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Background: During inflammation, neutrophils, basophils, and
eosinophils release cell type–specific mediators and proteases
through signaling molecules, such as G protein–coupled receptors
and ion channels. As such, ion channels and receptors, including
G protein–coupled receptors, are common drug targets.
Objective: We sought to identify, for the first time, ion chan-
nels and receptors preferentially expressed by each granulo-
cyte subtype.
Methods: Using GeneChip, we compared approximately 20,000
transcripts present in 7 leukocyte types, platelets, mast cells, and
fibroblasts to identify granulocyte subtype–selective transcripts
for receptors and ion channels. Granulocyte subtype–selective
transcripts were chosen on the basis of several conditions, such
as the transcript having a 5-fold or greater expression level com-
pared with the maximum level of other leukocytes.
Results: Fifty-one transcripts were chosen to be preferentially
expressed by each granulocyte subtype. Seventeen of the 51
transcripts have not been previously reported as granulocyte
subtype selective. Among the 17 receptors and ion channels, 6
were basophil selective, eosinophil selective, or both and were
not highly expressed by other organs, indicating that they
might be potential targets for antiallergy drugs.
Conclusion: Use of this database of potential cell type–selective

drug targets should minimize the efforts required for pharma-
ceutical development. (J Allergy Clin Immunol 2004;113:528-35.)

Key words: Basophils, eosinophils, granulocytes, G protein–cou-
pled receptors, ion channels

Three types of human blood granulocytes,
eosinophils, basophils, and neutrophils, play roles in pro-
tecting against microbial infection by releasing cell
type–specific mediators and proteases. Specifically,
eosinophils and basophils evoke allergic reactions and
damage nematodes.1,2 As well as killing bacteria, neu-
trophils sometimes induce systemic vasculitis or multiple
organ damage under certain conditions.3,4 Thus targeting
granulocyte type–selective functions is considered an
important strategy for drug discovery.

Activation of blood granulocytes and tissue mast cells
is generally characterized by an influx of extracellular
calcium (Ca2+), which is essential for subsequent release
of granule-derived mediators, newly generated lipid
mediators, and cytokines.5 The mechanism by which
granulocyte mediator secretion is sustained is therefore
likely to include modulation of various types of ion chan-
nels. Flow of ions, including K+ and Cl–, might play an
important role during granulocyte responses because they
regulate cell membrane potential and thus influence Ca2+

influx.6 Treatment of mast cells and basophils with per-
tussis toxin inactivates the Gi type of G proteins and abol-
ishes degranulation induced by nonimmunologic ligands,
such as thrombin and N-formylpeptide; however, it fails
to inhibit the influx of Ca2+.7 Thus Ca2+-independent
stimulation of Gi is also involved in granulocyte degranu-
lation. The thrombin (protease)–activated receptors and
formylpeptide receptors are classified as G protein–cou-
pled receptors (GPRs), having an extracellular N-terminal
segment, a 7-transmembrane region that forms the trans-
membrane core, 3 exoloops, 3 cytoloops, and a C-termi-
nal segment.8 Thus ion channels and GPRs both play
essential roles in degranulation, as well as other cellular
functions important for granulocytes. As a result, both ion
channels and GPRs are targets of drug development.9

As the human genome project nears completion, the
identification of potential drug targets by using gene
expression profiles from specific cell types is becoming
practical and important for drug discovery.10,11 The
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sequencing of the human genome is offering an unprece-
dented opportunity for the pharmaceutical development
of drugs. Receptor genes and ion channel genes are
found only in 5% and 1.3% of all genes present in the
human genome, respectively.10 However, receptors and
ion channels are found in 45% and 5% of the molecular
targets of all known drugs, respectively.9,12,13 Thus
receptors, including GPRs, and ion channels are now
considered the most important drug targets.

Until recently, it has been impractical to analyze
genome-wide expression of leukocytes. A newly devel-
oped technology, the microarray or high-density oligonu-
cleotide probe array (GeneChip), is one of the latest
breakthroughs in experimental molecular biology, which
allows approximately 39,000 transcripts derived from a
cell’s transcriptome to be simultaneously monitored.
Using this technology, we previously reported the tran-
scriptome profiling of various types of mast cells and
eosinophils.14-16 In this study we used GeneChip (version
U133A, containing approximately 22,000 gene probes) to
examine the cell type–selective transcriptome expression
of 7 types of leukocytes (basophils, eosinophils, neu-
trophils, CD4+ cells, CD8+ cells, CD14+ cells, and CD19+

cells), platelets, mast cells, and fibroblasts. Then we
focused on the expression of granulocyte-selective genes
for ion channels, GPRs, and other receptors. We identified
17 novel granulocyte subtype–selective transcripts that
might prove useful for drug development.

