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Marked increase in CC chemokine gene expression in both human and mouse
mast cell transcriptomes following Fc� receptor I cross-linking:
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Rodent mast cells (MCs) are common
experimental tools but are somewhat
different from their human counterparts
in their responses to certain cytokines
and drugs. We examined the expression
of more than 10 000 distinct genes in
human and mouse cultured MCs using
high-density oligonucleotide probe ar-
rays to find molecules similarly regu-
lated and expressed by the 2 MC types.
After stimulation via high-affinity Fc�

receptor I (Fc�RI), the transcriptional
levels of several CC chemokines were
markedly increased, and I-309 (CCL1),
macrophage inflammatory protein-1�

(MIP-1�) (CCL3) and MIP-1� (CCL4) were
found among the 10 most increased
human and mouse transcripts from ap-
proximately 12 000 genes (including
some expressed sequence tags). In ad-
dition, a costimulatory molecule that
was originally found on the membrane
of activated T cells, 4-1BB (CD137), was
found among the 10 most increased
transcripts. The Fc�RI-induced expres-
sion of CC chemokines and 4-1BB was
also detected at the protein level in both
MC types. The conservation of these
responses suggests that MCs play a
crucial role in recruitment of various

CCR-expressing cells into the tissue in
a manner dependent on immunoglobin E,
and that Fc�RI-mediated induction of
several CC chemokines and 4-1BB is
highly conserved between human and
mouse. Interspecies comparison stud-
ies at the whole genome expression
level should be useful for the interpreta-
tion of experimental data obtained in
animal models of human pathobiology.
(Blood. 2002;100:3861-3868)
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Introduction

Mast cells (MCs) express the high-affinity immunoglobin E (IgE)
receptor (Fc�RI) on their surface, and they can be activated to
secrete a variety of biologically active mediators by cross-linking
of receptor-bound IgE. The release of mediators from MCs is
responsible for the IgE-dependent allergic reactions clinically
recognized as anaphylactic reactions, acute asthma, and allergic
rhinitis.1 However, much information about MC biology has been
established by using commonly available rodent counterparts.
Recently, it has become clear that human MCs show somewhat
distinct responses to antiasthma drugs compared to rodent MCs.2,3

Therefore, it is now necessary to determine which observations
obtained using rodent MCs are applicable to the human.

A draft reading of all human genome sequences has been
completed.4,5 It is expected that in the near future we will resolve
previously unanswered questions, such as the probability of
development of various diseases, by screening for single nucleotide
polymorphisms over the whole genome sequence. Comprehension
of the genome has also accelerated our understanding of the
transcriptome,6 which is the totality of transcripts present in a cell,

and the proteome,7 the proteins present in specific cell. Recently
developed techniques—cDNA microarrays8 and oligonucleotide
expression probe arrays9—have made systematic analyses of
transcriptomes practical. High-density oligonucleotide expression
probe array (GeneChip, Affymetrix, Santa Clara, CA) is designed
to measure the absolute levels of more than 10 000 transcripts,
regardless of the cell type, by using the same set of inner standards
on a 1.6-cm2 glass chip. Competition with another cell type is
required for cDNA microarray assay, but not with the GeneChip.
Thus, we can compare the expression levels of more than 10 000
transcripts even in different cell types by using the high-density
oligonucleotide probe array.9-11 In the present study, we used the
GeneChip for transcriptomes to analyze the RNA from mouse bone
marrow–derived cultured MCs12-14 and human cord blood–derived
cultured MCs,15-17 both widely used as experimental tools in MC
biology. We found that the mRNA levels of several CC chemokines
(ie, a subgroup of small [8-14 kDa], basic, structurally related
molecules that regulate cell chemotaxis18) were markedly increased
after stimulation via Fc�RI in both human and murine MCs.
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Materials and methods

Cytokines and antibodies

Recombinant human (rh) interleukin 3 (IL-3) and recombinant mouse (rm) IL-3
were purchased from Intergen (Purchase, NY); rh IL-6 was kindly provided by
Kirin Brewery (Maebashi, Japan); and rh IL-4 was purchased from R&D
Systems (Minneapolis, MN). Recombinant human and mouse stem cell factors
(SCFs) were purchased from PeproTech EC (London, England). Anti-human
tryptase monoclonal antibody (mAb) was purchased from Chemicon (Temecula,
CA). Anti-human CD137, 4-1BB mAb (clone 4B4-1, mouse IgG1), and its
irrelevant antibody (Ab) were purchased from Beckman Coulter Japan (Tokyo,
Japan). Anti-mouse CD137, 4-1BB mAb (clone 1AH2), its control Ab, rat
IgG1�, and R-phycoerythrin–conjugated goat anti-mouse and anti-rat Abs were
purchased from BD Pharmingen (San Diego, CA).

Purification of human CD34� cells

All human subjects in this study provided written informed consent, and the
study was approved by the ethical review boards at their hospitals.
Mononuclear cells were obtained from umbilical cord blood samples
derived from healthy nonatopic mothers and separated by density-gradient
centrifugation on Lymphocyte Separation Medium (Organon Teknika,
Durham, NC). The interface containing mononuclear cells was collected.
CD34� cells were positively selected from cord blood (CB)–derived
mononuclear cells by means of a CD34� cell isolation kit and a magnetic
separation column (MACS II, Miltenyi Biotec, Bergisch Gladbach, Ger-
many) used according to the manufacturer’s instructions.

Culture of human MCs from CD34� cells

Human CD34� cells were suspended in complete Iscove modified Dul-
becco medium (IMDM), which consisted of IMDM (Life Technologies,
Rockville, MD) supplemented with 1% insulin-transferrin-selenium-A
supplement (Life Technologies), 50 �M 2-ME (Life Technologies), 100
units/mL penicillin (Life Technologies), 100 �g/mL streptomycin (Life
Technologies), and 0.1% bovine serum albumin (BSA; Sigma, St Louis,
MO). CD34� cells were cultured in the complete IMDM supplemented
with 100 ng/mL SCF, 50 ng/mL IL-6, and 2% fetal calf serum (FCS;
Cansera, Rexdale, Canada) in 25- or 75-cm2 flasks (Iwaki Glass, Tokyo,
Japan) as described elsewhere.10,11,15 After 11 to 14 weeks of culture, the
cells (� 99% were tryptase positive) were further treated with IL-3 at 10
ng/mL in addition to the above cytokines for 7 days and then used for
transcriptome and cytokine production assay. IL-3 was added after 11
weeks because it stimulates basophil production when added from the
beginning of culture19 but prevents the apoptosis of cord blood–derived
MCs when added after 10 weeks of culture20 and because mouse MCs
require mIL-3. In a preliminary study, IL-3 did not promote functional
maturation of IgE-dependent histamine release and granulocyte-macro-
phage colony-stimulating factor (GM-CSF) production.

Activation of human MCs

The human MCs were sensitized with 1 �g/mLhuman myeloma IgE (a generous
gift from Dr Kimishige Ishizaka, La Jolla, CA) at 37°C for 48 hours in the
presence of IL-4 plus SCF and IL-6. After washing, the cells were suspended in
the complete IMDM with the above cytokines. The cells were then challenged
with either 1.5 �g/mL rabbit anti-human IgE Ab (Dako, Glostrup, Denmark) or
the culture medium alone at 37°C for 6 hours.

