Mechanisms of allergy

Human mast cells produce IL-13 by
high-affinity IgE receptor cross-linking:
Enhanced IL-13 production by
IL-4-primed human mast cells

Hano Toru, MD,2 Ruby Pawankar, MD,P.c Chisei Ra, MD,b Junichi Yata, MD,2 and

Tatsutoshi Nakahata, MD,d Tokyo, Japan

Background: Mast cellsplay a central role not only in the early
phase of the allergic reaction, but also participatein the late phase
of the allergic reaction through the allergen and | gE-dependent
release of multifunctional cytokines.

Objective: Using the recently established culture system for
human mast cells, we examined the expression of a variety of
cytokinesin cord blood—derived human cultured mast cells
(HCMCys) in responseto different stimuli.

Methods: HCM Cswere grown from cord blood mononuclear cells
in the presence of stem cell factor and IL-6 for 10 weeks. Cytokine
mRNA expresson in HCM Cs by the different stimuli was exam-
ined by RT-PCR. Then taking 2 important cytokines, IL-13 and
IL-4, that share several functional propertiesand play important
rolesin allergic diseases, we examined protein aswell asmRNA
expresson of both cytokinesin HCMCs.

Results: HCM Csdid not expresseither IL-13 or |L-4 sponta-
neoudy. Stimulation with PMA + A23187 induced the expression
of IL-4 protein, aswell as|L-13 protein, in their cytoplasm,
although IL-4 secreted in the supernatant was below detectable
levelsin contrast to a significant amount of 1L-13. Stimulation of
HCM Csby cross-linking of the high-affinity IgE receptor (FceRI)
induced the expression of 1L-13 mRNA and protein, but not IL-4.
Although we previoudy found that |L-4 upregulates FceRI expres-
sion on HCM Cs, when HCM Cswerefirst cultured in the presence
of IL-4 and then activated through FceRI crosslinking, remark-
ableincrease was found in IL-13 production. Furthermore,
although IL-4 was gtill undetectable at protein level, IL-4 mMRNA
expression wasinduced in the |L-4-primed HCM Cs stimulating
FceRlI crosslinking. In addition, we examined the effects of these
cytokines on the surface molecule expresson in HCM Cs. Although
IL-4 remarkably upregulated lymphocyte function—associated
antigen-1, intercellular adhesion molecule-1, and FceRI expression
and downregulated c-kit expresson in HCMCs, IL-13 did not.
Conclusions: Our observation that HCM Cs produce I L-13 on
crosslinking of FceRI, which was enhanced by IL-4 priming, sup-
portsan important role of mast cellsin amplification of allergic
reaction and further suggests one of the mechanisms enhancing
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Recent studies indicate that in addition to the release
of chemical mediators that initiate the early phase of
alergic reactions, such as histamine and leukotrienes,
mast cells are a source of avariety of cytokines. Murine
peritoneal mast cells or bone marrow—derived cultured
mast cellswere reported to produce IL-1, IL-3, IL-4, IL-
6, IL-13, and TNF-0.16 |n the human system IL-4, IL-
5, IL-6, IL-8, TNF-a, and IL-13 expression by mast
cells of the human airway and skin have been docu-
mented.”-12 These mast cell-derived cytokines may con-
tribute to the late phase of allergic reaction through the
recruitment of inflammatory cells, such as lymphocytes,
eosinophils, and basophils, into the site of allergic reac-
tion. However, little is known about the cytokine profile
of human mast cells because of difficulties in purifica-
tion of human mast cells, small numbers of these cells,
and the lack of appropriate cell lines that retain the func-
tions of normal mast cells. Analysis of the cytokine pro-
duction by human mast cell (HMC)-1 (an immature
mast cell ling)13 was performed by stimulation with
phorbol myristate acetate (PMA) + A23187, but not by
means of the high-affinity IgE receptors (FceRl)
because this cell line fails to express FceRI.1314 Thus
the cytokine profile of human mast cells stimulated by
means of FceRI has not yet been completely elucidated.

The recently established culture system of human cul-
tured mast cells (HCMCs) derived from cord blood
mononuclear cells grown in suspension culture in the
presence of stem cell factor (SCF) and IL-6 for 10
weeks!® serves as an adequate model to study the
cytokine profile of human mast cells and their response
to different stimuli. Over 99% of the cultured cells
express the c-kit receptor as detected by flow cytometric
anaysis, and 99% are tryptase positive as detected by
immunohistochemistry.1516 These HCMCs contain 5.62
+ 1.88 pg histamine per 106 cells. A few FceRI could be
detected on the surface of HCMCs by flow cytometric
analysis by using mAbs to human FceRI a-chain.

IL-13 and IL-4 are cytokines that play important roles
in the allergic reaction. Although it was recently reported
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Abbreviations used

HCMC: Human cultured mast cell
HMC:  Human mast cell
ICAM: Intercellular adhesion molecule

LFA:  Lymphocyte function—associated antigen
PMA:  Phorbol myristate acetate
SCF:  Stem cell factor

that activated HMC-1 can express IL-13 on the basis of
the studies on HMC-1 cells that were stimulated with
PMA + A23187,5 there is yet little evidence of the
expression of I1L-13 in human mast cells activated by
means of FceRlI. Furthermore, there is much controversy
about the expression of IL-4 in mast cells.1.217 We there-
fore asked whether activated cultured mast cells could
express IL-13 and IL-4 by means of FceRI both at the
mRNA and protein levels. We report here that HCMCs
activated by means of FceRI express IL-13, but not I1L-4.
Because we previously found that IL-4 upregulates
FceRI expression in HCMCs,18 HCMCs were first cul-
tured in the presence of 1L-4 and then activated by FceRI
cross-linking. As a result, a remarkable increase was
found in IL-13 production in the IL-4—primed HCMCs.
Furthermore, athough IL-4 was still undetectable at the
protein level, IL-4 mRNA expression was induced in
these IL-4—primed HCMCs stimulated by FceRI cross-
linking. Previously, we have reported that IL-4 has asig-
nificant effect on the surface molecule expression in
HCMCs, upregulating intercellular adhesion molecule
(ICAM)-1, lymphocyte function—associated antigen
(LFA)-1, and FceRI and downregulating c-kit.18.19 Then
we examined whether IL-13 had IL-4-ike effects on
HCMCs and found that IL-13 did not have such effects
on HCMCs. This showed the differences between the
effects of the 2 cytokines on HCMCs.

METHODS
Cells

HCMCs were obtained as previously described,15 with some
modification. Briefly, cord blood mononuclear cells were grown in
flasks (Becton Dickinson & Company, NJ) in a-MEM (GIBCO
BRL, Life Technologies Inc, Gaithersburg, Md) and supplemented
with 20% FCS (Hyclone Sterile Systems, Inc., Logan, Utah) in the
presence of 100 ng/mL SCF (AMGEN, Thousand Oaks, Cdlif) and
80 ng/mL IL-6 (Ajinomoto Co, Ltd, Tokyo, Japan). The medium
was changed weekly. After 10 weeks of culture, more than 99% of
the cultured cells were tryptase positive as detected by immunohis-
tochemistry with the anti-human tryptase mAb (Chemicon Interna-
tional Inc, St Elsegundo, Calif) and were c-kit positive (anti-human
c-kit mAb; Nichirel Co, Ltd, Tokyo, Japan) as determined by flow
cytometric analysis.