METHODS

Purification of leukocytes

All human subjects in this study provided written informed con-
sent, and the ethical review boards at the relevant hospitals (Nation-
al Center for Child Health and Development and Jikei University
School of Medicine) approved the study. The subjects used in this
study were all healthy volunteers, specifically chosen for having no
allergic diseases.

Granulocytes and mononuclear cells were separated from the
venous blood of normal volunteers. Human basophils were semipu-
rified by means of Percoll (Pharmacia, Uppsala, Sweden) density
gradient centrifugation, and the cells were further purified by means
of negative selection through use of a MACS Basophil Isolation Kit
(Miltenyi Biotech, Bergisch-Gladbach, Germany), as described pre-
viously.17 Eosinophils were isolated by using Percoll (1.090 g/mL)
density centrifugation. The eosinophils were further purified by
means of negative selection with anti-CD16–bound micromagnetic
beads, as described previously.18 Neutrophils were isolated by using
Percoll (1.085 g/mL) density centrifugation and further purified by

means of negative selection with anti-CD81 antibody and anti-
mouse IgG-bound micromagnetic beads to eliminate contaminating
eosinophils. These granulocytes purified from human peripheral
blood were spun down onto glass slides by using the Cytospin II
(Shandon Southern Instruments Inc, Sewickley, Pa). The purity of
these cells was evaluated on the basis of 500 cells stained with May-
Grünwald and Giemsa solutions.

For preparation of lymphocytes and monocytes, PBMCs were
isolated by means of centrifugation on lymphocyte separation medi-
um (Organon Teknika Corp, Durham, NC). Monocytes (CD14+

cells) were prepared with magnetic bead–conjugated CD14+ anti-
body (CD14 MicroBeads; Miltenyi Biotec) from PBMCs. CD4+ and
CD8+ cells were also sorted by using magnetic bead–conjugated
CD4+ (CD4 MicroBeads; Miltenyi Biotec) and CD8+ antibodies
(CD8 MicroBeads; Miltenyi Biotec), respectively, from PBMCs
after depletion of CD14+ cells with MACS CD14 MicroBeads (Mil-
tenyi Biotec). The purity of CD4+, CD8+, and CD14+ cells was eval-
uated by staining the magnetic bead–conjugated cells compared with
feasible control cell preparations, such as unpurified cells, with
FITC-labeled goat anti-mouse Ig (BD Pharmingen, Tokyo, Japan).
Peripheral B cells were purified by using a combination of negative
(MicroBead-conjugated antibodies to CD3, CD7, CD14, CD42b,
and CD56; Miltenyi Biotec) and positive (CD19 MicroBeads; Mil-
tenyi Biotec) selection with MicroBeads (Miltenyi Biotec). Blood
samples were mixed with 3.8% (wt/vol) sodium citrate solution (9:1)
and centrifuged at 260g for 15 minutes at 20°C to obtain platelet-rich
plasma. The plasma was centrifuged again at 260g for 15 minutes to
remove any contaminating erythrocytes and leukocytes.

Human mast cells were derived from cord blood CD34+ progen-
itor cells, as described previously.11-14 Briefly, progenitor cells puri-
fied from peripheral blood by using CD34+ isolation kits (Miltenyi
Biotec) were cultured in Iscove modified Dulbecco medium sup-
plemented with 1% insulin-transferrin-selenium supplements
(Invitrogen, Tokyo, Japan), 50 µmol/L 2-mercaptoethanol, antibi-
otics, and 2% FCS in the presence of 100 ng/mL stem cell factor
and 50 ng/mL IL-6. After 11 to 14 weeks of culture, tryptase-posi-
tive cells represented more than 99% of the cells.

Purification of human lung mast cells and

nasal polyp–derived fibroblasts

Normal human lung tissue dissected during surgery was
obtained macroscopically after obtaining informed consent. Human
lung mast cells were dispersed from chopped lung specimens by
means of an enzymatic procedure and were purified by using mag-
netic bead affinity selection with the mAb anti-kit YB5.B8 (BD
PharMingen, San Diego, CA), as described previously.19 The cells
were further cultured in the presence of stem cell factor and IL-6 for
several weeks. Human nasal polyp–derived fibroblasts were
obtained as previously reported.20

GeneChip expression analysis

Human genome–wide gene expression was examined by using
the Human Genome U133A probe array (GeneChip; Affymetrix,
Santa Clara, Calif), which contains the oligonucleotide probe set for
22,000 full-length genes. Experiments were performed in accor-
dance with the manufacturer’s protocol (Expression Analysis Tech-
nical Manual) and previous reports.11-14 Total RNA (1-5 µg) was
extracted from 107 cells. Double-stranded cDNA was synthesized
by using a SuperScript Choice system (Invitrogen) and a T7-(dT)24
primer (Amersham Pharmacia Biotech, Buckinghamshire, United
Kingdom). The cDNA was subjected to in vitro transcription in the
presence of biotinylated nucleoside triphosphates by using a BioAr-
ray high-yield RNA transcript labeling kit (Enzo Diagnostics,
Farmingdale, NY). The biotinylated cRNA was hybridized with a

