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METHODS
Study design

Soybean-allergic patients. We recruited 21 consecutive adult patients
with soybean allergy who visited the food allergy department of Sagamihara
National Hospital from January to December 2009. Out of the 21 patients, 11
patients visited the hospital for ongoing disease management whereas 10 were
first-time patients visiting the hospital during the study period. Basically,
soybean allergy was diagnosed on the basis of case history and results of
positive skin prick test to soybean extract (extract named “edamame,” Torii,
Tokyo, Japan) and/or soymilk (aqueous soymilk drink, Luckme Yakult,
Tokyo, Japan). Edamame is green, immature soybeans and is commonly eaten
in Japan after 3 to 4 minutes of boiling. However, regarding 3 patients (patients
8,9, and 10 in Table E1), we did not have skin prick test data and diagnosed
them as having soybean allergy on the basis of their apparent case histories.
This study was approved by the Ethics Committee of Sagamihara National
Hospital. Written informed consent was given by the patients prior to
enrolment.

Alder-pollen-sensitized control patients. Sensitization to Betula-
ceae pollen was assessed on the basis of the sensitization to alder pollen, which
is the most common pollen from the Betulaceae family in this region. High
correlations between IgE to alder pollen and that to birch pollen were
described previously.”'

To enroll control subjects representing Betulaceae-pollen—sensitized
respiratory-allergic outpatients commonly encountered in our daily practice,
we prospectively screened 2 outpatients groups for possible recruitment to the
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control group, namely, (1) all the patients who visited the otolaryngology
department of the same hospital for the treatment of nasal allergy from January
to December 2009 and underwent CAP-IgE to alder pollen for clinical purpose
and (2) all the first-time patients who visited the pulmonology department of
the same hospital for the treatment of asthma or respiratory allergic symptoms
and underwent IgE testing to alder pollen. Before the screening, they were
asked to answer a structured questionnaire about their food allergies. This
questionnaire included questions about oral hypersensitivity reactions to
soybean and other plant foods, shrimp, crab, fish, cuttlefish, or octopus; and
self-administered food allergic symptoms other than oral symptoms.

The inclusion criteria for the control group were as follows: (1) an IgE-Ab
level of 0.35 kUA/L or more to alder pollen, (2) having nasal/respiratory
allergic symptoms during the pollen season, and (3) not reporting soybean
allergy in the questionnaire.

Consequently, we screened 212 outpatients who visited the otolaryngology
department and 269 patients who visited the pulmonology department. This
resulted in the identification of 105 candidate patients for recruitment to the
control group (56 patients from the outpatients of the otolaryngology depart-
ment and 49 patients from the outpatients of the pulmonology department).
Among them, 93 patients agreed to participate in this study as control patients.
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TABLE E1. Clinical characteristics, results of skin prick tests, and IgE reactivities to allergens in soybean-allergic patients

Skin prick test

{mm) CAP (kUA/L)

Patient Age (y)/ Onset Reported symptoms of rGly nGly nGly Reported food allergies to other

no. sex age (y)* allergy to soybean IgE  Soybean Soymilk Alder Birch Soybean rBetv1l m4 mb5 m 6 plant food+

1 18/F 7 OAS, COU, DYS, AE 1560 4 3 78.3 85.0 1.79 >100 67.1 <035 <035 Ap, Pc, Ch, Pr, St, Cu, Me, Eg, Ce, Ca, To,
Ki, Pi, Or, Ba

2 68/F 68 COU, DYS, AE, OAS, 163 3 25.7 27.7 <0.35 29.9 852 <0.35 <035 Ap, Pc, Pr, St, To, Ki, Ba, peanuts

RED

3 TO/F 70 NA, DYS, OAS 62 2 2 8.55 10.1 <0.35 10.6 648 <035 <0.35 -

4 ST/E 56 OAS, DYA 25 3 7 2.33 2.38 <0.35 2.82 128 <035 <0.35 -

5 30/F 30 COU, OAS 236 1 3 64.3 69.2 1.10 935 410 <035 <035 Ap, Pc, Ch, Pr, Cu, Me, To, Ki

6 65/M 61 RED, AE, DYS 299 1 3 30.0 33.8 <0.35 45.2 205 <035 <035 -

7 31/M 28 0OAS 1820 - 1 17.0 18.5 <0.35 19.9 4.83 <035 <035 Ap,Ch

8 30/F 29 OAS, COU 122 ND ND 371 3.58 <0.35 455 079 <035 <0.35 Pr,Ce, Ki

9 53/F 47 OAS 1700 ND ND >100 >100 0.42 >100 217 <035 <035 Pc, Me, Ki, cashew nuts, Macadamia nuts

10 38/M 35 OAS 200 ND ND 51.1 53.1 0.50 700 172 <035 <035 Ap

11 36/F 22 OAS 655 6 10 64.7 742 <0.35 73.2  39.1 <0.35 <035 Ap, Pc, Ch, Pr, St, Cu, Me, To, Ki, Or, Ba,
hazelnuts

