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Basophils preferentially express mouse
mast cell protease 11 among the mast cell
tryptase family in contrast to mast cells

Tsukasa Ugajin,*" Toshiyuki Kojima," Kaori Mukai,” Kazushige Obata,” Yohei Kawano,
Yoshiyuki Minegishi,” Yoshinobu Eishi,” Hiroo Yokozeki,* and Hajime Karasuyama

7L
t.1

Departments of *Dermatology, 'Immune Regulation, and “Human Pathology, Tokyo Medical and Dental University Graduate
School, Tokyo, Japan

RECEIVED JUNE 10, 2009; REVISED JULY 4, 2009; ACCEPTED JULY 20, 2009. DOI: 10.1189/j1b.0609400

ABSTRACT

Tryptases and chymases are the major proteins stored
and secreted by mast cells, and they have various bio-
logical functions. However, the nature of proteases
produced by basophils has been poorly characterized,
particularly in mice. mMCP-11 is the most recently dis-
covered mast cell tryptase in mice and was originally
identified as Prss34, which is transcribed in some mast
cell-like cell lines and at the early stage in the culture of
BMMC with IL-3. Curiously, Prss34 is preferentially ex-
pressed in the BM and spleen among normal tissues in
contrast to other mast cell tryptases. Therefore, it re-
mains elusive what types of cells express mMCP-11 in
vivo. Here, we show that mMCP-11 is highly expressed
by primary basophils and to a much lesser extent, by
some mast cells. Prss34 transcripts were detected
abundantly in primary and cultured basophils and very
weakly in peritoneal mast cells or cultured BMMC. Con-
versely, transcripts for mMMCP-6 and mMCP-7 tryptases
were preferentially expressed by cultured and perito-
neal mast cells but not basophils. We established a
mMCP-11-specific mAb and showed that mMCP-11 pro-
teins are indeed expressed by primary basophils and
those infiltrating the affected tissues during allergic in-
flammation and parasitic infections. Some primary mast
cells also expressed mMCP-11 proteins, albeit at a
much lower level. Thus, basophils rather than mast
cells are the major source of mMMCP-11. This is the first
study to demonstrate that mouse basophils produce a
trypsin-like protease. J. Leukoc. Biol. 86: 1417-1425;
20009.

Abbreviations: BMBA=bone marrow-derived basophil, BMMC=bone
marrow-derived mast cell, Cmal=chymase 1, dMCP-3=dog MCP-3,
Hprt1=hypoxanthine guanine phosphoribosy! transferase 1, IRES=internal
ribosome entry site, Isp-1/2=implantation serine proteinase gene 1/2,
MMCP-11=mouse mast cell protease 11, MTMT=mouse transmembrane
tryptase, Nb=Nippostrongylus brasiliensis, Prg2=proteoglycan 2,
Prss34=protease serine 34, SCF=stem cell factor, SD rat=Sprague Daw-
ley rat, Tosa/b/g=tryptase a/B/vy, respectively
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Introduction

Basophils are the least common granulocytes, representing
<1% of peripheral blood leukocytes [1, 2]. Basophils circulate
in the peripheral blood and do not migrate into the periph-
eral tissues under physiological conditions, whereas mature
mast cells reside in the peripheral tissues and do not circulate
in the peripheral blood. In spite of this difference in their an-
atomical localizations, circulating basophils share several fea-
tures with the tissue-resident mast cells, including the presence
of basophilic granules in the cytoplasm, the surface expression
of the high-affinity IgEr, FceRI, and the release of chemical
mediators, such as histamine, upon stimulation. Owing to their
similarities to mast cells and their small numbers, basophils
have long been neglected in immunological studies or consid-
ered minor and possibly redundant “circulating mast cells”.
Accordingly, basophils have often been studied as surrogates
of the less-accessible tissue-resident mast cells in humans.
Recent studies using mouse models have revealed previously
unrecognized roles for basophils in allergic responses and im-
mune regulation and have shown that basophils and mast cells
have distinct roles in immune responses [3-11]. Basophils play
crucial roles in IgG-mediated systemic anaphylaxis [5] and IgE-
mediated, chronic allergic inflammation [3, 4]. They also drive
T cell differentiation from naive to Th2-type cells [6, 9-11] and
augment humoral memory responses [7]. These findings have
changed our view of basophils markedly, from an uninteresting
minority population to key players in immune regulation and
allergic responses [12-14]. To understand further the molecular
mechanisms by which basophils function in vivo under physiolog-
ical and pathological conditions, it is important to identify effec-
tor molecules that are selectively expressed and secreted by ba-
sophils. Mast cells release an array of biologically active media-
tors, including neutral proteases and cytokines, in response to a
variety of stimuli [1]. There is now firm evidence that basophils
are a major source of Th2 cytokines [15-18]. However, the pro-
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duction and release of neutral proteases by basophils have been
less well-studied, particularly in mice, compared with those by
mast cells. Human basophils are reported to produce small
amounts of « and B tryptases and little or no chymase [19-22].
However, it remains uncertain whether mouse basophils express
any of the tryptases, particularly at the protein level.