Abbreviations used
AD: Average difference (of mRNA expression level)

Ca2+: Extracellular calcium
EMR: Epidermal growth factor–like module containing 

mucin-like receptor
GAPDH: Glyceraldehyde–phosphate dehydrogenase

GPR: G protein–coupled receptor
PAR: Proteinase-activated receptor

Siglec: Sialic acid–binding Ig-like lectin
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probe array for 16 hours at 45°C. In some experiments, as indicat-
ed in the supplementary table, biotinylated cRNA was prepared by
using 2 cycles of cDNA synthesis, and in vitro transcription for tar-
get amplification was performed according to the manufacturer’s
directions (Affymetrix, Inc). For the latter protocol, we used 100 ng
of total RNA. After washing, the hybridized biotinylated cRNA was
stained with streptavidin-phycoerythrin (Molecular Probes, Eugene,
Ore) and then scanned with an HP gene array scanner. The fluores-
cence intensity of each probe was quantified by using a computer
program, GeneChip Analysis Suite 5.0 (Affymetrix). The expres-
sion level of single mRNA was determined as the average fluores-
cence intensity among the intensities obtained with 11 paired (per-
fect-matched and single nucleotide-mismatched) probes. If the
intensities of mismatched probes were very high, gene expression
was judged to be absent, even if a high average fluorescence was
obtained with the GeneChip Analysis Suite 5.0 program. The level
of gene expression was determined as the average difference (AD)
by using the GeneChip software. Each AD level was then normal-
ized by dividing it with the median value of 22,283 AD levels
obtained in an experiment (ie, the normalized AD level).

Real-time RT-PCR

Total RNA was isolated with Isogen (Nippon gene, Tokyo,
Japan), according to the manufacturer’s instructions, and quantified
by measuring the absorbance at 260 nm. RNA was subsequently
treated with DNase I (Invitrogen) reverse transcribed by using
Superscript II reverse transcriptase ( Invitrogen). Real-time RT-PCR
was performed with 10 ng of cDNA in 25 µL of final volume by
using the primers and probes supplied by the Assays-on-Demand
Gene Expression System (Applied Biosystem, Tokyo, Japan),
according to the manufacturer’s instructions. Measurement of gene
expression was performed with the ABI PRISM 7700 Sequence
Detector. The expression level of each gene was normalized to a
reduced glyceraldehyde–phosphate dehydrogenase (GAPDH).

Staining of basophils with anti-HTm4

Basophils purified from human peripheral blood with the Basophil
Isolation Kit (Miltenyi Biotec) were spun down onto glass slides by
using the Cytospin II (Shandon). Cells were fixed with aceton for 1
minute and then blocked in 2% goat serum in 50 mmol/L Tris-Cl, pH
7.4, for 1 hour. Cells were further incubated for 2 hours with 2 µg/mL
of the polyclonal antibody rabbit anti-hHTm4. Cells were then washed
3 times with PBS and incubated with a secondary antibody, highly
cross-adsorbed Alexa Fluor 546–conjugated goat anti-rabbit IgG
(H+L; Red; Molecular Probes), for 1 hour. After 3 PBS washes, air-
dried cells were further mounted by using the Prolong Anti-Fade Kit
(Molecular Probes). Slides were scanned with a Zeiss Laser Scanning
Microscope 5 Pascal (Carl Zeiss Microimaging Inc, Thornwood, NY).

Purity and viability of the leukocytes and

RNA quality

We used leukocyte samples in this study only if the purity of
each cell type was at least 98%, but there were greater than 0.5%
contaminated cells in any of the samples. We could not evaluate the
purity of CD19+ cells and platelets because of the lack of feasible
controls or methods. However, specific transcript markers for non-
granulocytes (eg, CD4, CD8, CD14, CD19, and IgG), as well as
granulocyte subtype–specific transcripts, were reasonably
expressed by each leukocyte type, as shown in Online Repository
Table E1. Regarding the viability, we qualified the RNA before
GeneChip assay by using Array Quality Metrics Comparisons Soft-
ware (Affymetrix), as well as trypan blue staining (they were
always >95% viable), because RNAse-rich granules derived from
degenerating cells rapidly destroy RNA transcripts. Briefly, to eval-

uate the quality of RNA, the ratio of the 3′-probe set and 5′-probe
set of housekeeping genes were compared as shown in Online
Repository Table E1. According to the above software’s guidance,
the ratio of greater than 2:1 at a standard sample (5 µg total RNA)
protocol and that of greater than 10:1 at a small sample (50 ng of
total RNA) protocol were recommended. As shown in Online
Repository Table E1, the cells used in the present study had the
appropriate ratios of the 3′-probe set and 5′-probe set of housekeep-
ing genes, suggesting that these cells were highly viable.

