FcRy*~ (white bar) or FcRy~ (gray bar) mice were
stimulated with papain. (A) BMBs were enriched and stimulated with medium(-),
IL-3, papain, IgE+anti-IgE immune complex (IgE-IC) or anti-CD200R3 antibody
(0.5 pg/mL) for 24 h, and the amounts of IL-4 produced are shown. As a positive control,
0.5 pg/mL of anti-CD200R3 antibody was used. Mean values of triplicate determina-
tions + SD of cytokine concentrations were measured in the supernatants using specific
ELISAs. (B) RNA was extracted from the cells 6 h after stimulation, and IL-4 mRNA
was measured by quantitative real-time PCR. Results are plotted as the fold increase in
mRNA relative to the level determined in unstimulated cells. Error bars represent the
mean + SD, and representative of two (B) or more than three (A) independent trials.

RESULTS AND DISCUSSION

Papain-Induced IL-4 Production by Bone Marrow-Derived
Basophils Required FcRy BMBs produced IL-4 upon stimu-
lation with papain in vitro (Fig. 1A) in agreement with a pre-
vious report.'? In contrast, freshly isolated basophils did not
produce detectable IL-4 under the same condition (data not
shown). We found that BMBs obtained from mice lacking
FcRy (FcRy” mice) were unable to produce IL-4 upon stim-
ulation with papain (Fig. 1A). Basophils derived from these
mice did not express surface FceRI but were otherwise nor-
mal in development, IL-3-induced proliferation and IL-4 pro-
duction in response to FcRy-independent stimuli such as
CD200R3 crosslinkage that signaled through another ITAM-
containing adaptor, DAP-123% (Fig. 1A). In addition, real-
time PCR revealed the elevation of IL-4 messages in papain-
stimulated wild-type but not FcRy/- BMBs (Fig. 1B). When
we treated papain with the protease inhibitor E64 before addi-
tion to the cultures, the elevation of IL-4 mRNA was no longer
observed (Fig. 1B). We noted that the amounts of IL-4 induced
by papain were around ten times lower than those produced in
response to CD200R3 or FceRI cross-linkage (Fig. 1A). Con-
sistently, IL-4 mRNA in these BMBs were ten-fold less rela-
tive to those in IgE-IC-stimulated BMBs (Fig. 1B). Such an
inefficient IL-4 production might suggest that the intracellular
signals elicited by papain were weaker than those triggered by
CD200R3 or FceRI cross-linkage. Alternatively, papain itself
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Fig. 2. Papain Signaled through the ITAM-Syk Pathway for IL-4 Production

(A) Wild-type (WT) and mutant FcRy (AITAM) with two tyrosine residues in the ITAM replaced with phenylalanine inserted into the retroviral vectors. Control represents
those transduced with control vector. IL-4 production by FcRy-deficient BMBs expressing none (control), wild-type FcRy (WT) or FcRy (AITAM) containing 60, 62 or 71% of
ratCD2*c-kit, respectively. (B) Wild-type BMB cells were retrovirally expressed with dominant-negative Syk mutant (DN-Syk) lacking the kinase domain (31), and stimulated
with papain (100 pg/mL) for IL-4 production. Bars, the means and SD of duplicated cultures. Representative of three independent experiments.

or the constituents of the papain preparation might be toxic to
BMBs as only a small number of BMBs could be recovered
24 h after papain stimulation. Whichever the reason was, the
current observations clearly indicated that BMBs ‘sensed’ the
protease activity of papain with a certain FcRy-associated sur-
face molecule(s) for IL-4 production in agreement with a pre-
vious report.3?

Papain Signaled through the ITAM-Syk Pathway for
IL-4 Production It was shown previously that the ITAM in
FcRy and downstream Syk activation played essential roles in
IL-4 production induced by IL-3 as well as FceRI cross-link-
age in basophils.’) We next examined if this intracellular sign-
aling pathway was involved also in the signal transduction for
IL-4 production triggered through the FcRy-associated papa-
in ‘sensors’. As shown in Fig. 2, papain-induced IL-4 produc-
tion by FcRy/ BMBs could be restored by retrovirus-mediat-
ed expression of wild-type FcRy but not a mutant FcRy with
the ITAM tyrosine residues replaced with leucines (Fig. 2A).
Furthermore, a dominant negative Syk mutant lacking the
kinase domain3? suppressed IL-4 production induced by papa-
in as well as upon FceRI cross-linkage, by wild-type BMBs
when introduced retrovirally (Fig. 2B). These results indicat-
ed that papain stimulated IL-4 production through triggering
the ITAM-Syk signaling pathway similarly as did FceRI cross-
linkage stimulation.