Culture of WEHI-3 cell line

We used conditioned medium from the WEHI-3 cell line (American Type
Culture Collection, Rockville, MD) as a source of IL-3. The cells were suspended
at 5 � 105 cells/mL and cultured in RPMI 1640 medium (Life Technologies)
supplemented with 10% FCS, 10 mM HEPES (N-2-hydroxyethylpiperazine-N�-
2-ethanesulfonic acid; Sigma, and 50 �M 2-ME for 72 hours. The supernatant
was then collected after centrifuging at 800g for 15 minutes and stored at �40°C
after filtration.

Culture of mouse MCs from bone marrow cells

BALB/c mice were purchased from Japan SLC (Hamamatsu, Japan). NOA
mice (Naruto Research Institute Otsuka Atrichia, Naruto, Japan) were of
Japanese fancy-mice origin and are reported to have high susceptibility to
development of atopic eczemalike dermatitis.21 All animal experiments
were performed under the protocol approved by each institutional review
board. Cultured mouse MCs were generated from the femoral bone marrow
cells of mice as described previously.14,22 Cells were grown in RPMI 1640
medium supplemented with 10% FCS, 50 �M 2-ME, and 20% WEHI3 cell
line–conditioned medium as a source of MC growth factors by replacement
of half of the medium weekly. After 4 to 5 weeks of culture, more than 98%
of the cells were identifiable as MCs by toluidine blue staining. For some of
the experiments, the cells were further cultured with rm SCF at 100 ng/mL
in addition to the above medium for 7 days.

Activation of mouse MCs

Cultured mouse MCs were sensitized overnight with 2 �g/mL mouse
monoclonal antidinitrophenol (anti-DNP) IgE Ab (a generous gift from Dr
Kimishige Ishizaka) in the above culture medium. After sensitization, the
cells were washed twice and suspended at 1 � 106 cells/mL in the culture
medium. The cells were challenged with either an optimal concentration
(10 ng/mL) of DNP derivatives of bovine serum albumin (DNP-BSA,
containing 35 DNP groups per BSA molecule; Calbiochem, La Jolla, CA)
or control solution at 37°C for 6 hours. The spleen was obtained as the
control tissue for MC-specific genes.

GeneChip expression analysis

Human genome-wide gene expression was examined by using the Human
Genome U95A probe array (GeneChip, Affymetrix), which contains the
oligonucleotide probe set for approximately 12 000 full-length genes,
according to the manufacturer’s protocol (Expression Analysis Technical
Manual) and previous reports.10,11 Mouse genome screening was done by
using Murine Genome U74A probe array (GeneChip, Affymetrix) contain-
ing approximately 6000 full-length genes and 6000 expressed sequence
tags (ESTs). Total RNA (3-10 �g) was extracted from approximately 107

cells. Double-stranded cDNA was synthesized by means of a SuperScript
Choice system (Life Technologies, Rockville, MD) and a T7-(dT)24 primer
(Amersham Pharmacia Biotech, Buckinghamshire, England). The cDNA
was subjected to in vitro transcription in the presence of biotinylated
nucleoside triphosphates by means of a BioArray High Yield RNA
Transcript Labeling Kit (Enzo Diagnostics, Farmingdale, NY). The biotin-
ylated cRNA was hybridized with a probe array for 16 hours at 45°C. After
washing, the hybridized biotinylated cRNA was stained with streptavidin-
phycoerythrin (Molecular Probes, Eugene, OR) and then scanned with an
HP Gene Array Scanner (Affymetrix). The fluorescence intensity of each
probe was quantified with a computer program, GeneChip Analysis Suite
4.0 (Affymetrix). The expression level of a single mRNA was determined as
the average fluorescence intensity among the intensities obtained by 6- to
20-paired (perfect-matched and single nucleotide-mismatched) probes
consisting of 18- to 25-mer oligonucleotides. If the intensities of mis-
matched probes were very high, gene expression was judged to be absent
even if a high average fluorescence was obtained with the GeneChip
Analysis Suite 4.0 program. The level of gene expression was determined as
the average difference (AD) using the GeneChip software. The percentages
of the specific AD level versus the mean AD level of 6 probe sets for
housekeeping genes (	-actin and glyceraldehyde-3-phosphate dehydroge-
nase) were then calculated.

ELISA for CC-chemokines

Human I-309 (CCL1) was measured by sandwich enzyme-linked immu-
nosorbent assay (ELISA). Ninety-six–well microtitre plates (Nunc-Immuno
Module F8 MaxiSorp, Nalge Nunc International, Roskilde, Denmark) were
coated with 5 �g/mL of mouse anti-human I-309 mAb (clone no. 35305.11,
R&D Systems) in carbonate buffer at 4°C. After overnight incubation the
wells were blocked for 2 hours with the blocking solution (Blocking reagent
for ELISA, Roche Diagnostics, Mannheim, Germany), and, after washing,
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100 �L of samples were allowed to incubate for 18 hours. After incubation,
the plates were treated with 100 �L of biotinylated anti-human I-309 Ab (0.3
�g/mL, PeproTech EC) for 3 hours, followed by 100 �L of streptavidin-
peroxidase (Life Technologies) for 45 minutes. The plates were developed with
the TMB microwell peroxidase substrate system (Kirkegaard & Perry Laborato-
ries, Gaithersburg, MD); the reactions were stopped with 1 M phosphoric acid.
Absorbance was measured at 450 nm, and a standard curve was generated by
using recombinant I-309 (PeproTech EC). The sensitivity of the assay was 41
pg/mL. Mouse I-309 was also measured by ELISA according to the above
method,with some modification. Hamster anti-mouse I-309 (annotated as TCA3)
mAb (clone 4B12, BD Pharmingen) and biotinylated anti-mouse I-309 (TCA3)
antibody (0.3 �g/mL, R&D Systems) were using the coating and the captured
antibodies, respectively. The standard curve was generated by using recombinant
I-309 (BD Pharmingen). The sensitivity of the assay was 123 pg/mL. Monocyte
chemoattractant protein-1 (MCP-1; CCL2) and macrophage inflammatory
protein-1	 (MIP-1	; CCL4) were measured by ELISA kits purchased from
R&D Systems.

Flow cytometric analyses

MCs were suspended in phosphate-buffered saline (PBS) containing 1% BSA
and 0.1% NaN3. The cells were then incubated with each primary Ab or its

irrelevant Ab in the presence of human IgG (ICN Biomedicals, Aurora, OH) for
30 minutes. They were then incubated with either fluorescein isothiocyanate
(FITC)– or phycoerythrin-conjugated goat anti-mouse IgG Ab or goat anti-rat
IgG Ab for 30 minutes at 4°C in the dark. After washing, the cells were analyzed
by fluorescence-activated cell sorter (FACS) and Cell Quest software (Becton
Dickinson, San Jose, CA). The mean fluorescence intensities (MFIs) of MCs
stained with specific Ab and those stained with control Ab were obtained.

Statistical analysis

Differences between 2 paired groups were analyzed by the paired Student t
test and were considered significant at P 
 .05. Values are expressed as the
mean � SEM.