Statistical analysis

Because logarithmic normalized AD levels were normally dis-
tributed within each group, the unpaired, parametric, 2-tailed Stu-
dent t test was used to analyze the data on a logarithmic scale.

RESULTS

In this study we have used a high-density oligonu-
cleotide probe array (GeneChip) to measure the expres-
sion levels of approximately 20,000 different transcripts
in highly purified cells. These cells were basophils,
eosinophils, neutrophils, monocytes (CD14+), T lympho-
cytes (CD4+ and CD8+ cells), B lymphocytes (CD19+),
lung-derived mast cells, cord blood–derived cultured
mast cells, and nasal polyp–derived fibroblasts. The
GeneChip assay allows the simultaneous measurement
of large numbers of transcripts by using relatively small
numbers of cells. Using this technology, we could even
measure triplicate transcriptome levels of basophils, the
most rare granulocytes in peripheral blood.

Cell type–selective transcripts were selected on the
basis of the following criteria. First, the average normal-
ized AD expression level of each gene in a certain cell
type must be 3-fold or greater than the maximal level in
other cell types, and second, it must be significantly (P <
.01) greater than that in other cell types. Third, the AD
expression level provided with “absence” or “marginal”
call by GeneChip Suite Software should be observed
only once or not at all in the 3 or 4 independent experi-
ments (3 experiments for basophils and 4 experiments for
eosinophils and neutrophils) by using different cell pop-
ulations. Finally, for the transcripts preferentially
expressed for the 2 different cell types, such as basophils
and eosinophils, the average normalized AD expression
levels in the 2 cell types should be within 3-fold of each
other. By using these standards, we found 83 basophil-
selective, 37 eosinophil-selective, 257 neutrophil-selec-
tive, 34 basophil/eosinophil-selective, 19 eosinophil/neu-
trophil-selective, and 17 basophil/neutrophil-selective
transcripts. Because of the functional similarity with
basophils, mast cell–selective transcripts were also
examined, and 63 mast cell–selective and 11 mast
cell/basophil–selective transcripts were also detected
(Table I and Online Repository Table E1). Because mast
cells, basophils, and eosinophils play similar roles in
allergic inflammation, the transcripts preferentially
expressed for the 3 granulocytes by comparing their aver-
age normalized AD levels with those of other leukocytes.
Thirty-four transcripts were then selected; however, most
of them were overlapped with the transcripts listed in
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Online Repository Table E1. Only 4 transcripts (MYB,
SAMSN1, BACE2, and CASP3) were found not to be
overlapped, and they were not receptors or ion channels.

Among the 491 granulocyte–selective transcripts list-
ed in Online Repository Table E1, 4 ion channels, 19
GPRs, and 28 other receptors were further selected
(Table II). When plural transcripts obtained by different
probe sets had identical Genebank or Unigene accession
numbers (http://www.ncbi.nlm.nih.gov/), the transcript
showing the highest expression level was selected.

Ion channels and receptors preferentially

expressed by granulocytes other than

neutrophils

Eosinophils, basophils, and mast cells play an important
role in the pathogenesis of allergic diseases but do not play
an essential role in killing microbes, except for nematodes.
On the other hand, neutrophils play a crucial role in killing
microbes, such as bacteria. Caution should be taken in reg-
ulating neutrophil function, even in the case of neutrophil-
induced inflammation. Therefore the molecules present
only in granulocytes, except for neutrophils, would be
important pharmaceutical targets for allergic disorders.1,2

Among the 51 granulocyte-selective transcripts for ion
channels and receptors, we identified 17 granulocyte-selec-
tive transcripts that have not been reported for their selec-
tive expression (shown in bold letters in Table II). Of these
17 transcripts, 8 were preferentially expressed by granulo-
cytes other than neutrophils. Among these 8 transcripts, the
2 transcripts for fibroblast growth factor receptor 2 and
low-density lipoprotein receptor were found to be
expressed by multiple tissue cell types (shown at
http://www.lsbm.org/index_e.html, which displays genom-
ic expression of 55 different human tissue cells, such as
brain, heart, and lung cells, using the same experimental
system [Affymetrix U133A] as ours). Thus they might not
be suitable as a drug target because important organs that

are unrelated to allergic inflammation (eg, the brain)
express it. Among the 6 novel transcripts found to be pref-
erentially expressed by granulocytes except for neutrophils,
we focused on the following 4 transcripts expressed by
granulocytes, including basophils. They were Ca2+ channel
(CACNA1D), prostaglandin E receptor (EP3A2), epidermal
growth factor–like module–containing mucin-like receptor
(EMR) 1 (EMR1), and HTm4 (MS4A3).