Papain Induced IFN-$ in an FcRy-Independent Manner
Type I IFN is induced by exogeneous pathogens, such as viral
and bacterial infections, and acts as a defense against infection
with a wide variety of IFN-inducible genes.3*3% We investi-
gated whether IFN-f is also produced by exogeneous cysteine
proteases such as papain. We found that BMBs induced IFN-3

mRNA upon stimulation with papain in a FcRy-independent
manner (Fig. 3A and B). Interestingly, unlike IL-4 mRNA,
IFN-B mRNA was not induced by stimulation with IL-3 or
IgE-IC, suggesting that IFN- induction was triggered through
different ‘sensor’ than that led to IL-4 production. It has been
shown that FcRy is essential for both papain- and IgE-IC-stim-
ulated IL-4 production (Fig. 1). Interestingly, IFN-p treatment
partially suppressed IL-4 production by papain but not by IgE-
IC. (Fig. 3C). Therefore, it is unlikely that the genes induced
by IFN- repressively regulates the FcRy-ITAM-Syk pathway.

The Extracellular Portion of CD8 Molecules Fused with
FcRy Could Serve as a ‘Papain Sensor’ A chimeric protein
consisting of the intracellular portions of FcRy fused to the
extracellular and transmembrane portions of CDS8, a molecule
normally absent in basophils,*” was introduced into BMBs
derived from FcRy” mice. The fusion protein was expect-
ed to be the only molecule bearing the FcRy ITAM in these
BMBs and unable to associate with the molecules that normal-
ly associated with FcRy since the transmembrane portion was
derived from CDS. Consistently with this prediction, FcRy~/-
BMBs expressing the fusion protein remained to display no
surface FceRI (Fig. 4A), which was known to be transport-
ed to the cell surface only when associated with FcRy. To our
surprise, these BMBs produced low but detectable amounts of
IL-4 upon stimulation with papain (Fig. 4B). As whole CD8
molecules did not confer FcRy-- BMBs papain responsive-
ness (data not shown), these observations indicated that extra-
cellular portion of CD8 molecules could act as a papain ‘sen-
sor’ relaying the papain signals to the intracellular portion
of FcRy. It should be noted, in addition, that IL-3 augment-
ed papain-induced IL-4 production by FcRy* BMBs express-
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Fig. 3. Papain Induces IFN- in an FcRy-Independent Manner

(A) RNA was extracted from the cells 6 h after stimulation, and IFN-f mRNA
was measured by quantitative real-time PCR. Results are shown as the fold increase
in mRNA relative to the level determined in unstimulated cells. (B) BMBs derived
from either FcRy*~ (white bar) or FcRy”~ (gray bar) mice were stimulated with papain.
IFN-B mRNA expression was measured under the same conditions as in A. (C) BMBs
were incubated with IFN-B (20 ng/mL) for 24 h, and then washed and stimulated with
IL-3 (5 ng/mL), papain (100 pg/mL), or anti-DNP IgE mAb (5 pg/mL) +DNP-BSA
(5 pg/mL). IL-4 in the culture supernatant was measured by ELISA. Error bars repre-
sent the mean + SD. Data shown are representative of three independent experiments.
*p < 0.05 compared with IFN-f untreated cells.

ing the fusion protein (Fig. 4C). The IL-3 signal(s) for such an
augmentation appeared thus to be FcRy-independent and dis-
tinct from the IL-4-inducing signal that was shown to be strict-
ly dependent on FcRy3".

In this study, we demonstrated that FcRy-associated surface
molecules ‘sensed’ the protease activity of papain and trans-
duced signals for IL-4 production via the FcRy ITAM and
downstream Syk. Papain ‘sensing’ might not require specific
structures as even CD8 molecules could mediate papain stimu-
lation when fused with FcRy cytoplasmic portion, although we
could not exclude the possibility that endogenous papain ‘sen-
sors’ resemble the CD8 molecule structurally, In this regard,
the specific ‘ligand-receptor’ concept may not be applicable to
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Fig. 4. The Extracellular Portion of CD8 Molecules Fused with FcRy
Could Transduce Papain Signals