Serine proteases with chymotrypsin-like (chymase) and tryp-
sin-like (tryptase) properties are major constituents of mast
cell granules [23, 24]. One chymase and four different trypta-
ses (a, B, v, 6) have been identified in human mast cells, and
in mice, six mast cell chymases (mMCP-1, mMCP-2, mMCP-4,
mMCP-5, mMCP-9, mMCP-10) and four mast cell tryptases
(mMCP-6, mMCP-7, mMCP-11, mTMT) have been identified
[23-25]. mMCP-11 is the most recently discovered member of
the murine mast cell tryptase family [26]. The mMCP-11-en-
coding Prss34 gene is located on mouse chromosome 17A3.3,
which contains 13 genes encoding functional trypsin-like
serine proteases, including the mast cell tryptases mMCP-6,
mMCP-7, and mTMT. The Prss34 gene was identified initially
by probing the mouse expressed sequence tag database at
GenBank with known tryptase cDNAs. The Prss34 cDNA was
subsequently isolated from BMMC cultured with IL-3 and
found to encode a 318-aa polypeptide, including a signal pep-
tide (19 aa), a propeptide (15 aa), and a mature form of pro-
tease (284 aa). Prss34 mRNA was detected in two mast cell-like
cell lines but in no fibroblast, T cell, or macrophage cell lines
[26]. Of note, BMMC cultured with I1.-3 show a transient ex-
pression of Prss34 mRNA. That is, Prss34 mRNA is abundant in
BM cells cultured with IL-3 for 1 week, but its level decreases
substantially after 3 weeks, suggesting that mMCP-11 might be
expressed at the early stage of mast cell development [26].
Analysis of Prss34 mRNA expression in various tissues revealed
it to be preferentially expressed in the spleen and BM [26],
which is different from the expression profile of other mast
cell tryptases. Thus, it remains to be clarified what types of
cells indeed express mMCP-11 in vivo.

In the present study, we first examined the expression of
Prss34 mRNA in primary hematopoietic cells and found that it
was highly expressed in basophils and very weakly in mast
cells. We then established a mMCP-11-specific mAb to examine
the expression of mMCP-11 at the protein level. The mMCP-11
proteins were expressed abundantly by primary basophils and
those infiltrating the affected tissues during allergic inflamma-
tion and parasitic infection, and they were expressed to a
much lesser extent by some mast cells. Thus, basophils repre-
sent a more significant source of mMCP-11 than do mast cells.

MATERIALS AND METHODS

Animals

BALB/c and C57BL/6 mice (6-10 weeks old) and SD rats (8 weeks old)
were purchased from CLEA Japan (Tokyo, Japan). C57BL/6-Ki"*"/W="
mice [27] were maintained under a specific pathogen-free condition in our
facility. All of the experiments were performed according to the Guidelines
for Animal Use and Experimentation, as set by the Tokyo Medical and
Dental University (Japan).
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Cell lines, cell preparation, and culture