Results

Marked increase in CC chemokine transcripts in activated MCs

The aim of this study was to compare the gene expression profiles
of widely used functionally mature MC types derived from humans

Table 1. Most increased transcripts in activated human and mouse MCs

Name of transcript (protein)
GenBank

accession no.*

Experiment 1†‡ Experiment 2 Experiment 3

Fold increase§Rest Act Rest Act Rest Act

Human MCs

Class I MHC-restricted T-cell-associated molecule AF001622 
0.1� 4.1 
0.1 5.0 ND ND 676.0

CCL1, I-309 M57506 0.1 36.7 0.1 66.9 ND ND 446.0

GM-CSF M13207 0.1 2.5 0.4 52.6 ND ND 108.6

CCL4, MIP-1	 J04130 1.6 22.5 1.5 69.1 ND ND 30.1

CD137, 4-1BB U03397 
0.1 2.6 0.2 4.9 ND ND 24.2

Gem GTPase U10550 0.4 2.3 0.4 12.4 ND ND 20.2

CXCL8, IL-8 M28130 4.2 20.5 2.2 78.5 ND ND 15.4

CCL3, MIP-1� D90144 3.0 7.8 2.0 65.5 ND ND 14.5

Putative cyclin G1-interacting protein U61836 0.6 7.5 1.3 19.5 ND ND 13.8

IL-3 M20137 0.8 2.6 0.3 12.9 ND ND 13.5

P1 cre recombinase (3�)¶ — 59.9 58.6 49.0 55.4 ND ND

P1 cre recombinase (5�) — 42.3 39.0 30.1 40.4 ND ND

Mean, 6 AD levels of housekeeping genes 12710 15606 17850 16398 ND ND

Mouse MCs

CCL1, I-309 M23501 
0.1� 17.5 
0.1 4.2 0.2 25.1 208.2

CD137, 4-1BB AA798611 0.2 26.4 0.5 36.4 1.0 67.1 73.9

CCL7, MCP-3 X70058 0.1 21.7 0.3 14.4 0.4 15.1 60.5

Myeloid differentiation primary response gene 118 X54149 0.9 18.2 
0.1 2.4 0.3 5.6 21.4

CCL3, MIP-1� J04491 1.2 72.9 2.2 7.2 4.0 17.5 13.2

CCL4, MIP-1	 X62502 
0.1 23.1 1.0 6.9 3.2 12.9 10.2

Homeodomain interacting protein kinase 2 AF077659 1.4 7.9 0.5 4.9 
0.1 4.9 8.9

Asparagine synthetase U38940 0.8 6.1 4.2 38.0 6.2 48.3 8.3

UI-M-BH2.2-aoo-b-05-0-UI.s1 AW122030 1.3 7.4 3.1 26.2 4.8 34.4 7.4

Secreted phosphoprotein 1 X13986 1.1 14.6 1.1 5.6 2.4 11.2 6.9

P1 cre recombinase (3�)¶ — 112.7 83.3 133.5 152.2 112.8 91.2 58.6

P1 cre recombinase (5�) — 72.2 56.5 75.8 83.7 66.4 48.7 39.0

Mean, 6 AD levels of housekeeping genes 13754 18553 11767 11733 9223 7819

Unreviewed additional data are shown at http://www.nch.go.jp/imal/English_index.htm.
Rest indicates resting; Act, active; MHC, major histocompatibility complex; GTPase, guanosine triphosphatase; AD, average difference; and ND, not done.
*The GenBank is accessible at http://www.ncbi.nlm.nih.gov.
†Three different batches of human cord blood-derived cultured MCs at week 14 (experiment 1) and week 11 (experiment 2) were primed with SCF, IL-3, IL-6, and IL-4 (see

“Materials and methods”). Sensitized MCs were then challenged with either anti-IgE (activated) or control medium (resting) for 6 hours.
‡Balb/c mouse bone marrow-derived cultured MCs at week 4 (experiment 1) with IL-3 were further cultured with IL-3 plus SCF for 1 week (experiment 2). NOA mouse bone

marrow-derived cultured MCs at week 4 with IL-3 were also cultured with SCF and IL-3 (see “Materials and methods”). Sensitized MCs were then challenged with either
DNP-BSA antigen (activated) or control medium (resting) for 6 hours.

§Fold increase was obtained by calculating the AD levels of activated MCs vs those of resting MCs.
�The percentages of the specific average AD level versus the mean AD level of 6 probe sets for housekeeping genes are shown. Only transcripts that expressed more than

2% of housekeeping gene levels and that were judged to be present in activated cells are shown in this table.
¶External standards such as P1 cre recombinase protein were added to cRNA of the target sample just prior to the hybridization (see “Materials and methods”) to evaluate the

difference between samples. These standards were found at similar levels (an increase of less than 2-fold) in these MC samples after compensation for the housekeeping genes.
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Table 2. Transcripts for chemokines, cytokines, and their receptors expressed by human and mouse MCs

GenBank
accession no.*

Human 1† Human 2‡
Fold

increase**
GenBank

accession no.*

Mouse 1§ Mouse 2� Mouse 3¶
Fold

increaseRest# Act# Rest Act Rest# Act# Rest Act Rest Act

Chemokines
CCL1, I-309 M57506 0.1 36.7 0.1 66.9 446.0 M23501 0.0 17.5 0.0 4.2 0.2 25.1 208.1
CCL2, MCP-1 X26683 50.0 70.7 28.3 99.3 2.2 M19681 19.4 35.9 30.1 39.1 29.7 43.2 1.5
CCL3, MIP-1� D90144 3.0 7.8 2.0 65.5 14.5 J04491 1.2 72.9 2.2 7.2 4.0 17.5 13.2
CCL4, MIP-1	 J04130 1.6 22.5 1.5 69.1 30.1 X62502 0.0 23.1 1.0 6.9 3.2 12.9 10.2
CCL5, RANTES M21121 0.0 0.3 0.0 0.2 12.9 AF065947 0.1 2.7 0.0 0.1 0.0 0.5 55.3
CCL7, MCP-3 X72308 3.0 4.1 0.4 2.2 1.9 X70058 0.1 21.7 0.3 14.4 0.4 15.1 60.5
CCL8, MCP-2 Y16645 6.9 5.1 2.2 2.8 0.9 AB023418 0.2 0.0 0.3 0.2 0.3 0.8 1.3
CCL11, Eotaxin U46573 0.2 0.4 0.2 0.1 1.3 U77462 0.1 0.1 0.2 0.3 0.4 0.3 1.2
CCL22, MDC U83171 0.6 2.1 0.3 0.0 2.3 AF052505 0.3 0.9 1.2 1.2 2.1 2.1 1.2
CCL25, TECK U86358 1.2 1.5 0.3 1.1 1.7 AJ249480 0.0 0.1 0.2 0.2 0.3 0.2 0.9
CX3CL, fractalkine U84487 0.3 0.4 0.3 0.1 0.9 U92565 0.0 0.0 0.0 0.0 0.0 0.2 11.8
CXCL4, PF4 M25897 0.1 0.3 0.3 0.5 1.5 AB017491 0.0 0.0 0.0 0.3 0.0 0.1 9.9
CXCL5, CKA-3 U81234 0.2 0.2 0.3 0.4 1.1 U27267 0.0 0.1 0.0 0.1 0.3 0.2 1.2