The human basophilic leukemia cell line (KU812F)20 was
obtained from the Japanese Cancer Research Resources Bank
(Tokyo, Japan) and grown in RPMI 1640 supplemented with 10%
FCS. HMC-1 was a generous gift from Dr Joseph H. Butterfield
(Mayo Clinic, Canada) and was grown in Iscove's modified Dul-
becco’'s medium as previously described.13
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TABLE |. Sequences of specific primers and probes for
cytokines

IL-4 5'ATG GGT CTCACCTCC CAA CTGCT 3

5 CGAACACTTTGAATATTT CTCTCT CAT 3

probe: oligoprobe cocktail (R&D Systems

Europe Ltd, UK)

5 ACG GTCATT GCT CTCACTTGCC 3

5 CTT CCC GCC TACCCAAGA CATT 3

probe: cDNA (a generous gift from Dr René de Waal

Malefyt, DNAX)

IL-5 5 GCTT CTG CAT TTGAGT TTG CTA GCT3
5TGGCCGTCAAT GTATTTCTTTATTAAG3
probe: 5 CTGAGGATT CCT GTTCCT G 3

IL-6 5 GCG CCT TCG GTC CAGTTG

5ATGTTA CTCTTG TTA CAT GT

probe: 5 CTC CTT TCT CAGGGCTGA G 3

5'AAG CTGAGA ACCAAGACC CAGACATCA

AGG CG 3

5 AGC TAT CCC AGA GCC CCA GAT CCGATT

TIGG3

probe: 5 GGC CGT GGA GCA GGT GAA G 3

5 GCATCGTTTTGG GTT CTCTTG GCT GTT

ACTGC3

3 CTCCTTTTT CGCTTC CCT GTT TTA GCT

GCT GG 3

probe: oligoprobe cocktail (R&D Systems Europe

Ltd, UK)

5 GAGACA CAGAAGGAGACAG3

5 TAC TAC TAA GGCACA GGG C 3

probe: 5 GCT GAG GGC CGT CAG CAA CATG 3

5 CAGCAGTTGGTCATCTCT TGG 3

5 CTT GAG CTT GTGAAC GGCATC 3'

probe: 5 GGA CCA GAG CAGTGA GGT CTTA 3

5 GTG GGG CGC CCCAGG CACCA 3

5 CTCCTT AAT GTCACG CACGATTTC 3

probe: oligoprobe cocktail (R&D Systems Europe

Ltd, UK)

IL-13

IL-10

IFN-y

IL-12p35

IL-12p40

B-Actin

mADbs

The mAbs specific for human IL-4 (25D2) and IL-13 (JES-5A2)
were from DNAX (Palo Alto, Calif). For flow cytometric analysis,
the mAbs specific for ICAM-1 (RR1/1),2! a-chain of LFA-1
(TS1/22),21 B-chain of LFA-1 (TS1/18),2! FceRI a-chain (CRA-
1),1822.23 and c-kit (Nichirei Co, Ltd, Tokyo, Japan) wer used.
Mouse 1gG1 or 1gG2b (Coulter Immunology, Hialeah, Fla) was
used as isotype-matched control antibodies.

Immunohistochemical staining for tryptase

HCMCs cultured in the presence of SCF and IL-6 for 10 weeks
were cytocentrifuged onto each glass slide and fixed with fixing
solution (Muto Pure Chemicals Ltd, Tokyo, Japan), consisting of
formaldehyde (8.75%) and acetone (45%), for 1 minute. They were
then washed 3 times with Tris-buffered saline. The samples were
then blocked with rabbit serum for 10 minutes followed by incuba-
tion with mouse anti-human tryptase monoclonal antibody (Chemi-
con International, Inc, Calif) (10 pg/mL) or control mouse IgG1 at
room temperature for 1 hour. After washing 3 times with Tris-
buffered saline, the samples were reacted with rabbit anti-mouse
19gG (MBL, Nagoya, Japan) (1:50) at room temperature for 1 hour
and then washed 3 times. The sampleswere further reacted with sol-
uble complexes of alkaline phosphatase and mouse monoclonal
anti-alkaline phosphatase (DAKO Co Ltd, Glodtrup, Denmark)
(1:50) at room temperature for 1 hour and then washed 3 times.
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FIG 1. HCMCs derived from cord blood mononuclear cells grown in suspension culture in presence of SCF and IL-
6 for 10 weeks. A, Cells have many granules in their cytoplasm (Wright stain). B, Although half of the cells have a
polylobed nucleus, which is different from the round to oval shaped nucleus of in vivo mast cells, more than 99%
of the cultured cells were tryptase positive as detected by immunohistochemistry with the anti-human tryptase
mAb. C, Controls were prepared by substituting the primary antibodies with mouse IgG1.

Finaly, they were developed with chromogenic substrate at 37° C
for 30 minutes.

Analysis of the mRNA expression of
cytokines in HCMCs by RT-PCR and Southern
blotting

The mRNA expression of several cytokinesin HCMCs was stud-
ied by RT-PCR and Southern hybridization using primers and probes
specific for each cytokine. Briefly, cultured mast cells (5 x 10°) were
stimulated with PMA (20 ng/mL) + A23187 (0.5 umoal/L) (Sigma
Chemical Co, St. Louis, Mo) for 3 hours. Alternatively, the cells
were incubated with human myeloma IgE (2 pg/mL) (Chemicon
International Inc, St Elsegundo, Calif) at 4° C for 1 hour and then
cross-linked with anti-human IgE (1 pg/mL) (Cappel Laboratories,
Malvern, Pa) for 3 hours. KU812F cellsand HMC-1 cellswere stim-
ulated with PMA + A23187 for 3 hours. Cells were homogenized in
phenol-guanidium isothiocyanate (TRIzol reagent; GIBCO BRL,
Life Technologies Inc, Gaithersburg, Md), and total RNA was
extracted according to the method of Chomczynski and Sacchi.?4
cDNA was synthesized from 1 pg of RNA by using random primers
(hexadeoxynucleotide mixture: pd[N]e; Takara Co, Ltd, Kyoto,
Japan) and moloney murine leukemia virus RT (M-MLV RT)
(GIBCO BRL, Life Technologies Inc) in the presence of ribonucle-
ase inhibitor (Promega Corporation) in a total volume of 25 pL,
which was expanded up to 250 pL with H,O after the reaction was
finished. cDNA (5 pL) was amplified with specific primers for 35
cyclesinatotal volume of 10 pL with Tag DNA polymerase (Perkin-
Elmer Corp, Foster City, Calif). Each PCR cycle was composed of
denaturation at 94° C for 45 seconds, annealing at 55° C for 45 sec-
onds, and extension at 72° C for 2 minutes. The sequence of primers
and probe used for each cytokine are as listed in Table |. The PCR
products were analyzed on 1.8% agarose gels containing ethidium
bromide. For Southern blot analysis, the PCR products were trans-
ferred onto nylon membranes (Hybond-N+; Amersham Internation-
al, Buckinghamshire, UK), and the PCR products were confirmed
with specific digoxigenin-labeled cDNA probes (IL-13 cDNA, a

generous gift from Dr René de Waal Malefyt, DNAX, Pao Alto,
Calif) or oligoprobe listed on Table | and detected by meansof aDIG
DNA labeling kit (DIG DNA labeling kit for cDNA probes and a
DIG oligonucleotide tailing kit for oligoprobes, Boehringer Man-
heim, Manheim, Germany). After prehybridization at 42° C for 1
hour, hybridization with DI G-labeled specific probe was done at 42°
C overnight. The hybridized probe was then detected by using an anti-
DIG antibody conjugated with alkaline phosphatase, which showed a
chemiluminescent reaction with the substrate Lumigen PPD.