12 47/F 45 0AS, COU, DYS, AE 303 5 ND 48.4 42.4 <0.35 504 114 <035 <035 Ap, Pc, Ch, Pr, St, Me, Ce, To, Ki, Pi, Or, Ba

13 41/F 40 ABD, DYA 677 3 5 20.5 23.1 0.35 204 6.21 <035 <0.35 Ap, Pc, Ch, Pr, St, Cu, Me, Eg, Ce, Ca, To,
Ki, Pi, Or, Ba

14 60/F 57 OAS, DYA 391 6 3 50.1 439 <0.35 484  28.7 <035 <0.35 Ap, Pc, Ch, Pr, St, Me, To, Ki, Pi, Ba

15 49/F 48 COU 222 1 6 72.4 75.9 1.33 >100 386 <0.35 <0.35 Ap, Pc, Ch, Ki, almond

16 30/F 29 OAS, ABD, DYA 317 5 7 83.2 76.2 5.62 >100 15.0 1.84 2.45 Ap, Pc, Ch, Pr, St

17 17/F 12 ABD, DYA 6030 4 7 82.6 90.8 1.56 >100 39.6 <035 <0.35 Pc, Pr, Cu, Me, To, hazelnuts, almond

18 24/F 18 OAS, AE, DYS, DYA 686 2 4 12.8 11.0 0.48 11.3 4.09 <035 <0.35 Ap,Pc, Ch, Pr, St, Cu, Me, Eg, To, Ki,
Pi, Or, Ba

19 31/M 29 OAS, ABD 878 3 ND 55.6 51.0 <0.35 73.0 182 <035 <0.35 Ap, Pc, Pr, Me, Pi, Or

20 28/F 27 OAS 489 2 ND 35.0 334 1.35 36.1 17.8 <035 <0.35 Ap, Pc, Ch, Pr, St, Cu, Me, Ce, Ba, To,
hazelnuts

21 47/F 46 0AS, AE, COU, DYS, 91 4 ND 9.39 10.7 <0.35 13.4 1.58 <035 <035 Ap, Pc, Ch, Pr, St, Me, Ce, Ca, To

DYA

ABD, Abdominal pain; AD, atopic dermatitis; AE, angioedema; AN, anaphylaxis; COU, cough; DYA, diarrhea; DYS, dyspnea; F, female; M, male; NA, nasal symptoms;

redness.

#“The age when they first experienced allergic symptoms to soybean.
+Only the important plants are shown. Ap, Apple; Pc, peach; Ch, cherry; Pr, pear; St, strawberry; Cu, cucumber; Me, melon; Eg, eggplant; Ce, celery; Ca, carrot; To, tomato; Ki, kiwi; Pi, pine; Or, orange; Ba, banana.

—, Negative; ND, not done; OAS, oral allergy syndrome; RED,
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TABLE E2. Number of episodes and reported reactions to various soybean products in soybean-allergic patients

Reported reaction to soybean products

No. of episodes Fermented soybean
Patient no. of soybean allergy Soymilk Tofu Edamame Soybean sprout products®
1 >5 Never tried Sensitive Sensitive Sensitive Tolerant
2 2 Sensitive Sensitive Tolerant Tolerant Tolerant
3 1 Sensitive Tolerant Tolerant Tolerant Tolerant
4 >5 Never tried Sensitive Avoided Sensitive Tolerant
5 >5 Never tried Sensitive Sensitive Sensitive Tolerant
6 3 Sensitive Sensitive Tolerant Tolerant Tolerant
7 3 Sensitive Tolerant Tolerant Tolerant Tolerant
8 3 Sensitive Tolerant Tolerant Tolerant Tolerant
9 2 Sensitive Tolerant Tolerant Tolerant Tolerant
10 4 Never tried Sensitive Tolerant Sensitive Tolerant
11 >5 Never tried Sensitive Tolerant Tolerant Tolerant
12 >5 Never tried Sensitive Sensitive Sensitive Tolerant
13 2 Sensitive Tolerant Tolerant Tolerant Tolerant
14 2 Sensitive Sensitive Tolerant Tolerant Tolerant
15 2 Never tried Sensitive Sensitive Sensitive Tolerant
16 >5 Never tried Sensitive Tolerant Tolerant Tolerant
17 >5 Never tried Sensitive Sensitive Sensitive Tolerant
18 >5 Sensitive Sensitive Sensitive Sensitive Tolerant
19 >5 Never tried Sensitive Sensitive Sensitive Tolerant
20 2 Sensitive Tolerant Tolerant Tolerant Tolerant
21 3 Never tried Sensitive Sensitive Sensitive Tolerant