Cytokines
G-CSF X03656 0.0 0.0 0.0 0.0 1.0 M13926 1.8 1.4 3.1 1.9 4.8 2.0 0.6
GM-CSF M13207 0.1 2.5 0.4 52.6 108.6 X03020 0.0 2.3 0.0 0.0 0.0 0.7 182.7
IFN� M28585 0.0 0.1 0.0 0.0 7.7 M28587 0.3 0.0 0.0 0.0 0.4 0.4 0.6
IFN	1 V00535 0.0 0.0 0.0 0.0 1.0 V00755 0.8 2.2 0.9 2.8 5.8 6.6 1.5
IFN
 J00219 0.0 0.0 0.0 0.0 1.0 K00083 0.0 0.1 0.1 0.0 0.0 0.0 0.6
IL-1� M28983 0.2 0.1 0.1 0.1 0.8 M14639 0.2 4.1 0.6 0.8 0.7 3.6 5.8
IL-1	 M15330 12.1 13.4 1.6 4.9 1.3 M15131 1.6 16.8 1.0 1.2 2.6 5.7 4.6
IL-2 M22005 0.0 0.0 0.0 0.0 1.0 K02292 0.0 0.0 0.0 0.0 0.0 0.0 0.5
IL-5 X04688 0.3 0.9 0.1 5.5 16.0 X06271 0.0 0.2 0.2 0.2 0.4 0.3 1.2
IL-6 X04430 0.0 0.2 0.0 0.3 9.9 X54542 4.4 26.1 16.6 14.0 20.9 28.7 1.6
IL-7 J04156 0.5 0.2 0.2 0.1 0.4 X07962 0.1 0.1 0.1 0.0 0.2 0.7 1.8
IL-10 U16720 0.6 0.8 3.5 4.0 1.2 M37897 0.1 0.2 0.3 0.3 0.1 0.0 0.9
IL-12a M65291 0.1 0.0 0.2 0.1 0.5 M86672 0.0 0.1 0.1 0.2 0.4 0.2 0.9
IL-12b M65290 0.0 0.0 0.0 0.0 1.0 M86671 0.0 0.0 0.0 0.0 0.0 0.0 0.9
IL-13 U31120 0.3 0.7 0.5 2.3 3.6 M23504 0.2 8.6 0.0 0.1 0.0 1.4 50.3
IL-16 M90391 0.5 0.4 0.4 0.1 0.6 AF017111 0.9 0.7 3.4 2.5 6.0 3.2 0.6
IL-17 U32659 0.0 0.0 0.0 0.0 0.3 L13839 0.0 0.1 0.1 0.1 0.3 0.3 1.2
IL-18 D49950 1.2 1.5 1.0 0.7 1.0 D49949 0.0 0.0 0.0 0.0 0.0 0.0 0.9
M-CSF M37435 5.0 6.3 4.7 41.3 4.9 M21952 1.6 3.3 18.3 28.3 32.1 52.7 1.6
TNF� X02910 0.2 0.5 0.5 5.7 8.7 D84196 0.2 4.3 1.0 1.5 1.1 3.9 4.1

Chemokine receptors
CCR1 D10925 0.0 0.1 0.6 1.0 1.7 U29678 0.8 5.5 9.1 4.5 18.0 13.7 0.8
CCR2 U03905 0.4 0.1 0.2 0.3 0.7 U56819 0.5 0.5 1.1 0.2 9.9 2.5 0.3
CCR3 U28694 0.2 0.1 0.1 0.1 1.0 U29677 0.2 0.3 0.3 0.1 0.4 0.4 0.8
CCR6 U45984 0.0 0.0 0.0 0.0 2.7 AJ222714 0.5 0.0 1.7 0.9 1.7 2.1 0.8
CCR9 AJ132337 0.1 0.1 0.2 0.0 0.5 AJ132336 0.1 0.0 0.1 0.5 0.2 0.0 1.6
CX3CR1 U20350 0.0 0.0 0.1 0.0 0.7 AF074912 1.3 0.5 1.2 1.5 1.4 1.3 0.8
CXCR3 X95876 0.1 0.1 0.0 0.9 15.6 AF045146 0.6 0.8 1.7 1.8 2.1 2.3 1.1
CXCR4 L06797 0.5 0.4 1.5 0.8 0.6 U15208 0.1 0.1 0.0 0.0 0.0 0.0 1.1

Cytokine receptors
c-Kit X06182 27.7 21.4 11.2 2.6 0.6 Y00864 36.9 26.9 70.0 57.4 56.7 50.3 0.8
G-CSFR M59818 0.2 0.0 0.3 0.5 0.9 U05894 1.7 2.1 2.9 4.9 4.4 1.9 1.0
IFNgR U19247 4.5 4.9 5.2 5.0 1.0 M28233 0.3 0.4 1.2 0.5 1.8 1.7 0.8
IL-1R M27492 1.0 1.5 2.1 3.0 1.4 M20658 0.2 0.4 0.7 0.9 0.4 1.2 1.7
IL-2R X01057 0.1 0.6 0.1 0.4 8.0 M26271 0.3 0.1 0.2 0.0 0.4 0.3 0.5
IL-2R	 M26062 0.0 0.0 0.0 0.0 1.0 M28052 0.1 0.1 0.1 0.6 0.3 0.0 1.6
IL-2R
 D11086 6.0 9.7 3.9 8.0 1.8 X75337 0.8 1.0 1.2 2.0 1.1 1.7 1.5
IL-3R� D49410 1.0 1.4 1.2 2.8 1.9 X64534 1.8 0.8 2.7 2.4 6.4 5.5 0.8
IL-3R	1 AL008637 21.4 13.6 26.8 10.4 0.5 M34397 36.2 30.6 63.9 68.4 34.7 30.6 1.0
IL-4R X52425 16.8 17.4 10.5 14.8 1.2 M27960 13.5 6.2 34.2 20.7 46.1 21.9 0.5
IL-6R X12830 0.0 0.0 0.0 0.0 1.0 X51975 0.2 0.0 0.3 0.9 1.2 0.9 1.1
IL-7R M29696 2.0 5.1 2.1 12.1 4.2 M29697 0.2 1.1 0.6 1.3 1.5 2.5 2.0
IL-9R L39064 7.0 4.5 2.2 1.7 0.7 M84746 0.0 0.0 0.2 0.9 0.0 0.4 5.4
IL-10R U00672 0.2 0.7 0.6 1.0 2.3 L12120 3.8 5.9 6.0 9.5 7.5 8.9 1.4
IL-11R U32324 0.8 0.9 0.4 0.3 1.0 U14412 0.6 0.4 1.2 0.0 1.9 1.2 0.4
IL-17R U58917 1.2 0.7 2.4 2.3 0.8 U31993 4.5 2.4 4.3 3.7 5.8 4.6 0.7
M-CSFR X03663 0.0 0.0 0.0 0.0 1.0 X06368 0.4 0.6 0.8 0.4 0.4 1.2 1.3