Basophils are the rarest granulocytes present in human
peripheral blood, and as such, their complete transcription-
al profiles remain unclear, and no basophil-selective tran-
scripts have previously been reported.21 Although
eosinophils and mast cells have been considered important
therapeutic targets for allergic diseases for a long time,
recent studies suggest the importance of basophils in the
pathogenesis of severe allergic diseases, such as fatal asth-
ma.2,22 Therefore we further examined the selective expres-
sion of these 4 basophil- or basophil/eosinophil-selective
transcripts by using real-time RT-PCR. As shown in Fig 1,
including a known molecule preferentially expressed by
neutrophils, aquaporin 9,23 the results obtained with the
GeneChip assay were confirmed by using this highly accu-
rate and reproducible method.24

Among these 4 molecules, we could obtain a suitable
antibody against HTm4, which is a member of a family
of 4-transmembrane proteins that includes CD20 and the
FcεRI β-chain.25 Genetics provided evidence for the
existence of multiple loci relevant to atopic asthma on
chromosome 11q13, including HTm4.26 Most recently,
we have published data identifying HTm4 as a
hematopoietic cell-cycle regulator.27 Using specific anti-
body against HTm4, we could detect the expression of
HTm4 at the protein level in basophils (Fig 2). The

FIG 1. Real-time quantitative PCR analysis. The relative mRNA
expression level by each cell type against PBMCs was shown
after normalization of mRNA levels for HTm4 (0.42 per 100
GAPDH; A), Ca2+ receptor α 1D (0.003 per 100 GAPDH; B),
prostaglandin E receptor 3a2 (0.12 per 100 GAPDH; C), EMR-1
(0.62 per 100 GAPDH; D), and aquaporin 9 (0.92 per 100 GAPDH;
E), expressed by PBMCs. Ne, Neutrophils; Eo, eosinophils; Ba,
basophils; CD4, CD4+ cells; P, PBMCs.

FIG 2. Demonstration of HTm4 protein on human basophils. Cells
were incubated with 2 µg/mL polyclonal rabbit anti-hHTm4 antibody
(A = phase contrast, B) or 2 µg/mL rabbit IgG (H+L) as a control (C =
phase contrast, D), followed by incubation with a secondary anti-
body, highly cross-adsorbed Alexa Fluor 546–conjugated goat anti-
rabbit IgG (H+L; Fig 2, B and D).

http://www.ncbi.nlm.nih.gov/
http://www.lsbm.org/index_e.html
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should be quantified, and the effect of any identified
antagonists should be tested on the cell types found to
express these molecules to confirm whether these ion
channels and receptors could be potential drug targets for
diseases involving basophil activation.

As has been well documented and expected, IL-3
receptors, IL-5 receptors, chemokine receptor CCR3,1,2

sialic acid–binding Ig-like lectin (Siglec)–8,28 Siglec-
6,15 histamine H4 receptor,29 and chemoattractant recep-
tor–homologous molecule expressed on TH2 cells
(CRTH2)30 were preferentially expressed by basophils,
eosinophils, or both or mast cells. These consistent
observations strengthened the reliability of the present
methods and research strategy. Indeed, the antibody
against Siglec-8 can induce selective apoptosis of
eosinophils and is expected to be useful therapeutically.28

Ion channels and receptors preferentially

expressed by granulocytes, including

neutrophils

Of the 17 transcripts that have not been reported as
granulocyte selective, 9 were preferentially expressed by
granulocytes, including neutrophils. Pharmaceutical tar-
gets of selective granulocyte transcripts should treat

inflammatory diseases without affecting the function of
important organs that are unrelated to inflammation, as
well as the function of lymphocytes. However, 4 of the 9
neutrophil-selective transcripts were expressed by multi-
ple organ tissues. One of the 4 neutrophil-selective tran-
scripts encoded proteinase-activated receptor (PAR)–2, a
receptor for mast cell tryptase that is linked to the patho-
genesis of allergic diseases, such as asthma.31,32 PAR-2
transcripts are also abundantly expressed by tissue types,
including skin and intestine, which are often the target
organs for allergic diseases. But the development of
PAR-2 antagonists for use as antiallergic drugs might be
unsuitable because it might downregulate neutrophil
function and thereby induce bacterial infection.

DISCUSSION

We identified 51 granulocyte-selective genes for ion
channels and receptors by examining approximately
20,000 kinds of transcripts derived from 16,000 genes
from 10 different types of cells with the U133A
GeneChip, which covers approximately half of the genes
present in the human genome. The majority of these tran-
scripts encoded molecules known or expected to be gran-
ulocyte subtype–selective, such as the IL-3 receptor and
Fcε receptors.