*Soybean products such as natto, miso, and soy sauce.
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FceRl, but Not FcyR, Signals Induce Prostaglandin
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Prostaglandin (PG) D2 and PGE2 are arachidonic acid
metabolites that are generated though an isomerization
reaction catalyzed by PG synthases. PGs have been im-
plicated in immunologic reactions in addition to a wide
range of physiological functions. It has long been
thought that basophils, in contrast to mast cells, do not
synthesize PGs, although they do release leukotrienes
and platelet-activating factor. Here, we show that baso-
phils function as a source of PGD2 and PGE2. In vitro-
cultured basophils from mouse bone marrow produced
both PGD2 and PGE2 in response to IgE + antigen (Ag),
but not to IgG + Ag. Release of PGs was almost com-
pletely abrogated in cultured basophils from FcRy-
chain™™ mice, indicating the involvement of FceRI. Ba-
sophils freshly isolated from bone marrow cells
(primary basophils) were also capable of secreting
PGD2 and PGE2. Although the amount of PGD?2 released
from primary basophils was lower than that from mast
cells, the capability of primary basophils to generate
PGE2 was more potent than that of mast cells. Tran-
scripts and proteins for both hematopoietic-type PGD
synthase and PGE synthase were detected in basophils.
In addition, human basophils, like mouse basophils,
also produced PGD2 through IgE-mediated stimulation.
Thus, basophils could be an important source of PGD2/
PGEZ2 and may contribute to allergic inflammation and
immune responses. (4m J Pathol 2011, 179:775-782; DOI:
10.1016/j.ajpath.2011.04.023)

Prostaglandins, such as PGD2 and PGE2, are cyclooxy-
genase (COX) metabolites of arachidonic acids. They
have a wide range of biological activities, including re-
laxation and contraction of smooth muscles, and modu-
lation of neuronal activity.” PGD2 is principally produced

by activated mast cells and, to a lesser extent, by T
helper cell 2 (Th2) cells and dendritic cells> * and exerts
its effect through D prostanoid® and chemoattractant
receptor-homologous molecule receptors expressed
onTh2 lymphocytes (CRTH2).® A number of recent stud-
ies have shown that PGD2 is involved in inflammatory
reactions. Mast cell-derived PGD2 suppresses IL-12 pro-
duction by dendritic cells that induce Th2 responses in
vivo.” PGD2 both activates and induces chemotaxis of
Th2 cells, eosinophils, and basophils.® A large amount of
PGD2 is detected in broncho-alveolar lavage fluid during
allergen-induced airway inflammation.® Transgenic mice
overexpressing human PGD synthase showed exacerba-
tion of ovalbumin (OVA)-induced lung inflammation asso-
ciated with pronounced eosinophilia and increased Th2
cytokine production.® In our previous studies, mice defi-
cient in the CRTHZ2 gene were characterized by alleviated
IgE-mediated cutaneous responses, contact hypersensi-
tivity reactions,’ and cedar pollen dermatitis.”’ How-
ever, PGE2 is produced by a variety of cells, including
fibroblasts and macrophages, and exerts its effects via
prostaglandin E2 (EP)1, EP2, EP3, and EP4 receptors.'?
PGE2 acts on T cells to enhance production of Th2-type
cytokines and to inhibit production of Th1 cytokines in
vitro,"® whereas another study showed that PGE2 facili-
tates Th1 differentiation via EP2 and EP4 signaling.™
Furthermore, PGE2 enhances IL-23 production by den-
dritic cells via EP4"® and facilitates Th17 expansion in the
presence of IL-23 through EP2 and EP4 signaling.'
Thus, PGD2 and PGE2 could be important mediators in
immune and allergic responses.

Basophils represent <1% of peripheral blood leuko-
cytes. Like mast cells, they express the high-affinity IgE
receptor, FceRl, on their cell surface and release chem-
ical mediators after FceRl cross-linking. Under physiolog-
ical conditions, basophils principally circulate in periph-
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eral blood, whereas mast cells reside in peripheral
tissues. During allergic inflammation, such as bronchial
asthma and atopic dermatitis, basophils infiltrate into pe-
ripheral tissues.’®'” Several lines of evidence have
shown that basophils play a major role in allergic reac-
tions and/or immune responses.'®2" Basophils initiate
IgE-mediated, chronic, cutaneous allergic inflammation
(IgE-CAI)."® They also elicit IgG- but not IgE-mediated
anaphylaxis.'® Basophils promote antigen-specific Th2
development®® and augment humoral memory re-
sponses.?’ Basophils can also mediate protective immu-
nity against helminthes and ticks.?>2®

Basophils, in contrast to mast cells, have long been
thought not to synthesize arachidonic acid metabolites
other than leukotriene C4 and platelet activating factor
(PAF).24"28 However, a recent flow cytometric study
showed that hematopoietic-type prostaglandin D syn-
thase (H-PGDS), which isomerizes PGH2 into PGD2,?° is
localized intracellularly in human basophils,® although a
detailed examination of PGD2 generation from basophils
was not performed. In the present study, we aimed to
clarify whether basophils are capable of producing PGs.
Our study showed that both mouse and human basophils
secrete PGD2 and/or PGE2 after the cross-linking of
FceRl receptors, implying a possible contribution of ba-
sophils to inflammatory and/or immune reactions by func-
tioning as a productive source of PGD2 and PGE2.