Numbers in roman indicate “presence” transcripts, which were judged by the GeneChip software; numbers in italics indicate “marginal” or “absence” transcripts.
Rest indicates resting; and Act, active.
*The GenBank is accessible at http://www.ncbi.nlm.nih.gov.
†Three different batches of human cord blood-derived cultured MCs at week 14 were primed with SCF, IL-3, IL-6, and IL-4 (see “Materials and methods”).
‡Three different batches of human cord blood-derived cultured MCs at week 11 were primed with SCF, IL-3, IL-6, and IL-4.
§Balb/c mouse bone marrow cells were cultured for 4 weeks in the presence of WEHI-3 conditioned medium.
�Balb/c mouse bone marrow cells were cultured for 4 weeks in the presence of WEHI-3 conditioned medium and then mrSCF was added to the culture for 1 week.
¶NOA mouse bone marrow cells were cultured for 4 weeks in the presence of WEHI-3 conditioned medium and then mrSCF was added to the culture for 1 week.
#Sensitized MCs were then challenged with either anti-IgE for human MCs, DNP-BSA for mouse MCs (activated), or control medium (resting) for 6 hours.
**Fold increase was obtained by calculating the AD levels of activated MCs vs those of resting MCs.
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and mice. Human cord blood–derived cultured MCs require SCF,
IL-6, and IL-4, while mouse MCs require IL-3 for their develop-
ment and functional maturation.14,15 As much as possible, we tried
to compensate for differences in the standard culture conditions.
We added IL-3 for human MCs and SCF for mouse MCs in this
study, although these cytokines did not have a significant effect on
cytokine production in a preliminary study. We did not add IL-4 or
IL-6 to the mouse culture system, since they induce apoptosis of
mouse MCs23 or development of other cell types, such as mouse
dendritic cells.24 After stimulation via Fc�RI, 4 common molecules
were found in the 10 most increased human transcripts and mouse
transcripts among approximately 12 000 genes (Table 1). Three of
the 4 increased transcripts were for CC chemokines: I-309 (CCL1),
MIP-1� (CCL3), and MIP-1	 (CCL4). The other transcript in-
creased in both human and mouse MCs was for 4-1BB (CD137).

Similar chemokine gene expression profiles of human and
mouse MCs

Next, we compared gene expression profiles of human MCs and
mouse MCs with respect to chemokines, cytokines, and their
receptors. As shown in Table 2, remarkable similarities were found
in the IgE-dependent transcriptional regulation of CC chemokines
between the 2 MC types. Among these similarly regulated chemo-
kines, MCP-1 (CCL2) was highly expressed by activated MCs as
well as resting MCs.

Protein expression of CC chemokines and 4-1BB (CD137) by
human and mouse MCs

We used ELISA to examine whether these chemokines are also
increased at the protein level by IgE-dependent stimulation (Figure
1). As expected, the proteins I-309 (CCL1), MCP-1 (CCL2), and
MIP-1	 (CCL4) were detected in both cultured human MCs and
mouse MCs after cross-linking of Fc�RI. The protein levels of
human MCP-1 and MIP-1	 released from activated human MCs
were the highest among the cytokines/chemokines we have tested
(GM-CSF, IL-5, IL-8, IL-13, and CCL3; MIP-1�).10,15,25 Mouse
I-309, MCP-1, and MIP-1	 were also produced at high levels. On
the other hand, human I-309 proteins were produced at relatively
low levels, in spite of abundant expression of their transcripts. We
found in a preliminary study that human I-309 was unstable. When
we incubated the 2 batches of 106 human MCs with anti-IgE for 6,
24, and 48 hours, I-309 was found at 13.8ng/3.64ng, 1.89ng/

0.95ng, and 1.28ng/0.58ng, respectively. Thus, I-309 was rapidly
degraded during 6 to 24 hours’ incubation with MCs at 37°C. Both
human and mouse MCP-1, whose mRNA levels were high in
resting MCs, were detected also as proteins before IgE stimulation,
whereas the 2 other CC chemokine proteins were not detected in
the resting MCs.

The molecule 4-1BB (CD137), recently found to be an impor-
tant costimulatory molecule in T cells,26 natural killer (NK) cells,27

monocytes,28 and eosinophils,29 was up-regulated in both human
and mouse MCs by Fc�RI-mediated stimulation. The surface
4-1BB expression on both human and mouse MCs was up-
regulated following Fc�RI cross-linking (Figure 2).

Interspecies comparison of MC-specific transcripts

We used GeneChip to find abundant human and mouse MC-
specific transcripts. We measured the 12 000 genes and ESTs by
comparing the expression levels in MCs and those in mouse spleen
cells or human leukocytes (neutrophils, eosinophils, and mono-
nuclear cells). Then we selected abundant MC-specific transcripts,
whose signals were more than 10-fold higher than in these control
cell types, by sorting them on the bassis of expression levels (Table
3). As previously reported,11 both human and mouse cultured MCs
expressed several proteases, such as tryptase, at the highest levels.

We selected orthologous genes (homologous genes in different
species evolving from the same common ancestral gene)30 of
cytokines, chemokines, their receptors, CD molecules, housekeep-
ing, mouse MC-specific, and human MC-specific molecules from
the 12 000 distinct genes. The pairs of orthologs were selected
primarily on the basis of perfectly coincident annotation. If the
annotation was partially matched, we examined the homology
between the 2 MC transcripts by consulting the UniGene Web site
(http://www.ncbi.nlm.nih.gov/UniGene/) and the Human-Mouse
Homology Map (http://www.ncbi.nlm.nih.gov/Homology/; this map
became available during preparation of this paper).31 Finally, we
selected 287 pairs of orthologous genes, as shown in Figure 3. We
confirmed that the gene expression of several CC chemokines, such
as I-309 (CCL1), was regulated in a very similar manner. The
names and expression levels of these 287 genes are shown as
unreviewed additional material at our Web site (http://www.nch.
go.jp/imal/English_index.htm).

It should be noted that several MC-specific transcripts could not
be compared. Human cells are known to lack a 	2 subunit of the
IL-3 receptor, and the homology between human IL-3 and mouse

Figure 1. Fc�RI-dependent release of I-309 (CCL1), MCP-1 (CCL2), and MIP-1�

(CCL4) by human and mouse cultured MCs. Sensitized MCs were challenged with
anti-IgE (panel A human, f), DNP-BSA (panel B mouse, f), or the control medium
(�) and incubated at 5 � 105 cells/mL. After 6 hours, the supernatants were
collected. Each column and bar represents the mean and SEM of 6 (human) or 3
(mouse) experiments. The Fc�RI-mediated production of MCP-1 was judged to be
significant. I-309 and MIP-1	 were below detectable levels in both supernatants and
pellets of the cells incubated with the control medium, and the column represents the
detectable level (#).