TABLE I. Representative cell type–selective transcripts in granulocytes

Accession no.* Transcript SI† Normalized AD level

Basophil selective
NM_000589.1 IL-4 73.3 13.3
L35848.1 HTm4 38.2 132.1
BC005912.1 FcεRIα 12.7 219.0

Eosinophil selective
NM_001140.1 Arachidonate 15-lipoxygenase 74.1 18.3
NM_024703.1 FLJ22593 19.1 29.1
NM_014442.1 Siglec-8 9.8 16.9

Neutrophil selective
NM_004633.1 IL-1R, type II 127.9 51.5
U73191.1 Inward rectifier K+ channel Kir1.3 107.5 98
NM_001557.1 CXCR2 (IL-8Rβ) 39.3 105.2

Mast cell selective
AF206667.1 Tryptase β 84.3 159.4 
NM_001911.1 Cathepsin G 51.5 72.1 
BC005929.1 Major basic protein 31.6 72.5 

Basophil/eosinophil selective
M75914.1 IL-5Rα 42.8 19.4 (B), 29.3 (E)
NM_004778.1 CRTH2 16.6 23.9 (B), 38.1 (E)
NM_001828.3 Charcot-Leyden crystal protein 15.2 229.2 (B), 198.6 (E)

Eosinophil/neutrophil selective
NM_005306.1 GPR 43 (PAR1-like) 21.7 11.7 (E), 32.9 (N)
NM_004668.1 DHHC domain containing 18 6.6 16.2 (E), 44.5 (N)

Basophil/neutrophil selective
NM_016006.1 CGI-58 protein 5.8 12.6 (B), 21.2 (N)

Basophil/mast cell selective
NM_001870.1 Carboxypeptidase A3 59.2 111.7 (M), 137.3 (B)
NM_002529.2 TRK neurotrophin receptor 34.7 3.1 (M), 7 (B)
NM_000139.1 FcεRI β 21.2 22.2 (M), 43.8 (B)

*GenBank accession number (http://www.ncbi.nlm.nih.gov). †The selectivity index (SI) was calculated by comparing the normalized AD level in a cell type or
the normalized AD level of 2 cell types with the maximal gene expression level of the other 8 or 9 cell types. The complete list of the genes having an SI of
greater than 3 is shown in Online Repository Table E1.

http://www.ncbi.nlm.nih.gov
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TABLE II. Granulocyte subtype–selective transcripts for ion channels and receptors

Transcript (GenBank accession no.) Cell type* MC Ba Eo Ne Pl CD4 CD8 CD14 CD19 Fb TC†

Ion channels
Ca2+ channel type A1 D (BE550599) Ba, Eo 0.1 1.7 1.5 0.4 0.0 0.3 0.1 0.0 0.3 0.0 0
Aquaporin 9 (NM_020980.2) Ne 0.7 0.1 0.4 137.4 0.4 0.9 0.1 8.6 0.1 0.2 7
K+ channel Kir1.3 (U73191.1) Ne 0.9 0.2 0.4 99.5 0.7 0.2 0.0 0.8 0.0 0.0 5
K+ channel Kir2.1 (AF153820.1) Ne 0.7 3.8 5.3 40.7 0.4 0.2 0.5 1.5 0.7 1.1 6