Materials and Methods

Animals

C57BL/6 and BALB/c mice (6 to 10 weeks old) were
purchased from Sankyo Labo Service (Tokyo, Japan).
FcRy-chain™/~C57BL/6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). All experiments in
this study were performed according to the Guideline for
Animal Use and Experimentation as set out by Tokyo
Medical and Dental University.

Cell Preparation and Culture

Bone marrow-derived basophils (BMBAs) were prepared
by culturing bone marrow cells in RPMI 1640 (Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 10%
fetal calf serum, 100 U/mL penicillin, 100 wg/mL strepto-
mycin, 2 mmol/L L-glutamine, 5 X 107°% M 2-mercapto-
ethanol, and 10 ng/mL recombinant IL-3 (R&D Systems,
Minneapolis, MN) for 10 days, followed by isolation of
CD49b™ cells with the use of a magnetically activated
cell sorter system with biotinylated anti-CD49b and
streptavidin microbeads (Miltenyi Biotec, Auburn, CA).

Bone marrow-derived mast cells (BMMCs) were ob-
tained by culturing bone marrow cells in the presence of
10 ng/mL rIL-3 for 30 days (10, 20, and 30 days for
Western blotting), followed by magnetic sorting of c-kit™
cells with biotinylated anti-c-kit and streptavidin mi-
crobeads.

Primary basophils were prepared by enrichment of
CD49b™ cells from freshly isolated bone marrow cells
with the use of the magnetically activated cell sorter sys-

tem described above. CD49b™ cells include ~20% ba-
sophils, as determined by flow cytometric analysis of
CD49b and CD123.

Antibodies

Horseradish peroxidase—-conjugated goat anti-rat 1gG
and rabbit anti-Actin IgG were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Isotype-matched con-
trol antibodies (Abs; rat IgG2ax and mouse 1gG1«k), pu-
rified rat anti-mouse CD16/CD32 (2.4G2), and biotinyl-
ated monoclonal Abs (mAbs) specific for CD49b (Dx5)
and c-kit (2B8) were from BD Pharmingen (San Diego,
CA). Fluorescein isothiocyanate—conjugated anti-CD49b
(Dx5) and phosphatidylethanolamin—anti-mouse CD123
(IL-3Ra) were purchased from eBioscience (San Diego,
CA). Horseradish peroxidase—conjugated goat anti-rab-
bit IgG was from Dako (Glostrup, Denmark), and goat
anti-human IgE (epsilon) IgG was from Invitrogen Life
Technology (Carlsbad, CA). Anti-mMCP-8 (mouse mast
cell protease 8) mAb (TUG8) was established by the first
author (T.U.). Anti-H-PGDS mAb (7H4) and anti-mPGES
(membrane-bound PGE synthase) mAb (6C6)°° were es-
tablished in Osaka Bioscience Institute (Osaka, Japan).

Florescent-Ab Conjugation

Anti-mMCP-8 mAb®! was conjugated with Alexa 488, and
both anti-H-PGDS mAb and anti-mPGES mAb*® were
conjugated with Alexa 647 by using the Alexa Fluor
Monoclonal Antibody Labeling kit (Invitrogen).

Stimulation of Basophils and Mast Cells

For IgE-mediated stimulation, cells were sensitized with
0.5 ug/mL anti-TNP (trinitrophenyl)-IgE (IGEL-b4) in the
presence of 10 ng/mL 1L-3, then washed, and stimulated
with 20 ng/mL TNP-OVA (Bioresearch Technologies, No-
vato, CA) or OVA (Sigma-Aldrich, St Louis, MO) for 30
minutes. For IgG-mediated stimulation, cells were stimu-
lated with an immune complex composed of 20 pg/mL
anti-TNP IgG (TIB-191, a generous gift from Dr. Karasuy-
ama, Tokyo Medical and Dental University) and 40 ug/mL
TNP-OVA or OVA for 30 minutes.

Isolation and Stimulation of Human Blood
Basophils

Candidate blood donors were initially screened from
healthy volunteers on the basis of the response of their
basophils in a basophil activation test (Allergenicity kit;
Beckman Coulter, Inc., Fullerton, CA), which assessed
CD203c expression in response to IgE stimulation. Blood
basophils were separated by Ficoll gradient centrifuga-
tion from venous whole blood anticoagulated with EDTA,
followed by negative selection with the use of a Human
Basophil Isolation Kit (Miltenyi Biotec). Basophil purity
was >98%. Basophils were primed with 10 ng/mL human
IL-3 (Sigma-Aldrich) for 6 hours, then washed, and stim-
ulated with anti-human IgE (1 pg/mL) for 30 minutes.



Measurement of PGD2 and PGE2

The cells were harvested after stimulation. Culture super-
natant fluids were collected, and PGs were purified as
described previously. In brief, acidified culture superna-
tant fluids were added to solid phase extraction car-
tridges (C-18; Cayman Chemical, Ann Arbor, Mi), fol-
lowed by elution with ethyl acetate containing 1%
methanol.* The concentrations of PGD2 and PGE2 were
measured by using the ProstaglandinD2-Mox enzyme
immunosorbent assay (EIA) kit (Cayman Chemical) and
the Prostaglandin E2 EIA kit (Cayman Chemical), respec-
tively.