Figure 2. Cell surface expression of 4-1BB (CD137). Cell surface expression of
human (A) and mouse (B) 4-1BB is shown as the average values and SEs of the
mean fluorescence intensity (MFI) values obtained by 3 independent experiments.
(A) Human MCs were reacted with various concentrations of anti-IgE (as indicated)
for 6 hours. The net MFI was obtained by subtracting the MFI given by isotype-
matched control Ab (4.45-5.35) from the MFI given by Ab against 4-1BB. (B) Mouse
MCs were reacted with 10 ng/mL DNP-BSA for 4, 8, and 24 hours. The net MFI was
obtained by subtracting the MFI given by isotype-matched control Ab (3.19-5.29) from
the MFI given by Ab against 4-1BB.
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IL-3 proteins is less than 30%.32 Mouse mast cell protease
(MMCP)7 was found as a pseudogene in human genome.33 IL-8
(CXCL8) is also not found in the mouse genome.18 Interestingly,
mouse MCs did not express eosinophil granule major basic protein
(MBP), which has recently been found to be abundantly present in
all human MC types, both in vitro and in vivo.11

Discussion

The aim of this study was to elucidate which molecules are
commonly expressed in both SCF- and IL-6–dependent cultured
human cord blood–derived MCs and IL-3–dependent cultured
mouse bone marrow–derived MCs. Owing to the differences in
cytokine dependency, we did not strongly expect to find many
molecules expressed in both human and mouse MCs. However,
following IgE-dependent activation, 3 CC chemokines and 4-1BB
(CD137) were found in the 10 most up-regulated transcripts among
approximately 12 000 molecules in both cultured human MCs and
cultured mouse MCs. Another CC chemokine, MCP-1 (CCL2),
was also highly expressed in both human and mouse MCs in a
resting state as well as in an activated state.

Mouse MCs have already been reported by many investiga-
tors34-38 to produce a variety of cytokine/chemokine proteins,

including I-309 (CCL1), MCP-1 (CCL2), MIP-1� (CCL3), and
MIP-1	 (CCL4) among the transcripts listed in Table 2. However,
we demonstrated for the first time that these CC chemokines were
expressed at the highest levels of the transcriptome. We had
previously reported10,25 that in activated human MCs MIP-1�, IL-8
(CXCL8), IL-13, and GM-CSF were up-regulated at the protein
levels. Thus, we chose to measure the protein levels of I-309,
MCP-1, MIP-1	, and 4-1BB (CD137) in this study. We demon-
strated the Fc�RI-induced protein production of I-309, MCP-1, and
MIP-1	. MCP-1–deficient mice are known to lack Th2 cell
development.39 Mouse MCs are reported to produce MIP-1	 in the
antigen-induced late skin reaction characterized by T-cell recruit-
ment.40 In the present study, the MCP-1 and MIP-1	 proteins
released from activated human and mouse MCs were noted to be at
the highest concentrations among the cytokines produced by these
MCs,10,15,25 as were the corresponding transcript levels. Mouse
I-309 protein was also produced at the highest levels, whereas
human I-309 protein was detected at relatively low levels, probably
owing to its instability. I-309 seems to be of particular importance,
since it is a chemokine that can recruit CCR8-positive Th2

Figure 3. Interspecies comparison of orthologous genes expressed by human
and mouse MCs. The expression levels of 287 pairs of orthologous genes were
compared. The horizontal direction stands for the expression levels of human genes
and the vertical direction represents those of mouse genes. Each point represents
the average of 2 (human) or 3 (mouse) independent experiments shown in Tables 1
and 2. The expression levels of I-309 (CCL1), MCP-1 (CCL2), MIP-1� (CCL3),
MIP-1	 (CCL4), and 4-1BB (CD137) genes in resting MCs (panel A) were increased
in activated MCs (panel B), while those of tryptase and major basic protein (MBP)
remained at similar levels. The expression levels were normalized into a percentage
of the average of 6 housekeeping genes (�). The oblique broken lines indicate a
10-fold difference.

Table 3. Abundant and cell type–specific transcripts in human
and mouse MCs

Name of transcript (protein)
GenBank

accession no.*
Expression level,

mean � SD†

Human MCs

Tryptase 	 M30038 143.81 � 22.1

Cathepsin G M16117 106.51 � 14.9

Major basic protein Z26248 97.21 � 33.6

Tissue inhibitor of metalloproteinases D11139 88.41 � 21.3

Galectin-1 AI535946 79.81 � 19.6

Clusterin M25915 66.11 � 16.1

CCL2, MCP-1 M26683 62.11 � 30.3

Nc61c12.r1 AA420624 56.61 � 13.0

Heat shock protein 90 J04988 56.31 � 20.0

PGD2 synthase AF150241 54.71 � 10.3

Carboxypeptidase A M73720 53.01 � 17.7

L-histidine decarboxylase D16583 45.01 � 15.4

15-hydroxyprostaglandin dehydrogenase L76465 44.71 � 19.5

Macrophage capping protein (G-actin) M94345 44.71 � 19.3

Galectin-3 AB006780 44.71 � 19.6

Mouse MCs

MMCP5 Chymase1 M68898 176.91 � 30.0

MMCP6 Tryptase 	 M57626 156.21 � 68.9

Galectin X15986 127.41 � 77.4

IL-3R	2 M29855 125.31 � 43.2

Carboxypeptidase A J05118 118.11 � 31.9

Tryptophan hydroxylase J04758 108.51 � 29.8

ERATO Doi 411 (Cytochrome P450) AW121619 103.51 � 31.8

CD63 D16432 94.91 � 32.4

UI-M-BH2.3-anx-g-02-0-U.sl AW120614 91.11 � 29.5

Insulinlike growth factor binding protein 5 L12447 90.61 � 61.7

Gly96 X67644 88.41 � 37.2

Aldo-keto reductase AB027125 87.41 � 53.7

MMCP7 Tryptase L00653 83.31 � 63.5

Lymphocyte antigen 84 D13695 81.51 � 16.3

Fc�RI� J05018 81.21 � 19.6

Unreviewed additional data are shown at http://www.nch.go.jp/imal/English_index.htm.
*The GenBank is accessible at http://www/ncbi.nlm.nih.gov.
†Expression level is the percentage of the specific AD level vs the mean AD level

of 6 probe sets for housekeeping genes; shown are means for 4 (human) or 6
(mouse) experiments.
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cells18,41-44 into inflammatory human lung in the late-phase reaction
after allergen challenge.45 Furthermore, the deletion of CCR8
genes markedly reduced airway hyperresponsiveness in a mouse
model of asthma, whereas the other CC chemokine receptor
deletion failed to do so.46 Since the expression of CCR8 on the Th2
cells is transient during late-phase allergic reaction,45 its ligand
I-309 need not be very stable. Production of I-309 by mouse MCs38

and a human mast cell leukemia cell line, HMC-1,47 has been
reported. We demonstrated for the first time that human MCs could
newly produce I-309 after IgE stimulation, and that the expression
level was the highest among human and mouse MC transcripts,
suggesting that IgE may play an important role in the recruitment
of activated Th2 cells through MC activation. Thus, both human
and mouse MCs may play a crucial role in recruiting CCR-
expressing T cells.

The molecule 4-1BB (CD137), recently found to be an impor-
tant costimulatory molecule in various immune cell types, 26-29 was
up-regulated at transcriptional and protein levels in both human
and mouse MCs by Fc�RI-mediated stimulation. Functionally, this
molecule is not fully characterized, and contradictory findings have
been reported. Whereas some investigators have observed cell
proliferation by 4-1BB activation,26,48,49 Langstein et al50 reported
the induction of apoptosis by its activation. Future studies are
needed to clarify whether 4-1BB primarily activates or deactivates
MC functions.