Wild type FcRy and chimeric protein consisting of the intracellular portions of
FcRy fused to the extracellular and transmembrane portions of CD8, mutant FcRy
(CD8/FcRy) inserted into the retroviral vectors. Control represents those transduced
with control vector. (A) Surface FceRIa and CDS8 expression in FcRy-deficient BMBs
transduced with the retrovirus vectors (ratCD2*c-kit"). (B) IL-4 production by FcRy-
deficient BMBs expressing none (control), wild-type FcRy (FcRy), or CD8/FcRy-
chimera receptor (CD8/FcRy) containing 77, 72 or 84% ratCD2+c-kit", respectively, in
response to papain. *p < 0.05 compared with control. (C) BMBs retrovirally express-
ing FcRy or CD8/FcRy chimeric receptor were stimulated with papain with or without
IL-3, and IL-4 in the culture supernatant was measured by ELISA after 24 h. Data
shown are representative of three independent experiments. Data are shown as means
+ SD. Similar results were obtained in three independent experiments. *p < 0.05 com-
pared with the results of papain alone stimulation.

the basophil ‘sensing’ the protease allergens. Also highlighted
in this study was the versatile function of FcRy as a common
component of multiple ‘sensors’ for structurally and function-
ally diverse extracellular substances including IL-3,3 papain
(this study), IPSE-alpha?” or IgE-antigen complexes that com-
monly stimulate basophils to produce IL-4. It is highly inter-
esting to know if the FcRy-mediated signaling pathway is also
involved in basophils responses to other protease allergens
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such as Der pl from house dust mites.

We observed papain-induced IL-4 production in BMBs but
not in freshly isolated basophils (data not shown). This may
mean that during the expansion in IL-3-supplemented cul-
tures, basophils acquired competence to the papain signals.
Since even freshly isolated basophils expressed FceRl, it is
likely that the competence was related to intracellular altera-
tions.3D IL-3 was a cytokine produced by activated T cells and
required for basophil migration to the inflamed tissues.*) As
we showed in this study, IL-3 had two roles, distinguishable
with respect to FcRy-dependence, in IL-4 production by baso-
phils. Thus, IL-3 not only triggered IL-4 production but also
potentiate papain signaling for IL-4 production. In this regard,
IL-3 is a versatile cytokine playing important roles in type 2
inflammation through activating multiple functions associated
with basophils.

Acknowledgments We would like to thank Drs. Takashi
Saito, Hajime Karasuyama, Toshio Kitamura and Sho Yamasaki
for providing us with FcRy~ mice, anti-CD200R3 antibody,
the original pMX vector and the vector for expressing the
CD8/FcRy fusion protein, respectively. This work has been
supported in part by Grants-in-Aid for from Institute of Drug
Discovery Science, Nagoya City University, Japan, and JSPS
KAKENHI grant number [20K07017], and grants from Takeda
foundation, and the Ichiro Kanehara foundation.

Conflict of interest The authors declare no conflict of
interest.

REFERENCES

—_

) Shakib F, Ghaemmaghami AM, Sewell HF. The molecular basis of
allergenicity. Trends Immunol., 29, 633—-642 (2008).

2) Carvalho EM, Bastos LS, Araujo MI. Worms and allergy. Parasite
Immunol., 28, 525-534 (20006).

3) Finkelman FD, Shea-Donohue T, Goldhill J, Sullivan CA, Morris SC,
Madden KB, Gause WC, Urban JF Jr. Cytokine regulation of host
defense against parasitic gastrointestinal nematodes: lessons from stud-
ies with rodent models. Annu. Rev. Immunol., 15, 505-533 (1997).

4) Kikuchi Y, Takai T, Kuhara T, Ota M, Kato T, Hatanaka H, Ichikawa
S, Tokura T, Akiba H, Mitsuishi K, Tkeda S, Okumura K, Ogawa H.
Crucial commitment of proteolytic activity of a purified recombinant
major house dust mite allergen Der pl to sensitization toward IgE and
1gG responses. J. Immunol., 177, 1609-1617 (2006).

5) Chapman MD, Wunschmann S, Pomes A. Proteases as Th2 adjuvants.
Curr. Allergy Asthma Rep., 7, 363-367 (2007).

6) Ebeling C, Lam T, Gordon JR, Hollenberg MD, Vliagoftis H. Protein-
ase-activated receptor-2 promotes allergic sensitization to an inhaled
antigen through a TNF-mediated pathway. J. Immunol., 179, 2910—
2917 (2007).

7) Schmidlin F, Amadesi S, Dabbagh K, Lewis DE, Knott P, Bunnett NW,
Gater PR, Geppetti P, Bertrand C, Stevens ME. Protease-activated
receptor 2 mediates eosinophil infiltration and hyperreactivity in aller-
gic inflammation of the airway. J. Immunol., 169, 5315-5321 (2002).