Immunohistochemical staining for the analy-
sis of IL-13 and IL-4 in HCMCs

HCMCs stimulated with IgE and anti-IgE or PMA + A23187 for
2,3, 4, 6,8, 12, and 24 hours were fixed with periodate poly-L lysine
paraformal dehyde at room temperature for 15 minutes and washed in
PBS with 15% sucrose. The cells were cytocentrifuged (1 x 108/mL)
onto silane-coated glass dides (DAKO Japan Co, Ltd, Kyoto, Japan).
Before staining, the cells were permeabilized with 0.1% saponin and
treated with 10% normal rabbit serum for 20 minutes. Subsequently,
the cells were incubated overnight in optimal concentrations of the
relevant anti-cytokine mAb. The cellswere stained by the streptavidin
biotin method (ABC kit, Vector) as previously described.1! The reac-
tion was developed with the amino ethyl carbazole substrate and
counterstained with Mayer’s hematoxylin. Negative controls were
prepared by substituting the primary antibodies with isotype-matched
antibodies. Time-course analysis was performed to estimate the
cytokine-positive cells under a microscope.

Priming HCMCs with IL-4

The 10-week cultured HCMCs were divided into 2 aliquots, and
1 aliquot was cultured in a-MEM supplemented with 20% FCSin
the presence of IL-4 (10 ng/mL; a generous gift from DNAX), SCF
(200 ng/mL), and IL-6 (80 ng/mL), and the other aliquot was cul-
tured in a-MEM with 20% FCS in the presence of only SCF and IL-
6. Each aliquot was cultured for 5 days. The cells in each aliquot
were washed with PBSfor 3 times and stimulated in microtiter plates
(1 x 105 cells/200 pL/well) with anti-IgE (1 pg/mL) after sensitiza-
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FIG 2. A, Cytokine mRNA expression in HCMCs. RNA extracted from HCMCs stimulated with anti-IgE antibody (1
png/mL) after incubation with IgE (2 pg/mL) or PMA (20 ng/mL) + A23187 (0.5 pmol/L) was subjected to reverse tran-
scription and amplified by PCR by using primers specific for each cytokine listed in Table |. Southern blot analyses
with specific probes showed the specificity of RT-PCR. Marker, pHY size marker (Takara Co, Ltd, Kyoto, Japan); lane
1, HCMCs without stimulation; lane 2, HCMCs stimulated with IgE + anti-IgE for 3 hours; lane 3, HCMCs stimulated
with PMA + A23187 for 3 hours; lane 4, distilled water for the template as a negative control; lane 5, PBMCs stim-
ulated with PMA + A23187 for 3 hours as a positive control. The result is 1 representative out of 3. B, Cytokine
mMRNA expression in KU812F cells and HMC-1 cells. Marker, pHY size marker; lane 1, PBMCs stimulated with PMA
+ A23187 for 3 hours as a positive control; lane 2, distilled water used as a negative control; lane 3, unstimulated
KUB812F cells; lane 4, KU812F cells stimulated with PMA + A23187 for 3 hours; lane 5, unstimulated HMC-1 cells;
lane 6, HMC-1 cells stimulated with PMA + A23187 for 3 hours. The result is 1 representative out of 3.
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tion with human myeloma IgE (2 pg/mL) or with PMA (20 ng/mL)
+ A23187 (0.5 umol/L) in a-MEM supplemented with 20% FCSin
the presence of SCF (100 ng/mL) and IL-6 (80 ng/mL). After the
indicated period of culture, the supernatant samples were stored at
—80° C until assayed. The supernatant samples for measurement of
histamine were collected 30 minutes after each stimulation.

Measurement of histamine

The histamine content in the supernatant was measured by
HPLC (TOSOH HPLC; TOSOH Co, Ltd, Tokyo, Japan). For mea-
surement of total histamine content, the supernatant of the cells
lysed with Triton X (1%) (Sigma Chemical Co, St Louis, Mo) was
used.

Measurement of IL-13 and IL-4 by ELISA

IL-13 and IL-4 in the supernatants were detected by commer-
cialy available ELISA kits: Cytoscreen Immunoassay Kit for
human IL-13 (BioSource International, Inc) and the Quantikine
Human IL-4 Immunoassay for IL-4 (R & D Systems, Inc).

Flow cytometry for analysis of ICAM-1, LFA-
1, FceRI a-chain, and c-kit expression in
HCMCs

The 10-week cultured HCMCs were further cultured with IL-4
(20 ng/mL) or IL-13 (100 ng/mL) (generous gifts from DNAX) for
5 days in the presence of SCF (100 ng/mL) and IL-6 (80 ng/mL) in
o-MEM supplemented with 20% FCS. The surface molecule
expression was examined by flow cytometry with specific mAbs as
previously described.1819 Briefly, the cells (2 x 105) were incubat-
ed with the relevant mAb (2 pg/mL) and then washed with PBS.
Subsequently, the cells were stained by FITC-conjugated goat anti-
mouse 1gG (Silenus, Victoria, Australia) and analyzed by a flow
cytometer (CytoACE; JASCO, Tokyo, Japan). Mouse 1gG1 or
1gG2b (Coulter Immunology, Hialeah, Fla) was used as isotype-
matched control antibodies.

Statistical analysis

Statistical analysis was performed by a paired 2-way Student’s t
test. Data were expressed as mean + SD. A P value of less than .05
was considered statistically significant.

RESULTS
HCMCs

Ten-week cultured HCM Cs had many granulesin their
cytoplasm as shown in Fig. 1, A. Histamine (5.62 £ 1.88
Hg/106 cells) was contained in the granules. More than
99% of the cultured cells were c-kit positive as deter-
mined by a flow cytometric analysis and were tryptase
positive as detected by immunohistochemistry with anti-
human tryptase mAb (Fig. 1, B). Less than 30% of the
cells were chymase positive as detected by immunohis-
tochemistry with anti-human chymase mAb (data not
shown). Over half of the cells had a poly-lobed nucleus
(Fig. 1, A, B, and C), which is different from a round to
oval—shaped nucleus, in in vivo mast cells. The lobula-
tion of the nuclei was more remarkable at higher concen-
trations of IL-6 than when the mast cells were grown at
lower concentrations of IL-6 (Nakahata T et a., unpub-
lished data). Therefore the lobulation of the nuclei may
be attributed to IL-6, which is an important factor for
mast cell growth, by enhancing the expansion of primi-
tive hemopoietic cellsin cord blood cells.
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FIG 3. Time kinetics of IL-13 and IL-4 mRNA expression in HCMCs.
IL-4 and IL-13 mRNA in HCMCs stimulated with PMA + A23187
(A), or IgE + anti-IgE (B) were detected by RT-PCR at indicated
time after stimulation. Numbers represent hour or hours after
stimulation. Lane N, Distilled water for the template as a negative
control; lane B, PBMCs stimulated with PMA + A23187 for 3 hours
as a positive control. The result is 1 representative out of 3.