Animal models, especially mice, are common surrogates for
studying human diseases. However, clinical trials sometimes fail
owing to the fact that the results obtained in animal studies cannot
be reproduced in humans. For instance, anti–IL-5 antibody com-
pletely blocked the airway hypersensitivity in experimental animal
models of asthma,51 while the therapeutic application of humanized
anti–IL-5 antibody did not improve the bronchial hypersensitivity

of asthmatics.52 Recently, many human and mouse orthologous
genes have become available at genome-wide level in electronic
format (http://www.ncbi.nlm.nih.gov/Homology/), which facili-
tates interspecies comparisons.31 However, it has not been shown
that these structure-based orthologs are similarly regulated. We
compared for the first time the expression levels of these ortholo-
gous genes by selecting 287 gene pairs. Among the ortholog pairs,
the regulation pattern of I-309 (CCL1) turned out to be highly
conserved between human and mouse. Thus the targeting of I-309
is an attractive approach for potential clinical applications, since
investigation of I-309 in mouse models may be more predictive of
the human responses. For other orthologous genes, we found that
mRNA levels are regulated differently in mouse and human MCs.
Therefore, studies on the function of molecules highly expressed
only in mouse cells have to be carefully interpreted with regard to
their potential function in humans. Interspecies comparison studies
of whole genome expression should be useful for interpretation of
experimental data from animal models of human pathogenesis.

Acknowledgments

We thank Dr Kiyoshi Kawashima, Dr Shigenobu Shoda, and the
staff of the Department of Obstetrics, Gyoda Chuo Hospital, for
generously providing umbilical cord blood. We also thank Dr
Florian Gantner at Bayer Yakuhin for proofreading the manuscript;
Dr Shigeru Okumura for discussion; and Mr Hisashi Tomita, Mr
Keisuke Yuki, Ms Noriko Hashimoto, and Ms Futaba Sekiya at
National Research Institute for Child Health and Development and
Ms Atsuko Ikeda at National Sagamihara Hospital for skillful
technical assistance.

References

1. Ishizaka T, Ishizaka K. Activation of mast cells for
mediator release through IgE receptors. In: Kallos
P, ed. Progress in Allergy. Vol 34. Basel, Switzer-
land: Karger AG; 1984:188-235.

2. Church MK, Hiroi J. Inhibition of IgE-dependent
histamine release from human dispersed lung
mast cells by anti-allergic drugs and salbutamol.
Br J Pharmacol. 1987;90:421-429.

3. Shichijo M, Inagaki N, Nagai H, et al. The effects
of anti-asthma drugs on mediator release from
cultured human mast cells. Clin Exp Allergy.
1998;28:1228-1236.

4. Venter JC, Adams MD, Myers EW, et al. The se-
quence of the human genome. Science. 2001;
291:1304-1351.

5. International Human Genome Sequencing Con-
sortium. Initial sequencing and analysis of the
human genome. Nature. 2001;409:860-921.

6. Velculescu VE, Madden SL, Kinzler KW, et al.
Analysis of human transcriptomes. Nat Genet.
1999;23:387-383.

7. Apweiler R, Biswas M, Zdobnov E, et al. Pro-
teome analysis database: online application of
InterPro and CluSTr for the functional classifica-
tion of proteins in whole genomes. Nucleic Acids
Res. 2001;29: 44-48.

8. Duggan DJ, Bittner M, Chen Y, Meltzer P, Trent
JM. Expression profiling using cDNA microarrays.
Nat Genet. 1999;21:10-14.

9. Lipshutz RJ, Fodor SP, Gingeras TR, Lockhart
DJ. High density synthetic oligonucleotide arrays.
Nat Genet. 1999;21:20-24.

10. Iida M, Matsumoto K, Saito H, et al. Selective
down-regulation of high-affinity IgE receptor
(Fc�RI) �-chain messenger RNA among tran-

scriptome in cord blood-derived versus adult pe-
ripheral blood-derived cultured human mast cells.
Blood. 2001;97:1016-1022.

11. Nakajima T, Matsumoto K, Saito H, et al. Gene
expression screening of human mast cells and
eosinophils using high-density oligonucleotide
probe arrays: abundant expression of major basic
protein in mast cells. Blood. 2001;98:1127-1134.

12. Schrader JW, Crapper RM. Autogenous produc-
tion of a hemopoietic growth factor, persisting-
cell-stimulating factor, as a mechanism for trans-
formation of bone marrow-derived cells. Proc Natl
Acad Sci U S A. 1983;80:6892-6896.

13. Razin E, Stevens RL, Friedman S, et al. Cloned
mouse mast cells derived from immunized lymph
node cells and from foetal liver cells exhibit char-
acteristics of bone marrow-derived mast cells
containing chondroitin sulphate E proteoglycan.
Immunology. 1984;52:563-575.

14. Saito H, Okajima F, Ishizaka T, et al. Effects of
ADP-ribosylation of GTP-binding protein by per-
tussis toxin on immunoglobulin E-dependent and
-independent histamine release from mast cells
and basophils. J Immunol. 1987;138:3927-3934.

15. Saito H, Ebisawa M, Nakahata T, et al. Selective
growth of human mast cells induced by Steel fac-
tor, IL-6, and prostaglandin E2 from cord blood
mononuclear cells. J Immunol. 1996;157:343-
350.

16. Ochi H, Hirani WM, Boyce JA, et al. T helper cell
type 2 cytokine-mediated comitogenic responses
and CCR3 expression during differentiation of
human mast cells in vitro. J Exp Med. 1999;190:
267-280.

17. Yamaguchi M, Sayama K, Galli SJ, et al. IgE en-
hances Fc� receptor I expression and IgE-depen-

dent release of histamine and lipid mediators
from human umbilical cord blood-derived mast
cells: synergistic effect of IL-4 and IgE on human
mast cell Fc� receptor I expression and mediator
release. J Immunol. 1999;162:5455-5465.

18. Zlotnik A, Yoshie O. Chemokines: a new classifi-
cation system and their role in immunity. Immu-
nity. 2000;12:121-127.

19. Saito H, Hatake K, Ishizaka T, et al. Selective dif-
ferentiation and proliferation of hematopoietic
cells induced by recombinant human interleukins.
Proc Natl Acad Sci U S A. 1988;85:2288-2292.

20. Yanagida M, Fukamachi H, Nakahata T, et al. Ef-
fects of T-helper 2-type cytokines, interleukin-3
(IL-3), IL-4, IL-5, and IL-6 on the survival of cul-
tured human mast cells. Blood. 1995;86:3705-
3714.

21. Natori K, Tamari M, Nakamura Y, et al. Mapping
of a gene responsible for dermatitis in NOA (Na-
ruto Research Institute Otsuka Atrichia) mice, an
animal model of allergic dermatitis. J Hum Genet.
1999;44:372-376.

22. Shichijo K, Saito H. Effect of Chinese herbal
medicines and disodium cromoglycate on IgE-
dependent histamine release from mouse cul-
tured mast cells. Int J Immunopharmacol. 1997;
19:677-682.

23. Yeatman CF Jr, Jacobs-Helber SM, Ryan JJ, et
al. Combined stimulation with the T helper cell
type 2 cytokines interleukin (IL)-4 and IL-10 in-
duces mouse mast cell apoptosis. J Exp Med.
2000;192:1093-1103.