High-Performance Liquid Chromatography with
Tandem Mass Spectrometry

Negative ionspray tandem mass spectrometric measure-
ments of PGs were conducted with an APl 3200 (Applied

Biosystems, Foster City, CA) equipped with NANO--

SPACE SI-2 system (SHISEIDO, Tokyo, Japan). Inertsil
ODS-3 HPLC columns (GL Science, Torrance, CA) were
used for high-performance liquid chromatography
(HPLC) separations with a mobile phase consisting of
10% to 100% acetonitrile gradients 0.01 acetic acid at a
flow rate of 200 plL/minute.

Immunoblotting

Cells were lysed in lysis buffer containing 0.5% Triton
X-100 (MP Biochemical, Solon, OH) and a protease in-
hibitor cocktail (Sigma-Aldrich). Total cell lysates were
subjected to SDS-PAGE (10% polyacrylamide), followed
by immunoblotting with the indicated antibodies and
horseradish peroxidase—conjugated secondary Abs.
Proteins were visualized with the ECL Plus Western Blot-
ting System (GE Healthcare, Buckinghamshire, UK).

Cytospin and Flow Cytometric Analyses

Cytospin preparations were fixed in methanol and treated
with blocking solution containing 10% normal goat se-
rum, 0.01% Triton X-100, and 0.1% NaN3 to prevent
nonspecific Ab binding. The preparations were incu-
bated with a combination of Alexa 488-conjugated anti-
mMCP-8 mAb and Alexa 647-conjugated anti-H-PGDS
mADb or Alexa 647-conjugated anti-mPGES1 mAb and
were examined under a confocal laser scanning micro-
scope (LSM510; Carl Zeiss, Oberkochen, Germany). For
flow cytometric analyses, single-cell suspensions were
treated with 2.4G2 and normal rat serum and were sub-
sequently stained with the indicated Abs. Cells were an-
alyzed with a FACSCaliber (BD Biosciences, Mountain
View, CA).

Semiquantitative RT-PCR and Real-Time PCR
Analysis

Total RNA was prepared from cells, and first-strand cDNA
was synthesized with reverse transcription with oligo-dT
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primers. For semiquantitative RT-PCR, PCR was performed
with a fivefold serially diluted cDNA template at 94°C for 30
seconds, 60°C for 30 seconds, and 72°C for 60 seconds for
35 cycles, followed by further extension at 72°C for 5 min-
utes. For real-time PCR, the expression of each gene was
measured relative to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) with the use of SYBR Green dye (Ap-
plied Biosystems) with real-time PCR systems. The following
primers (forward and reverse, respectively) were used for
both PCR reactions: for Hpgds, 5'-ATCCACCAGAGC-
CTCGCAATAG-3" and 5’-TCATCCAGCGTGTCCACCA-3';
for Ptgds, 5'-GACACAGTGCAGCCCAACTTTC-3' and
5'-GGGCTACCACTGTCTTGCACATA-3'; for PtgesT, 5'-GG-
ATGCGCTGAAACGTGGA-3' and 5'-CAGGAATGAGTA-
CACGAAGCC-8'; for Ptges2, 5'-CTCATCAGCAAGCGC-
CTCAA-3’ and 5’-GGTCTTTACCCACGGCTGTCA-3’; for
Ptges3, 5'-ATCACATGGGTGGTGATGAGGA-3" and 5'-
AGGCGATGACAACAGCCCTTAC-3'; and for GAPDH,
5'-TTCACCACCATGGAGAAGGCCG-3" and 5'-GGCAT-
GGACTGTGGTCATGA-3'.

Results

BMBAs Release Both PGD2 and PGE2 in
Response to IgE + Ag, but Not IgG + Ag

To begin to assess whether basophils release PGD2,
BMBAs were prepared from mice and tested for their
ability to generate PGD2. BMBAs primed with anti-TNP-
IgE secreted PGD2 in response to TNP-OVA, indicating
that BMBAs produce PGD2 after IgE-mediated stimula-
tion (Figure 1A). Moreover, to our surprise, BMBAs also
generated PGE2 in response to Ag-specific IgE + Ag,
albeit to a lesser extent than PGD2 (Figure 1B). Basophils
have been reported to release PAF, an arachidonic acid
metabolite, on stimulation of IgG receptors, thereby eliciting
systemic anaphylaxis.*® Thus, we next explored whether
BMBAs produce PGD2 andfor PGE2 via IgG-mediated
stimulation. However, neither PGD2 nor PGE2 was released
after stimulation of BMBAs with an immune complex of
anti-TNP-IgG and TNP-OVA (Figure 1, C and D).