The cell lines X63.Ag8-653 (myeloma cell-derived, ATCC CRL 1580) and
NIH3T3 (fibroblast-derived, ATCC CRL 8306) were cultured in IMDM
(Gibco, Paisley, UK) and DMEM (Sigma-Aldrich, St Louis, MO, USA), re-
spectively, supplemented with 10% FCS, 100 U/ml penicillin, 100 wg/ml
streptomycin, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 2
mM L-glutamine, and 5 X 107> M 2-ME. A retroviral packaging cell line
Plat-E [28] was maintained in supplemented DMEM containing 1 ug/ml
puromycin (Sigma-Aldrich) and 10 wg/ml blasticidin (Invitrogen Life
Technology, Carlsbad, CA, USA). BMBA [6, 8-10, 29, 30] were prepared
by culturing BM cells in the presence of rIL-3 [31] (300 pg/ml) for 1
week, followed by isolating the CD49b™ cells using the IMag system with
biotinylated anti-CD49b and streptavidin-conjugated magnetic particles (BD
PharMingen, San Diego, CA, USA). BMMC were prepared by culturing BM
cells in the presence of rIL-3 (300 pg/ml), with or without rSCF (10 ng/
ml, PeproTec, London, UK) for 5 weeks. Basophils (CD49b* FceRlIa™),
neutrophils (Gr-1"¢"SiglecF-), and eosinophils (Gr-1"“SiglecF") in the
BM and mast cells (FceRIa"ckit™) in the peritoneal cavity of BALB/c mice
were sorted separately by using FACSVantage (BD Biosciences, Mountain
View, CA, USA). Purity of sorted cells was >95%.

Antibodies

Anti-FLAG (M2) mAb and M2 affinity gel were purchased from Sigma-Al-
drich. Anti-mMCP-7 mAb and the HRP-conjugated goat anti-rat IgG and
anti-mouse IgG antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Isotype-matched control antibodies (rat IgG2ak
and rat IgG2bk), PE-conjugated anti-Siglec-F (E50-2440), biotinylated mAb
specific to CD49b (DX5) and c-kit (2B8), and allophycocyanin-conjugated
streptavidin were purchased from BD PharMingen. FITC-conjugated anti-
CD49b (DX5), PE-conjugated anti-FceRIa (MAR-1), and biotinylated anti-
Gr-1 (RB6-8CH) were purchased from eBioscience (San Diego, CA, USA).
HRP-conjugated rabbit anti-mMCP-1 antibody was from Moredun Scientific
Ltd. (Peniciuk, Scotland), and anti-mMCP-6 mAb was from R&D Systems
(Minneapolis, MN, USA).

Establishment of mAb specific to mMCP-8 or
mMCP-11

The coding region of the mMCP-8 or mMCP-11 cDNA was subcloned into
the expression vector pET4la(+) (Novagen, Darmstadt, Germany), which
was constructed to produce fusion proteins consisting of GST, His-tag, and
the protein of interest when expressed in Escherichia coli. rGST-mMCP-8 and
rGST-mMCP-11 fusion proteins were purified from E. coli lysates by using a
Ni-column, HisTrap™ high performance (GE Healthcare Bio-sciences AB,
Uppsala, Sweden). SD rats were immunized at weekly intervals by footpad
injection of GST-mMCP-8 (100 ug) or GST-mMCP-11 (500 pg). CFA (Sigma-
Aldrich) and IFA (Sigma-Aldrich) were used as adjuvants for the first immu-
nization and subsequent four booster immunizations, respectively. Three
days after the sixth immunization, which was without adjuvant, cells were
isolated from the popliteal lymph nodes and fused with X63.Ag8-653 cells
using polyethylene glycol 1500 (Roche Diagnostics, Indianapolis, IN, USA).
B cell hybridomas were selected in medium containing hypoxanthine/ami-
nopterin/thymidine (Gibco-BRL, Carlsbad, CA, USA) and rIL-6 [32]. Their
culture supernatants were screened for the ability to react with mMCP-8 or
mMCP-11 by ELISA, in which 96-well plates coated with GST, GST-
mMCP-8, or GST-mMCP-11 were reacted with hybridoma culture superna-
tant followed by anti-rat IgG-HRP. Hybridoma clones showing the reactivity
to GST-mMCP-8 or GST-mMCP-11 but not GST were selected.