24. Brasel K, De Smedt T, Smith JL, Maliszewski CR.
Generation of murine dendritic cells from flt3-li-
gand-supplemented bone marrow cultures.
Blood. 2000;96:3029-3039.

HUMAN MAST CELLS VS MOUSE MAST CELLS 3867BLOOD, 1 DECEMBER 2002 � VOLUME 100, NUMBER 12



25. Tachimoto H, Ebisawa M, Hasegawa T, et al. Re-
ciprocal regulation of cultured human mast cell
cytokine production by IL-4 and IFN-
. J Allergy
Clin Immunol. 2000;106:141-149.

26. DeBenedette MA, Shahinian A, Mak TW, Watts
TH. Costimulation of CD28- T lymphocytes by
4-1BB ligand. J Immunol. 1997;158:551-559.

27. Melero I, Johnston JV, Shufford WW, Mittler RS,
Chen L. NK1.1 cells express 4-1BB (CDw137)
costimulatory molecule and are required for tu-
mor immunity elicited by anti-4-1BB monoclonal
antibodies. Cell Immunol. 1998;190:167-172.

28. Langstein J, Michel J, Schwarz H. CD137 in-
duces proliferation and endomitosis in mono-
cytes. Blood. 1999;94:3161-3168.

29. Heinisch IV, Bizer C, Volgger W, Simon HU.
Functional CD137 receptors are expressed by
eosinophils from patients with IgE-mediated aller-
gic responses but not by eosinophils from pa-
tients with non-IgE-mediated eosinophilic disor-
ders. J Allergy Clin Immunol. 2001;108:21-28.

30. Clark M. Comparative genomics: the key to un-
derstanding the Human Genome Project. Bioes-
says. 1999;21:121-130.

31. Kwitek AE, Tonellato PJ, Jacob HJ, et al. Auto-
mated construction of high-density comparative
maps between rat, human, and mouse. Genome
Res. 2001;11:1935-1943.

32. Yang YC, Ciarletta AB, Temple PA, et al. Human
IL-3 (multi-CSF): identification by expression
cloning of a novel hematopoietic growth factor
related to murine IL-3. Cell. 1986;47:3-10.

33. Min HK, Kambe N, Schwartz LB. Human mouse
mast cell protease 7-like tryptase genes are
pseudogenes. J Allergy Clin Immunol. 2001;107:
315-321.

34. Kolaczkowska E, Seljelid R, Plytycz B. Role of
mast cells in zymosan-induced peritoneal inflam-
mation in Balb/c and mast cell-deficient WBB6F1
mice. J Leukoc Biol. 2001;69:33-42.

35. Alam R, Kumar D, Anderson-Walters D, Forsythe

PA. Macrophage inflammatory protein-1 alpha
and monocyte chemoattractant peptide-1 elicit
immediate and late cutaneous reactions and acti-
vate murine mast cells in vivo. J Immunol. 1994;
152:1298-1303.

36. Tedla N, Wang HW, McNeil HP, et al. Regulation
of T lymphocyte trafficking into lymph nodes dur-
ing an immune response by the chemokines
macrophage inflammatory protein (MIP)-1 alpha
and MIP-1 beta. J Immunol. 1998;161:5663-
5672.

37. Galli SJ, Wershil BK, Gordon JR, Martin TR. Mast
cells: immunologically specific effectors and po-
tential sources of multiple cytokines during IgE-
dependent responses. Ciba Found Symp. 1989;
147:53-65.

38. Oh CK, Metcalfe DD. Transcriptional regulation of
the TCA3 gene in mast cells after Fc epsilon RI
cross-linking. J Immunol. 1994;153:325-332.

39. Gu L, Tseng S, Horner RM, Tam C, Loda M, Roll-
ins BJ. Control of TH2 polarization by the chemo-
kine monocyte chemoattractant protein-1. Nature.
2000;404:407-411.

40. Wang HW, Tedla N, Lloyd AR, Wakefield D, Mc-
Neil PH. Mast cell activation and migration to
lymph nodes during induction of an immune re-
sponse in mice. J Clin Invest. 1998;102:1617-
1626.

41. Tiffany HL, Lautens LL, Murphy PM, et al. Identifi-
cation of CCR8: a human monocyte and thymus
receptor for the CC chemokine I-309. J Exp Med.
1997;186:165-170.

42. Roos RS, Loetscher M, Legler DF, Clark-Lewis I,
Baggiolini M, Moser B. Identification of CCR8, the
receptor for the human CC chemokine I-309.
J Biol Chem. 1997;272:17251-17254.

43. Goya I, Gutierrez J, Varona R, Kremer L, Zabal-
los A, Marquez G. Identification of CCR8 as the
specific receptor for the human beta-chemokine
I-309: cloning and molecular characterization of
murine CCR8 as the receptor for TCA-3. J Immu-
nol. 1998;160:1975-1981.

44. Sebastiani S, Allavena P, Cavani A, et al. Chemo-
kine receptor expression and function in CD4� T
lymphocytes with regulatory activity. J Immunol.
2001;166:996-1002.

45. Panina-Bordignon P, Papi A, Mariani M, et al. The
C-C chemokine receptors CCR4 and CCR8 iden-
tify airway T cells of allergen-challenged atopic
asthmatics. J Clin Invest. 2001;107:1357-1364.

46. D’Ambrosio D, Mariani M, Panina-Bordignon P,
Sinigaglia F. Chemokines and their receptors
guiding T lymphocyte recruitment in lung inflam-
mation. Am J Respir Crit Care Med. 2001;164:
1266-1275.

47. Selvan RS, Butterfield JH, Krangel MS. Expres-
sion of multiple chemokine genes by a human
mast cell leukemia. J Biol Chem. 1994;269:
13893-13898.

48. Schwarz H, Blanco FJ, von Kempis J, Valbracht
J, Lotz M. ILA, a member of the human nerve
growth factor/tumor necrosis factor receptor fam-
ily, regulates T-lymphocyte proliferation and sur-
vival. Blood. 1996;87:2839-2845.

49. Goodwin RG, Din WS, Davis-Smith T, et al. Mo-
lecular cloning of a ligand for the inducible T cell
gene 4-1BB: a member of an emerging family of
cytokines with homology to tumor necrosis factor.
Eur J Immunol. 1993;23:2631-2641.

50. Langstein J, Michel J, Fritsche J, Kreutz M, An-
dreesen R, Schwarz H. CD137 (ILA/4-1BB), a
member of the TNF receptor family, induces
monocyte activation via bidirectional signaling.
J Immunol. 1998;160:2488-2494.

51. Hamelmann E, Oshiba A, Loader J, et al. Antiin-
terleukin-5 antibody prevents airway hyperre-
sponsiveness in a murine model of airway sensiti-
zation. Am J Respir Crit Care Med. 1997;155:
819-825.

52. Leckie MJ, ten Brinke A, Khan J, et al. Effects of
an interleukin-5 blocking monoclonal antibody on
eosinophils, airway hyper-responsiveness, and
the late asthmatic response. Lancet. 2000;356:
2144-2148.

3868 NAKAJIMA et al BLOOD, 1 DECEMBER 2002 � VOLUME 100, NUMBER 12