FceRl Is Involved in IgE-Mediated PGD2/E2
Secretion

To confirm the involvement of the high-affinity IgE recep-
tor, FceRl, in PG secretion, we analyzed PGD2 and PGE2
generation in BMBAs prepared from FcRy-chain™ ™ mice
lacking FceRl expression. Basophils from FcRy-chain™™
mice were determined by their expression of CD48b and
CD123 instead of CD49b and FceR!, as previously re-
ported.®? We first confirmed that BMBAs differentiated
normally even in the absence of the FcRy-chain (Figure
1E). The PGD2 and PGEZ2 secretion observed from BM-
BAs of wild-type C57BL/6 mice was completely abro-
gated in BMBAs of FcRy-chain™~ mice (Figure 1, F and
Q). These data indicated that PGD2 and PGE2 release
from BMBAs depend on FceRI-mediated, but not CD23-
mediated, signals.
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Primary Basophils also Produce both PGD2 and
PGEZ in Response to FceRI-Mediated
Stimulation

We next attempted to verify whether primary basophils
are also capable of producing PGD2 and/or PGE2. Pri-
mary basophils, that is, CD49b™ cells freshly isolated
from bone marrow, were stimulated with anti-TNP IgE and
TNP-OVA. We first measured PGD2 and PGE2 in their
supernatant fluid with the use of EIA as described earlier.
Primary basophils produced more or less the same
amount of PGD2 as that from BMBAs (Figure 2). How-
ever, PGE2 secretion from primary basophils was higher
than that from BMBAs. The ability of primary basophils to
produce PGD2 and PGE2 was further confirmed by anal-
ysis of PGs with the use of HPLC with tandem mass
spectrometry. Both PGD2 and PGE2 were detected in
basophil supernatant fluids by HPLC-tandem mass spec-
trometry analysis (Figure 3). This result clearly shows that
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Figure 1. BMBAs secrete both PGD2 and PGE2 after cross-linking of FceRI
receptors. A and B: BMBAs prepared from bone marrow cells of BALB/c
mice were sensitized with 0.5 pg/mL anti-TNP-IgE overnight, followed by
stimulation with 20 ng/mL TNP-OVA or OVA for 30 minutes. The concentra-
tion of PGD2 and PGE2 in the supernatant fluids was determined with EIA.,
BMBAs produced both PGD2 and PGE2 in response to IgE-mediated stimula-
tion. C and D: BMBAs were stimulated with 20 pg/mL anti-TNP-IgG and 40
ug/mL TNP-OVA for 30 minutes. E: BMBAs from C57BL/6 FcRy-chain™ ™ mice
were identified as CD49b™ CD123™ cells by flow cytometric analysis. Differen-
tiation of basophils was not affected by the absence of the FcRy chain. F and G:
Neither PGD2 nor PGE2 was produced by BMBAs prepared from C57BL/6
FcRy-chain™ ™ mice after in vitro stimulation with IgE+ Ag. *P < 0.05 (Studlent’s
#test). Error bars indicate standard deviation.
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Figure 2. PGD2 and PGE2 production from primary basophils. Primary
basophils (CD49b™ cells freshly isolated from bone marrow cells) were
sensitized with 0.5 ug/mL anti-TNP-IgE, and then stimulated with 20 ng/mL
TNP-OVA or OVA for 30 minutes. The concentration of PGD2 and PGE2 in
the supernatant fluids was determined with EIA. Primary basophils secreted
comparable levels of PGE2 and PGD2. *P < 0.03, compared with OVA
stimulation. (Student’s rtest). Error bars indicate standard deviation.

basophils produce both PGD2 and PGE2. Primary baso-
phils appear to be more potent for PGE2 production than
BMBAs.

PGD2 and PGE2 Production by BMMCs

Although mast cells are widely known to produce
PGD2,23% PGE2 production by mast cells has not been
well studied. We next assessed the generation of both
PGE2 and PGD2 by BMMCs. BMMCs prepared from
BALB/c mice released ~1.5 times as much PGD2 as
primary basophils in response to TNP-OVA (Figure 4) but,
in contrast, did not secrete as much PGE2 as primary
basophils.

Basophils Express H-PGDS and PGES

We next analyzed the expression of PGD2 and PGE2 syn-
thesizing enzymes in murine basophils with the use of RT-
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Figure 3. HPLC-tandem mass spectrometry analysis of PGs produced by
primary basophils. Primary basophils sensitized with anti-TNP-IgE overnight
were stimulated with TNP-OVA or OVA. The level of PGs in the supernatant
fluicls was determined with HPLC-tandem mass spectrometry. Primary baso-
phils secreted both PGD2 and PGE2 but not PGF1/2 or TXB2. TXB2, throm-
boxan B2.
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Figure 4. PGD2 and PGE2 production by BMMCs. BMMCs prepared from
BALB/c mice sensitized with 0.5 pg/mL anti-TNP-IGE released a significant
amount of PGD2 in response to 20 ng/mL TNP-OVA but a low level of PGE2.
*P < 0.05, compared with OVA stimulation (Student’s rtest). Error bars
indicate standard deviation.