Retroviral vectors and infection

The ¢cDNAs of FLAG-tagged mMCP-8 and mMCP-11 were inserted into the
retroviral vector pMX-IRES-GFP [28]. Plat-E cells were transfected with the
vectors using FuGENE 6 (Roche Diagnostics), and their culture superna-
tants were collected 48 h later. NIH3T3 cells were infected by incubation
with the Plat-E culture supernatant in the presence of 5 ug/ml polybrene
(Sigma-Aldrich) for 48 h.
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Semiquantitative RT-PCR analysis

Total RNA was prepared from cells and then subjected to first-strand cDNA
synthesis with RT using oligo-dT primers. Semiquantitative PCR was per-
formed with fivefold serially diluted cDNA templates. Intron-spanning
primers were used to avoid coamplification of genomic DNA, as listed in
Table 1. The expression of a housekeeping gene, Hprtl, was analyzed in
parallel, as a reference for normalization.

Immunoprecipitation and immunoblotting

Cells were lysed in lysis buffer containing 0.5% Triton X-100 (Sigma-Al-
drich), protease inhibitor cocktail (Roche Diagnostics), and 300 uM diiso-
propylfluorophosphate (Sigma-Aldrich). Cell lysates or culture supernatants
were incubated with an anti-FLAG affinity gel, and the immunoprecipitates
were subjected to SDS-PAGE (12% polyacrylamide), followed by immuno-
blotting with the indicated antibodies and HRP-conjugated secondary anti-
bodies. Proteins were visualized by Immobilon Western (Millipore, Bil-
lerica, MA, USA).

Histological and flow cytometric analyses

For immunohistochemical examination, tissues were fixed with 10% buff-
ered formalin, embedded in paraffin, and cut with a microtome into 3 wm-
thick sections. They were treated with microwaves, followed by incubation
with methanol containing 0.3% H,O, to inhibit endogenous peroxidase
and with a protein-blocking solution containing 0.25% casein (Dako,
Carpinteria, CA, USA) to prevent the nonspecific binding of antibodies.
Cytospin preparations were fixed with methanol for 10 min. Tissue sections
and cytospin preparations were incubated with the indicated antibodies (1
wng/ml) at 4°C overnight, followed by HRP-conjugated goat anti-rat IgG
(diluted 1:500). They were incubated subsequently in 3’-diaminobenzidene
tetrahydrochloride solution (Dako) and counterstained with hematoxylin.
For flow cytometric analysis, single-cell suspensions were incubated with the
indicated antibodies after treatment with an anti-CD16/32 mAb (2.4G2)
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and normal rat serum to reduce the nonspecific staining. Cells were ana-
lyzed with a FACSCalibur (BD Biosciences).

IgE-mediated, chronic allergic skin inflammation

IgE-mediated, chronic allergic inflammation in the skin was induced as de-
scribed previously [3, 4]. Briefly, mice were sensitized with an i.v. injection
of 300 ug TNP-specific IgE (ATCC TIB 141) 1 day before being challenged
with a s.c. injection of 10 ug TNP-conjugated OVA (Bioresearch Technolo-
gies, Novato, CA, USA) or control OVA in the ear lobes.

Nb infection

Mice were infected with Nb by s.c. inoculation of 500 third-stage larvae.

RESULTS

Prss34 transcripts are highly expressed in IL-3-
differentiated basophils and barely in IL-3-
differentiated mast cells

mMCP-11-encoding Prss34 transcripts were detected readily by
RT-PCR in murine BM cells that had been cultured with IL-3 for
1 week and to a much lesser extent, in those cultured for b weeks
but rarely in those cultured with IL-3 plus SCF for 5 weeks

(Fig. 1A, lower panel). These results agreed with the original
report on Prss34, in which this expression pattern was inter-
preted as a preferential expression of Prss34 at an early stage
of mast cell development [26]. Importantly, basophils are also
included in the short-term culture of BM cells in IL-3 [29] and
rare in the long-term culture, in contrast to mast cells. Under
our culture conditions, basophil-type cells (CD49b™ c-kit")

TABLE 1. Primer Sets Used for RT-PCR Analysis

Gene Gene product  Direction PCR primers Product size (bp)

Prss34 mMCP-11 Forward 5'-GCTGATGAAAGTGGTCAAGATCATCCG-3' 610
Reverse 5'-AGGAGTGAATGGATCAATATGAGTGGCTG-3’

Mcpt8 mMCP-8 Forward 5'-CCGGAATTCATGTTCCTGCTCCTGGTCC-3’ 763
Reverse 5'-CGCGGATCCCTAGGGTTGTTGCAGGAGTTTCATTG-3'