Cytokine mRNA expression by HCMCs,
KU812F, and HMC-1

Asshown inFig. 2, A, IL-13 mRNA was not constitu-
tively expressed by HCMCs but was clearly detected
after stimulation by cross-linking of FceRI with IgE and
anti-1gE antibodies. 1L-13 mRNA was a so detectable in
mast cells stimulated with PMA + A23187. IL-4 mRNA
was also not constitutively expressed by HCMCs, but in
contrast to IL-13, IL-4 mRNA was not detectable even
after stimulation with IgE and anti-IgE. I1L-4 mRNA
expression was only detected after stimulation of
HCMCswith PMA + A23187. These results indicate that
both IL-4 and IL-13 are not constitutively expressed by
HCMCs and that the stimuli for expression for these
cytokines are different.

The mRNA expression of other T, ,-type cytokines in
HCMCs was also examined. Unlike IL-4 and IL-13, IL-
5, IL-6, and IL-10 were constitutively expressed by
HCMCs. Stimulation with IgE and anti-1gE enhanced the
expression of IL-5 and IL-6, but not I1L-10. Stimulation
with PMA + A23187 showed similar results to those
obtained by stimulation with IgE and anti-IgE. mMRNA
expression for T,-type cytokines, such as IFN-y, were
neither constitutively expressed nor expressed after stim-
ulation by means of FceRI. However, IFN-y mRNA
expression was detected when the cells were treated with
PMA + A23187. Although murine mast cells were
reported to express IL-12,25 HCMCs did not express
mRNA for either the p35 or p40 subunits of 1L-12 even
after maximal stimulation with PMA + A23187.
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FIG 4. Detection of IL-13 protein in HCMCs and KU812F cells. HCMCs and KU812F cells were stained with mAb spe-
cific for IL-13. KU812F cells stimulated with PMA + A23187 for 3 hours (A); HCMCs stimulated with PMA + A23187
for 3 hours (B); HCMCs stimulated with IgE and anti-IgE for 4 hours (C); and HCMCs stimulated with IgE and anti-
IgE for 4 hours and stained with isotype matched control antibody as a control (D).

We next examined the cytokine mRNA expression in
the human basophilic leukemia cell line, KU812F cells,
and a mast cell leukemia cell line, HMC-1 cells (Fig. 2,
B). Both KU812F cells and HMC-1 cells spontaneously
expressed IL-13 mRNA. Stimulation with PMA +
A23187 increased the expression of I1L-13 mRNA in
HMC-1 cells. IL-4 was not detected in HMC-1 cells, and
stimulation with PMA + A23187 also failed to induce IL-
4 mRNA expression. In contrast, KU812F cells constitu-
tively expressed IL-4 mRNA. As expected from the obser-
vation that HMC-1 cells do not express the FceRl,13.14
stimulation of the cells by IgE and anti-IgE did not induce
the expression of I1L-4 or IL-13 mRNA (data not shown).

The pattern of mMRNA expression of cytokines other
than IL-4 and IL-13 was further examined in KU812F
cells and HMC-1 cells. KU812F cells spontaneously
expressed al T, cytokines tested, including IL-5, IL-6,
and IL-10. The T, cytokine IFN-y was also expressed in
KU812F cells. HMC-1 cells spontaneously expressed IL -
5, IL-6, and IL-10, athough IFN-y mRNA expression
was not detected even when stimulated with PMA +
A23187. The p35 subunit of IL-12 was constitutively
expressed in both cell lines; however, p40 subunit was
not expressed even when stimulated with PMA +
A23187, indicating that physiologically active IL-12 was

not produced because IL-12 is active only when both p35
and p40 subunits are expressed.26-28

Kinetics of IL-13 and IL-4 mRNA expression in
HCMCs

We examined the time kinetics of IL-13 and IL-4
MRNA expression by HCMCs stimulated with PMA +
A23187 or with IgE and anti-IgE antibodies. When
HCMCs were stimulated with PMA + A23187, I1L-13
mMRNA could be detected at 1 hour after stimulation. The
peak expression was at 3 hours and could be detected
until 6 hours after stimulation (Fig. 3, A). IL-4 mRNA
could be detected at 3 hours when the cells were stimu-
lated with PMA +A23187 (Fig. 3, A). When the HCMCs
were stimulated with IgE and anti-1gE, IL-13 mRNA was
detectable at 1 hour after stimulation, and then the
expression gradually decreased by 4 hours (Fig. 3, B).
IL-4 mRNA was not detected when HCM Cs were stimu-
lated by FceRI cross-linking (Fig. 3, B).

Detection of intracytoplasmic IL-13 and IL-4
protein expression in HCMCs

We further studied intracytoplasmic IL-13 and IL-4
protein expression in HCM Cs by immunohistochemistry.
Both IL-13 and IL-4 protein expression was detectablein
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FIG 5. Detection of IL-4 protein in HCMCs and KU812F cells. HCMCs and KU812F cells were stained with mAb spe-
cific for IL-4. KU812F cells stimulated with PMA + A23187 for 3 hours (A); HCMCs stimulated with PMA + A23187
for 4 hours (B); HCMCs stimulated with IgE and anti-IgE for 4 hours (C); and KU812F cells stimulated with PMA +
A23187 for 3 hours and stained with isotype-matched control antibody as a control (D).

the cytoplasm of KU812F cells stimulated with PMA +
A23187 (Figs. 4, Aand 5, A). As shown in Figs. 4, B and
5, B, IL-13 and IL-4 protein was detected in the cyto-
plasm of HCMCs stimulated with PMA + A23187,
although the percentage of the cells positive for IL-4 was
far lessthan that for IL-13. In addition, IL-13, but not IL-
4, was detected in HCMCs stimulated with IgE and anti-
IgE antibodies (Figs. 4, C and 5, C). Unstimulated
HCMCs did not express either IL-4 or IL-13 (data not
shown).

Kinetics of IL-13 and IL-4 protein production
in HCMCs

When HCM Cs were stimulated with PMA + A23187,
the percentage of the IL-13—positive cells reached the
maximum level (28.3% + 3.3%) at 3 hours after stimula-
tion and could be detected until 8 hours after stimulation
(Fig. 6, A). IL-4—producing cells reached the maximum
level (3.5% + 1.5%) at 4 hours after the same stimulation
(Fig. 6, B). When HCMCs were stimulated by FceRl
cross-linking, IL-13 protein expression was detectable
from 3 to 8 hours after stimulation (Fig. 6, A), whereas
IL-4 was not detectable at any time point tested (Fig. 6,
B). These findings agree with the results obtained by RT-

PCR and suggest that HCMCs do not spontaneously
express IL-4 or IL-13 and that IL-13, but not IL-4, pro-
tein is produced by FceRI stimulation.