PCR and Western blotting. PGD2 is synthesized by isomer-
ization of PGH2 through PGDS.?® PGDS is classified into
two types, H-PGDS and lipocalin-type PGD synthase (L-
PGDS).2%34 PGE? is synthesized by isomerization of PGH2
through PGES. PGES is classified into three types, glutathi-
one-dependent membrane-bound PGES (mPGES1), gluta-
thione-independent membrane-bound PGES (mPGES?2),
and cytosolic PGES (cPGES).**>" Hpgds transcripts that
encode H-PGDS were readily detected in both BMBAs and
BMMCs by RT-PCR. In contrast, Ptgds transcripts that en-
code L-PGDS were only detected in BMMCs (Figure 5, A
and B). We analyzed H-PGDS protein expression in BMBAs
and BMMCs at various stages of their development by
immunoblotting. H-PGDS expression was relatively low in
BMBAs (CD49b™, c-kit™) and in 10-day—cultured BMMCs
(CD49™, c-kit™), but was increased in 20-day-cultured and
30-day-cultured BMMCs (Figure 6A), indicating that
H-PGDS activity in BMMCs increased along with their differ-
entiation. PigesT, Ptges2, and Piges3 transcripts, which en-
code mPGES1, mPGES2, and cPGES, respectively, were all
detected in BMBASs as well as in BMMCs (Figure 5, A and C).

Furthermore, bone marrow cells expressing mMCP-8,
a specific marker for basophils,®" were positive for both
H-PGDS and mPGES1 by immunohistochemical analysis
(Figure 6B). These results show that basophils express
H-PGDS as well as PGES, thereby producing both PGD2
and PGE2.

Human Blood Basophils also Produce PGD2
but Not PGE2

A prior flow cytometric study reported the presence of
H-PGDS in human blood basophils.® We therefore exam-
ined whether human basophils produce PGD2 and/or
PGE2 after IgE-mediated stimulation. We primed human
blood basophils isolated from several healthy donors with
IL-3 and then stimulated them with anti-human IgE Ab for
30 minutes. Human basophils secreted PGD2 on stimu-
lation (Figure 7). Unlike murine basophils, however, PGE2
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generation from human basophils was barely detectable
(data not shown).

Discussion

It has long been believed that basophils do not synthesize
arachidonic acid metabolites except for leukotriene C4 and
PAF.272% However, in the present study, we demonstrated
for the first time that mouse basophils produce both PGD2
and PGE2 after aggregation of FceRl receptors. In addition,
we found that human basophils are also capable of produc-
ing PGD2 after IgE-mediated stimulation.

The expression of the two types of PGDS, H- and
L-PGDS, varies according to cell type.?®3* Mast cells,
antigen-presenting cells, and a small population of Th2
cells express H-PGDS.2"*%® | -PGDS is expressed in
meningeal cells, epithelial cells of the choroid plexus,
and oligodendrocytes in the brain.®® In our study, the
gene encoding H-PGDS, but not that encoding L-PGDS,
was expressed in BMBAs. H-PGDS proteins were de-
tected in BMBAs as well as in primary basophils. Thus,
H-PGDS appears to be a major enzyme involved in PGD2
generation in basophils. BMMCs released a greater
amount of PGD2 than BMBAs (Figures 1A and 2). The
higher production of PGD2 by BMMCs relative to BMBAs
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Figure 5. Expression of PG synthase (PGS) transcripts in BMBAs and
BMMCs. The expression of the indicated genes in BMBAs and BMMCs was
determined by quantitative RT-PCR analysis of total cellular RNA. A: Gel
electrophoresis of the PCR products. The PCR templates were fivefold serially
diluted. B and C: The expression of each gene was measured relative to
GAPDH with the use of SYBR Green dye with real-time PCR systems. Error
bars indicate standard deviation.
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Figure 6. Immunoblotting and immunohistochemical analyses of PG syn-
thase proteins in basophils and mast cells. Az Cell lysates were prepared from
BMBAs (CD49b™ fraction of bone marrow cells cultured with 1IL-3 for 10
days) and BMMCs at various stages of their development (c-kit* fractions of
bone marrow cells cultured with rIL-3 for 10, 20, or 30 days) and were
subjected to immunoblotting with the indicated antibodies. Actin was used as
a loading control. B: Cytospin slides prepared from bone marrow CD49b™
cells (primary basophils) were stained with Alexa 488-conjugated anti-
mMCP-8 mAb and Alexa 647-conjugated anti-H-PGDS mAb or Alexa 647-
conjugated anti-mPGES1 mAb. Intracellular H-PGDS and mPGES1 proteins
were detected in mMCP-8 (+) cells. Phase contrast images are at left.

was consistent with the findings that levels of H-PGDS
and L-PGDS expression were higher in BMMCs than in
BMBAs (Figure 5, A and B).