8) Lindner JR, Kahn ML, Coughlin SR, Sambrano GR, Schauble E,
Bernstein D, Foy D, Hafezi-Moghadam A, Ley K. Delayed onset
of inflammation in protease-activated receptor-2-deficient mice. J.
Immunol., 165, 6504—6510 (2000).

9) Kauffman HF, Tomee JF, van de Riet MA, Timmerman AJ, Borger P.
Protease-dependent activation of epithelial cells by fungal allergens
leads to morphologic changes and cytokine production. J. Allergy Clin.
Immunol., 105, 1185-1193 (2000).

10) Kouzaki H, O’Grady SM, Lawrence CB, Kita H. Proteases induce produc-
tion of thymic stromal lymphopoietin by airway epithelial cells through
protease-activated receptor-2. J. Immunol., 183, 1427-1434 (2009).

Vol. 5, No. 4 (2022)

11) Asokananthan N, Graham PT, Stewart DJ, Bakker AJ, Eidne KA,
Thompson PJ, Stewart GA. House dust mite allergens induce proin-
flammatory cytokines from respiratory epithelial cells: the cysteine
protease allergen, Der p 1, activates protease-activated receptor (PAR)-
2 and inactivates PAR-1. J. Immunol., 169, 4572-4578 (2002).

12) Sokol CL, Barton GM, Farr AG, Medzhitov R. A mechanism for the
initiation of allergen-induced T helper type 2 responses. Nat. Immunol.,
9, 310-318 (2008).

13) van Panhuys N, Prout M, Forbes E, Min B, Paul WE, Le Gros G.
Basophils are the major producers of IL-4 during primary helminth
infection. J. Immunol., 186, 2719-2728 (2011).

14) Tang H, Cao W, Kasturi SP, Ravindran R, Nakaya HI, Kundu K, Murthy
N, Kepler TB, Malissen B, Pulendran B. The T helper type 2 response
to cysteine proteases requires dendritic cell-basophil cooperation via
ROS-mediated signaling. Nat. Immunol., 11, 608—617 (2010).

15) Kim S, Prout M, Ramshaw H, Lopez AF, LeGros G, Min B. Cutting
edge: basophils are transiently recruited into the draining lymph nodes
during helminth infection via IL-3, but infection-induced Th2 immu-
nity can develop without basophil lymph node recruitment or IL-3. J.
Immunol., 184, 1143-1147 (2010).

16) Min B, Prout M, Hu-Li J, Zhu J, Jankovic D, Morgan ES, Urban JF Jr,
Dvorak AM, Finkelman FD, LeGros G, Paul WE. Basophils produce
IL-4 and accumulate in tissues after infection with a Th2-inducing par-
asite. J. Exp. Med., 200, 507-517 (2004).

17) Ohnmacht C, Voehringer D. Basophil effector function and homeosta-
sis during helminth infection. Blood, 113, 28162825 (2009).

18) Voehringer D. The role of basophils in helminth infection. Trends
Parasitol., 25, 551-556 (2009).

19) Karasuyama H, Mukai K, Obata K, Tsujimura Y, Wada T. Nonredundant
roles of basophils in immunity. Annu. Rev. Immunol., 29, 45-69 (2011).

20) Sullivan BM, Liang HE, Bando JK, Wu D, Cheng LE, McKerrow JK,
Allen CD, Locksley RM. Genetic analysis of basophil function in vivo.
Nat. Immunol., 12, 527-535 (2011).

21) Ohnmacht C, Schwartz C, Panzer M, Schiedewitz I, Naumann R,
Voehringer D. Basophils orchestrate chronic allergic dermatitis and
protective immunity against helminths. Immunity, 33, 364-374 (2010).

22) Phythian-Adams AT, Cook PC, Lundie RJ, Jones LH, Smith KA,
Barr TA, Hochweller K, Anderton SM, Hammerling GJ, Maizels RM,
MacDonald AS. CDllc depletion severely disrupts Th2 induction and
development in vivo. J. Exp. Med., 207, 2089-2096 (2010).

23) Oh K, Shen T, Le Gros G, Min B. Induction of Th2 type immunity in
a mouse system reveals a novel immunoregulatory role of basophils.
Blood, 109, 2921-2927 (2007).

24) Hida S, Tadachi M, Saito T, Taki S. Negative control of basophil
expansion by IRF-2 critical for the regulation of Th1/Th2 balance.
Blood, 106, 2011-2017 (2005).