We aso measured the concentration of these 2
cytokines secreted in the supernatants. Although it is dif-
ficult to know exactly when the stimulated cells start to
secrete the cytokines, because of the sensitivity of the
ELISA (IL-13, =3.1 pg/mL, IL-4, =15.6 pg/mL), when
HCMCs were stimulated by FceRI cross-linking, 1L-13
was within detectable levels as early as 12 hours after
stimulation, and the production reached plateau by 72
hours (20.7 + 1.6 pg/mL by 1 x 105 cells) (Fig. 6, C).
When HCM Cswere stimulated with PMA + A23187, IL-
13 was detectable at 24 hours after stimulation and, at 48
hours, the production reached the plateau (406.4 + 13.4
pg/mL by 1 x 105 cells) (Fig. 6, D), which was 20 times
as high as that observed when the cells were stimulated
with IgE and anti-IgE. In either PMA + A23187—stimu-
lated or IgE + anti-IgE—stimulated HCMCs, IL-4 was not
detectable (<15.6 pg/mL) in the supernatant at any time
points (data not shown), athough IL-4 mRNA was
expressed in PMA + A23187—stimulated HCMCs, and a
few cells expressed IL-4 protein in their cytoplasm by
immunohistochemistry. This may be attributable to alow
amount of IL-4 produced by HCMCs.
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FIG 6. A and B, Time kinetics of intracytoplasmic IL-4 and IL-13 protein expression in HCMCs. HCMCs were stimu-
lated with PMA + A23187 (filled circles) or with IgE and anti-IgE antibodies (open circles) for indicated periods and
stained with mAb to IL-13 (A) or IL-4 (B). C and D, Time kinetics of IL-13 secretion. IL-13 secreted by HCMCs (105
cells) stimulated with IgE and anti-IgE (C) or with PMA + A23187 (D) was measured by ELISA. Results are shown
as mean + SD (n = 3). These experiments have been repeated 3 times with similar results.

Effect of IL-4 priming on IL-4 and IL-13 pro-
duction in HCMCs

On the basis of our previous data that |L-4 can upreg-
ulate the FceRI expression in HCMCs,18 we examined
whether these IL-4—primed HCMCs could express IL-4
on cross-linking of FceRI and whether these cells upreg-
ulated IL-13 production. When HCM Cs were cultured in
the presence of IL-4 (10 ng/mL) for 5 days and then were
stimulated with IgE and anti-1gE, IL-4 mRNA expression
was induced, and I1L-13 mRNA expression was upregu-
lated as compared with the respective (-actin mRNA
expression (Fig. 7). IL-4 priming caused significantly
increased histamine release on FceRI cross-linking (Fig.
8, A), which may be attributed to increased FceRI expres-
sion induced by IL-4.18 However IL-4 protein was not
expressed either in the cytoplasm of IL-4—primed
HCMCs or in the supernatant samples when the cells
were stimulated with I1gE and anti-IgE (data not shown).
No significant increase was observed in the percentage of
the intracytoplasmic IL-4—positive cells in IL-4—primed
HCMCs stimulated with PMA + A23187, and IL-4 was
still undetectable in the supernatant (data not shown). On
the other hand, remarkable differences were found in IL-
13 production (Fig. 8, B). IL-4—primed HCMCs (105
cells) produced 336.8 + 30.3 pg/mL IL-13, whereas 21.3
+ 1.1 pg/mL IL-13 was produced by IL-4—nonprimed
HCMCs (105 cells) on FceRI cross-linking (P < .005)

(Fig. 8, B). Interestingly, when IL-4—primed HCMCs
(105 cells) were stimulated with PMA + A23187, a sig-
nificantly higher concentration of 1L-13 (1830.0 + 108.2
pg/mL) was detected compared with the concentration of
IL-13 (418.4 + 13.8 pg/mL) (P < .005) produced by IL-
4—nonprimed HCMCs (105 cells) stimulated with PMA +
A23187 (Fig. 8, B). Consistent with this, IL-4 priming
increased |L-13—positive HCMCs in both IgE and anti-
IgE and PMA + A23187 stimulation examined by
immunohistochemistry (8.2% + 2.8% in IL-4—primed
mast cells and 3.5% + 1.5% in IL-4-nonprimed cells,
both at 4 hours after stimulation with IgE and anti-IgE;
and 43.2% + 5.1% in IL-4—primed mast cells and 28.3%
+ 3.3% in IL-4—nonprimed cells, both at 3 hours after
stimulation with PMA + A23187). Because IL-4 priming
caused increased IL-13 production by HCMCs not only
after stimulation by FceRI cross-linking but also after
PMA + A23187 stimulation, it is possible that I1L-4 prim-
ing augmented IL-13 production by some other mecha-
nisms besides induction of FceRI expression in HCMCs.

Effect of IL-4 and IL-13 on ICAM-1, LFA-1,
FceRl, and c-kit expression in HCMCs

In previous reports we have demonstrated that IL-4 is
a potent regulator of surface molecule expression in
HCMCs, upregulating ICAM-1, LFA-1, and FceRI and
downregulating c-kit (Fig. 9).1819 Therefore we exam-
ined whether IL-13 was aso effective on the expression



J ALLERGY CLIN IMMUNOL
VOLUME 102, NUMBER 3

SCF+IL-6
SCF+IL-6
+I1L-4

M12345678

IL-4

IL-13

[f-actin

FIG 7. IL-4 and IL-13 mRNA expression in HCMCs cultured with IL-
4 and then stimulated by FceRI cross-linking. The 10-week cul-
tured HCMCs were divided into 2 aliquots; 1 aliquot was cultured
with IL-4 (10 ng/mL), and the other aliquot was cultured without
IL-4, both in the presence of SCF (100 ng/mL) and IL-6 (80 ng/mL)
for 5 days. HCMCs from each aliquot were stimulated with IgE
and anti-IlgE antibody or PMA + A23187, and RNA extracted from
each sample was subjected to reverse transcription and amplified
by PCR by using primers specific for each cytokine. Lane M, pHY
size marker; lanes 1 to 3, HCMCs cultured without IL-4; lanes 4 to
6, HCMCs cultured with IL-4. Lanes 1 and 4, HCMCs without stim-
ulation; lanes 2 and 5, HCMCs stimulated with IgE and anti-IgE
antibodies for 3 hours; lanes 3 and 6, HCMCs stimulated with
PMA + A23187 for 3 hours; Lane 7, distilled water for the template
as a negative control; lane 8, PBMCs stimulated with PMA +
A23187 for 3 hours as a positive control. This result is 1 repre-
sentative out of 3.

of these molecules. However, no significant differences
were found in these surface molecules in the cells cul-
tured in the presence of IL-13 (Fig. 9). These data indi-
cated that there were differences between IL-4 and |L-13
in the activities on HCMCs.

DISCUSSION

Here we report that 1L-13 mRNA and protein are not
spontaneously expressed in HCMCs, and that 1L-13, but
not IL-4, proteins are expressed on cross-linking of
FceRI. In addition, IL-4—primed HCMCs showed
enhanced IL-13 production on cross-linking of FceRlI.
Other T,, cytokines, including IL-5, IL-6, and IL-10,
were spontaneously expressed without stimulation, and
T,1 cytokines, such as IL-12 and IFN-y, failed to be
induced by the FceRI cross-linking.