The class of PGES expressed also varies according to
cell type.®52" Expression of mPGES1 is markedly induced
by pro-inflammatory stimulation in various tissues.*® PGES1
is involved in the COX-2-mediated PGE2-biosynthetic path-
way®®; mPGES?2 is abundant in brain, heart, skeletal mus-
cle, kidney, and liver®”; cPGES is distributed ubiquitously in
the cytosol of various cells®®; and COX-1 contributes to
PGE2 generation by PGES2 and cPGES.®%*%4° We immu-
nohistochemically confirmed the presence of mPGES1 in
primary basophils, but we were unable to assess the protein
expression of the other PGES enzymes, because antibod-
ies against mMPGES2 and cPGES were not available in our
laboratory. Nevertheless, transcripts encoding mPGEST,
mPGES2, and cPGES were all detected in BMBAs. The
subtype of PGES that is actually involved in PGE2 genera-
tion in basophils is uncertain. However, a COX-1-coupled
PGES, such as mPGES?2 or cPGES, may mediate immedi-
ate PGE2 production. In mast cells, COX-1, but not COX-2,
is responsible for immediate PGD2 production after cell
stimulation with IgE + Ag.*’

In contrast to the high production of PGD2 from
BMMCs, PGE2 generation from BMMCs was low, despite
that transcripts of all of the genes that encode PGES were
detected. IgE-mediated signals may not provide an effi-

cient stimulus for induction of mast cell-derived PGE2
production.

Basophils promote the initiation of IgE-CAI associated
with marked eosinophil infiltration.™® Treatment with a baso-
phil-depleting Abs prevents the development of IgE-CAI,**
indicating the essential role of basophils in this reaction. Our
prior study showed that the number of infiltrative basophils
in skin lesions of IgE-CAIl was higher than that of dermal
mast cells (19.4 cells/mm? versus 8.2 cells/mm?).3" Thus,
basophils may be equally or even more important than mast
cells as sources of PGD2 production in IgE-CAl. PGD2 is
one of the important mediators responsible for the develop-
ment of IgE-CAl as evidenced by unpublished observation
(Y. Matsushima) that the administration of an antagonist
against the PGD2 receptor CRTH2 ameliorated skin inflam-
mation.

Although stimulation of the 1gG receptors induces PAF
release from basophils,*® in the current study these stim-
ulations did not result in PGD2/E2 synthesis by basophils.
Although we have not been able to assess actual differ-
ences in the signals mediated by IgE and IgG in baso-
phils, FcyR signals, unlike FceRI signals, may preferen-
tially activate the PAF synthesis and the 5-liooxygenase
pathway rather than the COX-PG synthesis pathway.

In this study, we confirmed that human basophils are
also capable of producing PGD2. This result was in strik-
ing contrast to a prior study which reported that basophils
do not produce PGs.?” This discrepancy could be due to
differences in preparation of the basophil samples or in
the assay systems or cell priming methods. The previous
study isolated basophils with the use of the method by
MacGlanshan et al,*® and cell purity ranged from 64% to
92%. Some of these cells might have been non-releasing
basophils, because basophils from 10% to 20% of human
peripheral blood donors show defects in histamine re-
lease.** There have also been previous attempts to de-
tect PG expression with the use of radioimmunoassay
and gas chromatography mass spectrometry which gave
negative results.?” In the present study, we only prepared
highly enriched basophils from volunteers who had his-
tamine-releasing basophils on the basis of the results of a
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Figure 7. Human blood basophils also secrete PGD2 in response to IgE-
mediated stimulation. Human blood basophils obtained from the venous
blood of healthy donors were primed with 10 ng/mL human IL-3 and then
stimulated with 1 pg/mL anti-human IgE Ab for 30 minutes. The concentra-
tion of PGD2 and PGE2 in the supernatant fluids was determined with EIA.
Human blood basophils produced PGD?2 after IgE-mediated stimulation. The
results of two separate experiments (exp. 1 and exp. 2) are shown.



basophil activation test (see Materials and Methods). Fur-
thermore, these basophils were primed with IL-3, be-
cause IL-3 has been shown to induce phosphorylation of
phospholipase A,.2% In addition, in our study, PGs were
detected with EIA, which is a more sensitive detection
system than radioimmunoassay and gas chromatogra-
phy mass spectrometry. These combined approaches
may have been the reason why our study, in contrast to
earlier studies, could successfully detect PG expression
in basophils.

Unlike mouse basophils, human basophils did not gen-
erate a large amount of PGE2. More intense stimulation
than anti-human IgE might be required for the induction
of PGE2 release. Alternatively, arachidonic acid metab-
olite cascades in human basophils may be different from
those of mice. Thus, human basophils may favor the
H-PGDS pathway over the PGES pathway.

IgE-CAI in mice appears to share morphologic similar-
ities with some of the skin lesions of atopic dermatitis,
long-lasting urticaria, and/or prurigo reaction in humans.
Our prior study suggested that there was a possible
involvement of the PGD2-CRTH2 interaction in these dis-
gases.*® Most notably, the skin lesions found in these
diseases are histologically characterized by a marked
basophil infiltration.*® Thus, basophil-derived PGD2 may
at least partly contribute to the pathogenesis of these
inflammatory skin reactions.

In summary, the present study showed an overlooked
function of basophils: the production of PGD2 and PGE2
through FceRIl-mediated signaling. Basophils may be in-
volved in IgE-mediated allergic inflammation and immune
responses via the release of PGD2 and/or PGE2.
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