25) Charles N, Watford WT, Ramos HL, Hellman L, Oettgen HC, Gomez
G, Ryan JJ, O’Shea JJ, Rivera J. Lyn kinase controls basophil GATA-
3 transcription factor expression and induction of Th2 cell differentia-
tion. /mmunity, 30, 533-543 (2009).

26) Siracusa MC, Comeau MR, Artis D. New insights into basophil biolo-
gy: initiators, regulators, and effectors of type 2 inflammation. Ann. N.
Y. Acad. Sci., 1217, 166-177 (2011).

27) Falcone FH, Zillikens D, Gibbs BF. The 21st century renaissance of
the basophil? Current insights into its role in allergic responses and
innate immunity. Exp. Dermatol., 15, 855-864 (2006).

28) Seder RA, Paul WE, Dvorak AM, Sharkis SJ, Kagey-Sobotka A, Niv
Y, Finkelman FD, Barbieri SA, Galli SJ, Plaut M. Mouse splenic and
bone marrow cell populations that express high-affinity Fc epsilon
receptors and produce interleukin 4 are highly enriched in basophils.
Proc. Natl. Acad. Sci. USA, 88, 2835-2839 (1991).

29) Schramm G, Mohrs K, Wodrich M, Doenhoff MJ, Pearce EJ, Haas H,
Mohrs M. Cutting edge: IPSE/alpha-1, a glycoprotein from Schistosoma
mansoni eggs, induces IgE-dependent, antigen-independent IL-4 produc-
tion by murine basophils in vivo. J. Immunol., 178, 60236027 (2007).

30) Yoshimoto T, Tsutsui H, Tominaga K, Hoshino K, Okamura H, Akira
S, Paul WE, Nakanishi K. IL-18, although antiallergic when adminis-
tered with IL-12, stimulates IL-4 and histamine release by basophils.
Proc. Natl. Acad. Sci. USA, 96, 13962-13966 (1999).

31) Hida S, Yamasaki S, Sakamoto Y, Takamoto M, Obata K, Takai T,
Karasuyama H, Sugane K, Saito T, Taki S. Fc receptor y-chain, a consti-



Vol.

32)

33)

34)

35)

36)

5, No. 4 (2022)

tutive component of the IL-3 receptor, is required for IL-3-induced 1L-4
production in basophils. Nat. Immunol., 10, 214-222 (2009).

Kondo Y, Yoshimoto T, Yasuda K, Futatsugi-Yumikura S, Morimoto
M, Hayashi N, Hoshino T, Fujimoto J, Nakanishi K. Administration of
IL-33 induces airway hyperresponsiveness and goblet cell hyperplasia
in the lungs in the absence of adaptive immune system. Int. Immunol.,
20, 791-800 (2008).

Kroeger KM, Sullivan BM, Locksley RM. IL-18 and IL-33 elicit Th2
cytokines from basophils via a MyD88- and p38a-dependent pathway.
J. Leukoc. Biol., 86, 769-778 (2009).

MacGlashan D Jr. IgE receptor and signal transduction in mast cells
and basophils. Curr. Opin. Immunol., 20, 717-723 (2008).

Hamerman JA, Ni M, Killebrew JR, Chu CL, Lowell CA. The expand-
ing roles of ITAM adapters FcRy and DAP12 in myeloid cells. Immunol.
Rev., 232, 42-58 (2009).

Kojima T, Obata K, Mukai K, Sato S, Takai T, Minegishi Y, Karasuyama
H. Mast cells and basophils are selectively activated in vitro and in

BPB Reports

37)

38)

39)

40)

41)

93

vivo through CD200R3 in an IgE-independent manner. J. Immunol.,
179, 7093-7100 (2007).

Rosenstein RK, Bezbradica JS, Yu S, Medzhitov R. Signaling path-
ways activated by a protease allergen in basophils. Proc. Natl. Acad.
Sci. USA, 111, E4963-E4971 (2014).

Merigan TC, Oldstone MB, Welsh RM. Interferon production dur-
ing lymphocytic choriomeningitis virus infection of nude and normal
mice. Nature, 268, 67-68 (1977).

Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD. How
cells respond to interferons. Annu. Rev. Biochem., 67, 227-264 (1998).
Yamasaki S, Ishikawa E, Kohno M, Saito T. The quantity and duration
of FcRy signals determine mast cell degranulation and survival. Blood,
103, 3093-3101 (2004).

Shen T, Kim S, Do JS, Wang L, Lantz C, Urban JF, Le Gros G, Min B.
T cell-derived IL-3 plays key role in parasite infection-induced baso-
phil production but is dispensable for in vivo basophil survival. Int.
Immunol., 20, 1201-1209 (2008).