GPR
Histamine H4 R (AF312230.1) Ba 0.7 34.2 9.4 0.7 0.4 0.8 0.5 0.6 0.0 0.1 0
PGE R type 3a2 (X83858.1) Ba 0.8 10.3 0.1 0.7 0.6 0.3 0.2 0.2 0.5 1.7 0
C3a R (U62027.1) Ba, Eo 11.8 55.7 39.4 2.0 1.6 1.6 1.5 3.0 0.6 0.5 3
CCR3 (NM_001837.1) Ba, Eo 0.6 117.4 90.9 24.9 0.2 0.5 0.4 0.2 0.2 0.4 0
CRTH2 (NM_004778.1) Ba, Eo 1.1 26.0 38.2 2.0 0.8 1.4 1.0 1.2 0.9 0.5 0
EMR-1 (NM_001974.1) Ba, Eo 0.8 33.5 90.9 4.2 3.4 1.7 0.8 7.1 1.6 0.5 1
Adenosine A3 R (NM_000677.2) Eo 2.6 2.9 15.4 2.3 1.2 1.6 0.5 2.0 0.5 0.5 0
P2Y2 purinergic R (NM_002564.1) Eo 0.1 0.1 5.5 0.1 0.2 0.1 0.3 1.2 0.2 0.1 0
GPR105 purinergic R (NM_014879.1) Eo 2.6 2.9 15.4 2.3 1.2 1.6 0.5 2.0 0.5 0.5 2
GPR, Edg-4 (AF011466.1) Eo, Ne 1.3 2.8 15.9 24.2 0.1 3.6 5.0 3.8 1.9 0.9 2
PAR1-like GPR43 (NM_005306.1) Eo, Ne 0.3 0.7 12.4 35.2 0.8 0.1 0.1 0.7 0.4 0.1 0
C5a R (NM_001736.1) Ne 2.3 21.6 13.6 92.6 2.3 1.2 0.5 25.6 1.0 0.4 5
CXCR1 IL-8R (NM_000634.1) Ne 0.2 4.3 0.3 83.4 0.4 0.3 0.2 0.2 0.1 0.1 0
CXCR2 IL-8R (NM_001557.1) Ne 0.2 1.1 1.5 112.1 2.7 0.3 0.8 0.7 0.6 0.0 1
Formyl peptide R 1 (NM_002029.1) Ne 2.8 23.5 8.8 282.9 3.6 1.3 0.7 62.6 1.1 0.5 0
Formyl peptide R 2 (U81501.1) Ne 0.4 0.5 0.6 75.5 0.1 1.0 0.6 6.0 0.8 0.1 5
GPR77 (NM_018485.1) Ne 0.1 0.9 0.8 3.4 0.0 0.3 0.2 1.0 0.1 0.3 2
GPR86 purinergic R (NM_023914.1) Ne 0.3 0.2 17.9 88.2 1.9 0.1 0.2 12.3 0.6 0.0 1
PAR2 (BE965369) Ne 0.1 0.3 2.2 36.2 0.1 0.7 0.1 1.6 0.4 1.2 15

Other receptors (R)
FcεRIα (BC005912.1) Ba 19.4 219.0 4.6 5.5 1.4 5.1 0.8 1.4 0.4 0.2 0
HTm4 (L35848.1) Ba 0.6 133.1 6.9 3.5 0.2 0.5 0.4 0.1 0.2 0.0 1
IL-3 R (NM_002183.1) Ba 0.6 52.6 2.0 0.7 0.2 0.3 0.2 0.7 0.1 0.1 0
CD244 NK cell R (NM_016382.1) Ba, Eo 0.3 56.0 16.5 1.2 0.1 0.4 3.5 5.2 1.1 0.1 0
Fibroblast growth factor R 2 Ba, Eo 0.1 27.9 12.1 0.2 0.1 0.1 0.2 0.1 0.1 1.0 17

(NM_022969.1)
IL-5R α (M75914.1) Ba, Eo 0.9 20.5 30.4 0.6 0.1 0.1 0.1 0.1 0.2 0.1 0
Siglec-8 (NM_014442.1) Eo 1.8 0.3 17.4 0.4 0.3 0.2 0.1 0.2 0.5 0.2 0
CD117 c-KIT (NM_000222.1) MC 89.0 7.2 4.2 1.2 0.8 0.2 0.5 0.1 0.1 0.5 15
Siglec-6 (D86358.1) MC 5.6 0.2 0.0 0.2 0.5 0.0 0.0 0.0 0.4 0.0 0
FcεRIβ (NM_000139.1) MC, Ba 22.3 44.3 0.4 0.6 1.6 0.5 0.2 0.0 0.3 0.1 0
Low-density lipoprotein R MC, Ba 20.7 20.4 1.3 1.8 2.3 2.1 3.4 3.5 0.8 6.3 34

(NM_000527.2)
Tropomyosin-related kinase neurotrophin MC, Ba 4.6 7.3 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0

R (NM_002529.2)
Butyrophilin-like R (AK025267.1) Ne 1.1 1.7 1.5 6.9 1.5 1.7 1.6 0.9 1.5 1.3 1
CD120a, TNF-R-I (NM_001065.1) Ne 1.7 1.2 7.8 74.7 1.3 2.2 5.9 17.4 0.6 16 35
CD95, Fas, APO-1 (AA164751) Ne 1.4 10.9 7.3 50.4 1.3 5.6 4.8 3.6 2.6 9.7 7
Decoy R1, TRAILR3 (AF012536.1) Ne 0.1 1.5 7.7 78.7 0.5 0.2 0.1 0.7 0.1 0.6 0
FcγRIIc2 (U90939.1) Ne 1.5 2.4 7.8 59.9 0.3 0.2 0.1 7.2 2.3 0.2 2
FcγRIIc3 (U90940.1) Ne 2.4 10.7 10.0 84.3 3.0 1.4 0.6 14.0 7.2 1.0 5
FcγRIII (J04162.1) Ne 0.7 1.6 1.9 199.6 6.6 1.3 1.3 2.2 2.6 0.1 4
G-CSF R (NM_000760.1) Ne 0.1 0.4 1.6 163.6 0.2 0.8 0.2 25.5 0.1 0.2 3
IL-13R (U81379.3) Ne 0.3 0.2 2.0 14.1 0.4 0.4 0.3 2.9 1.3 1.3 0
IL-1R, type II (NM_004633.1) Ne 0.1 0.1 0.1 53.5 0.2 0.4 0.1 0.2 0.0 0.0 3
Insulin-like growth factor R1 Ne 0.3 3.5 5.0 17.4 1.6 0.1 2.8 2.4 2.0 3.5 3