Recently, I1L-13 protein expression was detected in
mast cells of the nasal mucosa of patients with perennial
alergic rhinitis, but not in those of patients with chronic
infective rhinitis or normal subjects, and a strong positive
correlation was detected between the IL-13 gene expres-
sion in the nasal mucosa of patients with perennial aller-
gic rhinitis and their serum-specific IgE.1! In this context
our observations that IL-13 was not spontaneously
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FIG 8. Enhanced IL-13 production by IL-4—primed HCMCs. HCMCs
were cultured with IL-4 (10 ng/mL) or without IL-4 for 5 days both
in the presence of SCF (100 ng/mL) and IL-6 (80 ng/mL). Then
both IL-4-primed HCMCs (filled bars) and IL-4—nonprimed
HCMCs (open bars) (105 cells/well respectively) were stimulated
with IgE and anti-IgE or PMA + A23187. A, Histamine released by
HCMCs was measured by HPLC, and histamine-releasing activity
was shown as percentage of released histamine to total hista-
mine content. Total histamine content was not significantly dif-
ferent between IL-4-primed and IL-4-nonprimed HCMCs. B, IL-13
in the supernatant at 72 hours after stimulation was measured by
ELISA. Results are shown as mean * SD (n = 3). **P < .005. This
result is 1 representative out of 3.

expressed by HCMCs and was produced through FceRlI
cross-linking may be of interest because it indicates that
FceRI cross-linking by an alergen and its specific IgE
plays an important role in inducing IL-13 production in
mast cells in vivo. In addition, it is suggested the mast
cell-derived IL-13 may contribute to amplification of the
allergic reaction because IL-13, like IL-4, promotes IgE
synthesis by B cells.29-36  Furthermore, because IL-13
has been reported to induce vascular cell adhesion mole-
cule-1 expression on endothelial cells,37 it is suggested
that 1L-13 produced by mast cells may be involved in the
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FIG 9. Effect of IL-4 and IL-13 on ICAM-1, LFA-1, FceRl, and c-kit expression in cultured human mast cells analyzed
by flow cytometry. The 10-week cultured HCMCs were further cultured with IL-4 (10 ng/mL) or IL-13 (100 ng/mL)
for 5 days in the presence of SCF (100 ng/mL) and IL-6 (80 ng/mL) or cultured only with SCF and IL-6. Then surface
molecules were analyzed by a flow cytometer with mAbs specific for ICAM-1 (RR1/1); a-chain of LFA-1 (aL)
(TS1/22); B-chain of LFA-1 (82) (TS1/18); FceRI a-chain (CRA-1), and c-kit. As a control, each sample was stained with
mouse isotype-matched antibody (IgG1 or IgG2b). This result is 1 representative out of 3.

initiation of the late phase of the alergic reaction. The
time kinetics of intracytoplasmic expression of 1L-13 in
HCMCs, which reached a maximum within 3 to 4 hours
after stimulation, may support the involvement of mast
cell-derived 1L-13 in the initiation of the late phase of
the alergic reaction.

There have been controversial reports concerning IL-4
production by human mast cells.1217 |n this report we
demonstrated that HCMCs, unlike HMC-1 cells, were
capable of expressing IL-4 mRNA and protein if maxi-
mally stimulated with PMA + A23187. The level of IL-4
production, however, was quite low as indicated by the
observation that only 3.5% of PMA + A23187-stimulat-
ed HCMCs were positive for intracytoplasmic IL-4 as
determined by immunohistochemistry, and IL-4 in the
supernatant was below detectable level. However, 28%
of the mast cells were positive for IL-13, and a high
amount of 1L-13 was detected in the supernatant. In con-
trast to stimulation with PMA + A23187, FceRI cross-

linking failed to induce IL-4 mRNA and protein synthe-
sisin HCMCs. The inability of these cellsto produce IL-
4 may be dependent on the difference in signals trans-
duced by FceRI cross-linking and PMA + A23187. Alter-
natively, insufficient stimulation by means of FceRl in
HCMCs may be possible because of the relatively low
expression of FceRI on HCMCs.18

HCMCs have many characters, and therefore they
could be regarded as an adequate model for human mast
cells. Over 99% of the cells express c-kit, and they con-
tain significant amounts of histamine and tryptase in the
cytoplasmic granules. However, as we have reported pre-
viously,16.18 they are relatively immature mast cells
because they do not express enough FceRlI to induce a
high amount of histamine release.18 Furthermore, they
show immature ultrastructure whether or not the nucleus
islobulated. Most of the cells contain afew granules that
are empty or partialy filled with particles or discrete
scrolls along with lamellae, which shows immaturity on
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the basis of granule-filling criteria,38 but crystal granules,
which appear in mature mast cells, are rare.16 Consistent
with our observation, other investigators have reported
that cord blood—derived mast cells cultured in the pres-
ence of SCF or SCF + IL-3 were morphologically and
functionally immature even after 14 weeks of cul-
ture.3940 |t was also reported that fetal liver mast cells
cultured only in the presence of SCF had less developed
morphology.4! These observations suggest that human
mast cells grown only in the presence of SCF (with or
without IL-6 or IL-3) do not reach full maturity and that
additional factors are required to generate mature mast
cells. One of the factors that promotes human mast cell
maturation, as we have reported recently,16.18 is |L-4.
Thisis because addition of IL-4 to HCMCs significantly
increased the surface FceRI expression8 and promoted
morphologic maturation, including increased numbers of
crystal granules.16 Other investigators have also reported
that IL-4 is a cytokine that enhances IgE-mediated mast
cell activation in part by upregulation of FceRI both in
the human and murine system.42:43 As shown in this
study, when we stimulated IL-4—primed HCMCs by
FceRlI cross-linking, IL-4 mRNA wasinduced, and IL-13
mMRNA and protein production was upregulated as com-
pared with IL-4-nonprimed cells. These changes may be
attributed to the increased mast cell activation that
occurred because of the increased FceRI expression in
IL-4-primed HCMCs. In addition, IL-4 priming
enhanced IL-13 production by HCMCs not only when
the cells were stimulated by FceRI cross-linking but also
when they were activated by PMA + A23187. Thusit is
possible that I1L-4 priming augments IL-13 production by
some other mechanisms besides increasing FceRI
expression in HCMCs. Further studies are necessary to
evaluate the mechanism or mechanisms of |L-4—-induced
enhancement of IL-13 production and the conditions
under which IL-4 protein can be expressed in HCMCs.

The T,,; cytokine IFN-y was produced by HCMCs
when the cells were maximally stimulated with PMA +
A23187. Physiologic stimulation with FceRlI failed to
induce IFN-y production. It was the same pattern with
their IL-4 production. As we have shown in this report,
HCMCs were able to produce IL-4 mRNA on FceRlI
cross-linking when they were primed with IL-4. In this
context it is possible that HCMCs could produce |FN-y
on FceRIl cross-linking under some conditions that
induce |FN-y production. In addition, it was reported pre-
viously that freshly isolated mast cells from Brown Nor-
way rat peritoneum that were stimulated ex vivo with
recombinant IL-12 were able to secrete substantial
amounts of biologically active IFN-y,44 suggesting the
possibility that mast cells may potentially produce both
T,,1 and T,,, cytokines, and which type of cytokineis pro-
duced may depend on the microenvironment.

IL-13 shares biologic activities with IL-4 on mono-
cytes and B cells?9-36; however, unlike IL-4, |L-13 does
not act on T cells.3645 Although IL-4 and IL-13 have a
partly common receptor and a common pathway in sig-
nal transduction, some differences have been report-
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€d.36:45-54 The common component of both the IL-4 and
IL-13 receptorsis|L-4R a-chain, and IL-4R a-chain can
associate either with yc chain to form an IL-4 receptor
that does not bind 1L-13 or with the IL-13R a-chain,
which binds both IL-13 and IL-4. Cells that express only
IL-4R a-chain/yc chain, such as human T cells, can
respond to IL-4 but not to IL-13.45 As we have shown in
this report, 1L-4, but not IL-13, showed surface mole-
cule—regulating activity in HCMCs. These results that
IL-13 did not act on HCMCs may be attributed to the
receptors expressed on HCMCs. We have observed that
HCMCs expressed |L-4R a-chain.18 We are currently
studying whether HCMCs express IL-13R a-chain, yc
chain, or both.

IL-13 has many important roles in the alergic reac-
tion, including the induction of IgE synthesis by B cells
and the induction of VCAM-1 expression on endothelia
cells.29-37 Our observation that human mast cells produce
IL-13 on cross-linking of FceRI proposes an important
role of mast cells in upregulating allergic inflammation.

We thank Dr Ichiro Saito for preparation of primers and probes,
Dr Michiko Kagjiwara for advice with techniques, Dr Hiroshi Ishida
for providing us with cytokines, and Dr Shigeaki Nonoyama for
reviewing the manuscript. Expert technical assistance by Ms Ikuko
Tanaka is gratefully acknowledged. We also thank Drs Shizuko
Sasaki, Ichiro Kamiyama, and Hiroko Numano and all the staff in
Matsushima Obstetrics and Pediatric Hospital for providing us with
cord blood.

REFERENCES

1. Young JD, Liu C, Butler G, Cohn ZA, Galli SJ. Identification, purifica-
tion, and characterization of a mast cell-associated cytolytic factor relat-
ed to tumor necrosis factor. Proc Natl Acad Sci USA 1987;84:9175-9.

2. Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J, Nordan RP, Paul WE.
Mast cell lines produce lymphokines in response to cross-linkage of
FceRI or to calcium ionophores. Nature 1989;339:64-7.

3. Wodnar-Filipowicz A, Heusser CH, Moroni C. Production of the
haemopoietic growth factors GM-CSF and interleukin-3 by mast cellsin
response to IgE receptor mediated activation. Nature 1989;339:150-2.

4. Gordon JR, Galli SJ. Mast cells as a source of both preformed and
immunologically inducible TNF-a/cachectin. Nature 1990;346:274-6.

5. Gordon JR, Burd PR, Galli SJ. Mast cells as a source of multifunctional
cytokines. Immunol Today 1990;11:458-64.

6. Burd PR, Thompson WC, Max EE, Mills FC. Activated mast cells pro-
duce interleukin 13. J Exp Med 1995;181:1373-80.

7. Bradding P, Feather IH, Howarth PH, Mueller R, Roberts JA, Britten K,
eta. Interleukin 4 islocalized to and released by human mast cells. JExp
Med 1992;176:1381-6.

8. Bradding P, Feather IH, Wilson S, Bardin PG, Heusser CH, Holgate ST,
et al. Immunolocalization of cytokinesin the nasal mucosa of normal and
perennial rhinitic subjects. The mast cell as a source of IL-4, IL-5, and
IL-6 in human allergic mucosal inflammation. J Immunol 1993;151:
3853-65.

9. Mdller A, Lippert U, Lessmann D, Kolde G, Hamann K, Welker P, et a.
Human mast cells produce IL-8. J Immunol 1993;151:3261-6.

10. Steffen M, Abboud M, Potter GK, Yung YP, Moore MA. Presence of
tumor necrosis factor or a related factor in human basophil/mast cells.
Immunology 1989;66:445-50.

11. Pawankar R, Okuda M, Hasegawa S, Suzuki K, Okubo K, Okumura K,
et al. Interleukin-13 expression in the nasal mucosa of perennial alergic
rhinitis. Am J Respir Crit Care Med 1995;152:2059-67.

12. Jaffe JS, Raible DG, Post TJ, Wang Y, Glaum MC, Butterfield JH, et al.
Human lung mast cell activation leads to IL-13 mRNA expression and
protein release. Am J Respir Cell Mol Biol 1996;15:473-81.

13. Butterfield JH, Weilner D, Dewald G, Gleich GH. Establishment of an



502 Toru et al

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

immature mast cell line from a patient with mast cell leukemia. Leuk Res
1988;12:345-55.

Nilsson TB, Kusche-Gullberg M, Kjellén L, Butterfield JH, Sundstrém
C, Nilsson K, et a. Phenotypic characterization of the human mast cell
line HMC-1. Scand J Immunol 1994;39:489-98.

Nakahata T, Tsuji K, Tanaka R, Muraoka K, Okumura N, Sawai N, et a.
Synergy of stem cell factor and other cytokinesin mast cell development.
In: KitamuraY, Yamamoto S, Galli SJ, Greaves MW, editors. Biological
and molecular aspects of mast cell and basophil differentiation and func-
tion. New York: Raven Press; 1995. p. 13-24.

Toru H, Eguchi M, Matsumoto R, Yanagida M, Yata J, Nakahata T. IL-4
promotes the development of tryptase and chymase double-positive
human mast cells accompanied by cell maturation. Blood 1998;1:187-95.
Sillaber C, Bevec D, Butterfield JH, Heppner C, Valenta R, Scheiner O,
et a. Tumor necrosis factor a and interleukin-1 3 expression in HMC-1
cells: differentia regulation of gene product expression by recombinant
interleukin-4. Exp Hematol 1993;21:1271-5.

Toru H, RaC, Nonoyama S, Suzuki K, Yata J, Nakahata T. Induction of
the high-affinity IgE receptor (FceRI) on human mast cells by IL-4. Int
Immunol 1996;8:1367-73.

Toru H, Kinashi T, RaC, Nonoyama S, Yata J, Nakahata T. IL-4 induces
homotypic aggregation of human cultured mast cells by promoting LFA-
1/ICAM-1 adhesion molecules. Blood 1997;89:3296-302.

Kishi K. A new leukemia cell line with Philadelphia chromosome char-
acterized as basophil precursors. Leuk Res 1985;9:381-90.

Marlin SD, Springer TA. Purified intercellular adhesion molecules
(ICAM-1) is a ligand for lymphocyte function-associated antigen 1
(LFA-1). Cell 1987;51:813-9.

RaC, Kuromitsu S, Hirose T, Yasuda S, Furuishi K, OkumuraK. Soluble
human high-affinity receptor for IgE abrogates the IgE-mediated allergic
reaction. Int Immunol 1993;5:47-54.

Yanagihara Y, Kajiwara K, Ikizawa K, Koshio T, Okumura K, Ra C.
Recombinant soluble form of the human high-affinity immunoglobulin E
(IgE) receptor inhibits IgE production through its specific binding to IgE-
bearing B cells. J Clin Invest 1994,94:2162-5.

Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid
guanidium thiocyanate-phenol-chloroform extraction. Anal Biochem
1987,162:156-9.

Smith TJ, Ducharme LA, Weis JH. Preferential expression of interleukin-
12 or interleukin-4 by murine bone marrow mast cells derived in mast
cell growth factor or interleukin-3. Eur J Immunol 1994;24:822-6.
Kobayashi M, Fitz L, Ryan M, Hewick RM, Clark SC, Chan S, et al.
Identification and purification of natural killer cell stimulatory factor, a
cytokine with multiple biological effects on human lymphocytes. J Exp
Med 1989;170:827-45.