(NM_000875.2)
Insulin-like growth factor R2 Ne 4.6 0.9 5.4 85.3 1.7 2.9 8.7 8.4 4.8 15 32

(NM_000876.1)
Leukocyte Ig-like R A2 (NM_006866.1) Ne 0.5 5.8 4.3 41.2 1.8 0.0 0.1 11.6 0.5 0.1 2
Toll-like R1 (AL050262.1) Ne 0.6 0.3 1.2 31.5 1.6 0.8 0.7 3.0 1.5 0.3 0
Toll-like R2 (NM_003264.1) Ne 0.9 6.0 1.3 83.8 1.6 1.3 0.1 26.3 0.9 0.4 0
Toll-like R6 (NM_006068.1) Ne 0.5 1.0 0.9 8.8 0.1 0.9 0.9 2.1 1.2 0.6 0

MC, Mast cells; Ba, basophils; Eo, eosinophils; Ne, neutrophils; Pl, platelets; Fb, fibroblasts; TC, tissue cells; R, receptor.
*Cell-type selectivity was obtained by comparing the normalized AD levels of each gene in mast cells, basophils, eosinophils, neutrophils, platelets, CD4+

cells, CD8+ cells, CD14+ cells, CD19+ cells, and fibroblasts.
†The expression of each gene by various tissue cells was determined by searching http://www.lsbm.org/index_e.html. The italicized numeral indicates the
number of tissues that have a raw AD level of greater than 200.

http://www.lsbm.org/index_e.html
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Mast cells expressed low levels of FcεRIα compared
with basophils, and even neutrophils expressed a sub-
stantial level of the receptor (Table II). This raises the
possibility that the GeneChip assay might not be suit-
able for detecting selective molecules. In the present
study, however, only the GeneChip data obtained by
using cord blood–derived mast cells and lung mast cells
could be used because of the strict data selection based
on the RNA quality (see the “Methods” section). As has
been reported,14,33 peripheral blood–derived cultured
mast cells or skin-derived mast cells expressed approxi-
mately 10-fold FcεRIα mRNA compared with that pro-
duced by cord blood–derived mast cells (data not
shown). Also, as shown in Online Repository Table E1,
only 2 of 4 neutrophil samples expressed FcεRIα
mRNA. This might be explained by the observation that
only neutrophils obtained from some allergic donors
express the molecule.34

We unexpectedly found 17 granulocyte-selective tran-
scripts, including HTm4. Basophil-selective transcripts,
eosinophil-selective transcripts, or both identified in our
study could be potential therapeutic targets for allergic dis-
eases because these granulocytes play a crucial role in
allergic inflammation.1,2 Granulocyte-selective transcripts
could also be drug targets for other inflammatory diseases,
such as systemic vasculitis.3,4 Analysis of cell type–selec-
tive transcripts from database searches is expected to min-
imize the efforts required for drug discovery. The public
database (http://www.lsbm.org/index_e.html) shows that
some granulocyte-selective transcripts (18 of 51) detected
in our study are abundantly expressed by multiple (>3)
organ tissue cell types by using the same GeneChip
U133A probe array. Thus the safety of any candidate drug
must be evaluated by comparing its efficacy (on granulo-
cytes) with its toxicity (to organs). Six of the 17 novel
granulocyte-selective molecules could be excluded from
drug development because of their expression in multiple
organs unrelated to the diseases. Thus our approach has
identified 11 receptors and ion channels with therapeutic
potential. Among the 11 receptors and ion channels, 7
were basophil selective, eosinophil selective, or both and
were not expressed by other organs, indicating that they
might be potential targets for antiallergic drugs.

Finally, it should be stressed that basophils, the rarest
leukocytes, have recently been found to play a more
crucial role than we ever proposed in the pathogenesis
of intractable allergic diseases, such as fatal asth-
ma.35,36 Thus targeting basophil receptors and ion chan-
nels, such as HTm4 and the Ca2+ channel CACNA1D, is
particularly expected for future drug discovery. The
importance of molecules known to be expressed by
basophils might be reevaluated regarding its selectivity.
Freshly isolated resting basophils expressed the highest
level of IL-4 compared with other cell types. Because
the basophil purification procedure requires more isola-
tion steps, ex vivo manipulation might activate the cells.
However, it should also be noted that basophils have
been recently found to be the major source of IL-4, at
least in asthma models.37,38
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