Stern AS, Podlaski FJ, Hulmes JD, Pan YE, Quinn PE, Wolitzky AG, et
al. Purification to homogeneity and partial characterization of cytotoxic
lymphocyte maturation factor from human B lymphoblastoid cells. Proc
Natl Acad Sci USA 1990;87:6808-12.

D’Andrea A, Rengargju M, Valiante NM, Chehimi J, Kubin M, Aste M,
et al. Production of natural killer stimulatory factor (IL-12) by peripher-
al blood mononuclear cells. J Exp Med 1992;176:1387-98.

Minty A, Chalon P, Derocq JM, Dumont X, Guillemot JC, Kaghad M, et
a. Interleukin-13 is a new human lymphokine regulating inflammatory
and immune responses. Nature 1993;362:248-50.

Punnonen J, Aversa G, Cocks BG, McKenzie ANJ, Menon S, Zurawski
G, et a. Interleukin 13 induces interleukin 4-independent 19G4 and IgE
synthesis and CD23 expression by human B cells. Proc Natl Acad Sci
USA 1993;90:3730-4.

McKenzie ANJ, Culpepper JA, de Waal Malefyt R, Briere F, Punnonen J,
Aversa G, et al. Interleukin-13, a T-cell-derived cytokine that regulates
human monocyte and B-cell function. Proc Natl Acad Sci USA
1993;90:3735-9.

deWaa Malefyt R, Figdor CG, Huijbens R, Mohan-Peterson S, Bennett B,
Culpepper J, et al. Effects of 1L-13 on phenotype, cytokine production, and
cytotoxic function of human monocytes. J Immunol 1993;151:6370-81.
Defrance T, Carayon P, Billian G, Guillemot J, Minty A, Caput D, et al.
Interleukin 13 isaB cell stimulating factor. JExp Med 1994;179:135-43.

. Punnonen J, de Vries JE. IL-13 induces proliferation, Ig isotype switch-

ing, and |g synthesis by immature human fetal B cells. J Immunol
1994;152:1094-102.
Cocks BG, de Waal Malefyt R, Galizzi J, deVries JE, Aversa G. 1L-13

36.

37.

38.

39.

41.

42.

47.

49.

50.

51.

52.

53.

J ALLERGY CLIN IMMUNOL
SEPTEMBER 1998

induces proliferation and differentiation of human B cells activated by the
CDA40 ligand. Int Immunol 1993;5:657-63.

Zurawski G, De Vries JE. Interleukin-13, an interleukin-4 like cytokine
that acts on monocytes and B cells, but not on T cells. Immunol Today
1994;15:19-26.

Bochner BS, Klunk DA, Sterbinsky SA, Coffman RL, Schleimer RP. IL-
13 selectively induces vascular cell adhesion molecule-1 expression in
human endothelial cells. J Immunol 1995;154:799-803.

Dvorak AM. Human mast cells, ultrastructural observation of in situ, ex
vivo, and in vitro sites, sources, and systems. In: Kaliner MA, Metcalfe
DD, editors. The mast cell in health and disease. New York: Marcel
Dekker, Inc; 1993. p. 1.

Mitui H, Furitsu T, Dvorak AM, Irani AAM, Schwartz LB, Inagaki N, et
al. Development of human mast cells from umbilical cord blood cells by
recombinant human and murine c-kit ligand. Proc Natl Acad Sci USA
1993;90:735-9.

. Durand B, Migliacco G, Yee NS, Eddleman K, Huima-Byron T, Migliac-

cio AR, et a. Long-term generation of human mast cells in serum free-
cultures of CD34+ cord blood cells stimulated with stem cell factor and
interleukin-3. Blood 1994;84:3667-74.

Irani AM, Nilsson G, Miettinen U, Craig SS, Ashman LK, Ishizaka T, et
al. Recombinant human stem cell factor stimulates differentiation of mast
cells from dispersed human fetal liver cells. Blood 1992;80:3009-21.
Xia H-Z, Du Z, Craig S, Klisch G, Noben-Trauth N, Kochan JP, et al.
Effect of recombinant human IL-4 on tryptase, chymase, and Fce recep-
tor type | expression in recombinant human stem cell factor-dependent
fetal liver-derived human mast cells. J Immunol 1997;159:2911-21.

. Banks EMS, Coleman JW. A comparative study of peritoneal mast cells

from mutant IL-4 deficient and normal mice: evidence that IL-4 is not
essential for mast cell development but enhances secretion via control of
IgE binding and passive sensitization. Cytokine 1995;8:190-6.

. GuptaAA, Leal-Berumen |, Croitoru K, Marshall JS. Rat peritoneal mast

cells produce | FN-y following | L-12 treatment but not in response to IgE-
mediated activation. J Immunol 1996;157:2123-8.

. Zurawski SM, Vega F Jr, Huyghe B, Zurawski G. Receptors for inter-

leukin-13 and interleukin-4 are complex and share a novel component
that functionsin signal transduction. EMBO J 1993;12:2663-70.

. Callard RE, Matthews DJ, Hibbert L. IL-4 and IL-13 receptors: Are they

one and the same? Immunol Today 1996;17:108-10.

Aversa G, Punnonen J, Cocks BG, de Waal Malefyt R, Vega F, Zurawski
S, et d. An interleukin 4 (IL-4) mutant protein inhibits both IL-4 or IL-
13-induced human immunoglobulin G4 (1gG4) and IgE synthesis and B
cell proliferation: support for a common component shared by IL-4 and
IL-13 receptors. J Exp Med 1993;178:2213-8.

. Keegan AD, Johnston JA, Tortolani PJ, McReynolds LJ, Kinzer C,

O’Shea JJ, et a. Similarities and differences in signal transduction by
interleukin 4 and interleukin 13: analysis of Janus kinase activation. Proc
Natl Acad Sci USA 1995;92:7681-5.

Welham MJ, Learmonth L, Bone H, Schrader JW. Interleukin-13 signal
transduction in lymphohemopoietic cells. Similarities and differences in
signal transduction with interleukin-4 and insulin. J Biol Chem
1995;270:12286-96.

Hilton DJ, Zhang J, Metcalf D, Alexander WS, Nicola NA, Willson TA.
Cloning and characterization of a binding subunit of the interleukin 13
receptor that is also a component of the interleukin 4 receptor. Proc Natl
Acad Sci USA 1996;93:497-501.

Aman MJ, Tayebi N, Obiri NI, Puri RK, Modi WS, Leonard WJ. cDNA
cloning and characterizaion of the human interleukin 13 receptor a chain.
J Biol Chem 1996;271:29265-70.

Caput D, Laurent B, Kaghad M, Lelias M, Lefort S, VitaN, et a. Cloning
and characterizaion of a specific interleukin (IL)-13 binding protein
structurally related to the IL-5 receptor a chain. J Biol Chem
1996;271:16921-6.

lzuharaK, Heike T, Otsuka T, Yamaoka K, Mayumi M, ImamuraT, et al.
Signal transduction pathway of interleukin-4 and interleukin-13 in human
B cells derived from X-linked severe combined immunodeficiency
patients. J Biol Chem 1996;271:619-22.

. Lin X, Migone TS, Tsang M, Friedmann M, Weatherbee JA, Zhou L, et

al. The role of shared receptor motifs and common Stat proteins in the
generation of cytokine pleiotropy and redundancy by IL-2, IL-4, IL-7, IL-
13 and IL-15. Immunity 1995;2:331-9.