Mcptl mMCP-1 Forward 5'-ATGCAGGCCCTACTATTCCTGATGG-3' 741
Reverse 5'-CTACTTGCCATTTATGACTGTTTTAATCC-3'

Mcpt2 mMCP-2 Forward 5'-GGGCTGGAGCTGAGGAGATT-3’ 714
Reverse 5'-GACTCAGGCTGGTTAGGCTT-3'

Mcpr4 mMCP-4 Forward 5'-GGGCTGGAGCTGAGGAGATT-3’ 224
Reverse 5'-CTTCTGCTGTGTGGATTCTGTC-3'

Cmal mMCP-5 Forward 5'-ATGAAGCCTGCAGCAGCCCTGAGG-3' 783
Reverse 5" TTAATTCTCCTCAAGATCTTATTGATCC-3'

Tpsb2 mMCP-6 Forward 5'-CCGGAATTCCAGCCAATCAGCGAGTGGGCAT-3' 776
Reverse 5'-CCGCTCGAGTCAGGAATGCTCAGGGACATAGCGG-3’

Tpsabl mMCP-7 Forward 5'-ATGACCACCTGATGACTGTGAGCCAG-3’ 563
Reverse 5'-AGGAACGGAGGTCATCCTGGATGTG-3’

Mcpt9/Cma2 mMCP-9/10 Forward 5'-GGTTATGTGGCAATCTGTGG-3’ 528
Reverse 5'-GCGTCCAGAAGATACAATACC-3’

Tpsgl mTMT Forward 5'-GATCATCATGTACACTGGCTCTCCAG-3’ 645
Reverse 5'-CTACACCTCATTCAGAGTTCCGAGG-3’

Mmp9 MMP-9 Forward 5'-GGTACTGGAAGTTCCTGAATCATAGA-3’ 409
Reverse 5'-CAGAAATAGGCTTTGTCTTGGTACTG-3’

Prg2 MBP Forward 5'-GGAGCGTCTGCTCTTCATCT-3’ 501
Reverse 5'-ACTTCCATCAACCCATCGAA-3'

Hprtl HPRT Forward 5'-GCTGGTGAAAAGGACCTCT-3’ 249
Reverse 5'-CACAGGACTAGAACACCTGC-3’
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[3-11, 17, 30, 33] accounted for ~30%, 2-5%, and <2% of
the cultured BM cells in the 1- and 5-week cultures with IL-3
and the 5-week culture with IL-3 plus SCF, respectively, and
mast cell-type cells (CD49b c-kit") represented ~30%, 80—
85%, and >90% of the cultured cells, respectively (Fig. 1A,
upper panel). Both types of cells expressed FceRI on their sur-
face (data not shown). Basophil-specific Mcpt§ transcripts [34—
36] were readily detected in the l1-week-cultured BM cells, in
accordance with the presence of basophil-type cells. Their lev-
els declined as the frequency of basophil-type cells was re-
duced during culture, and the level of the mast cell-specific
Tpsb2 transcripts encoding mMCP-6 remained unchanged (Fig.
1A, lower panel). Thus, the time-course of the Prss34 transcrip-
tion during culture was similar to that of the McptS§ transcrip-
tion, suggesting that Prss34 might be expressed in basophils
rather than mast cells, such as Mcpt8. To explore this possibil-
ity, CD49b " c-kit™ basophil-type cells and CD49b c-kit" mast
cell-type cells were sorted separately from 1-week-cultured BM
cells and subjected to RT-PCR analysis (Fig. 1B). The Prss34
and Mcpt8 transcripts were detected in the basophil-type cells
but hardly in the mast cell-type cells.

Primary basophils express Prss34 transcripts at a
higher level than do peritoneal mast cells

We next examined the expression of Prss34 transcripts in pri-
mary cells, including basophils, mast cells, neutrophils, and
eosinophils. Prss34 transcripts were readily detected in

CD49b "FceRI™ basophils [3-11, 17, 30, 33], that were freshly
isolated from the BM, weakly in peritoneal mast cells and
hardly at all in neutrophils and eosinophils, as were the McptS
transcripts (Fig. 2). No significant expression of Prss34 mRNA
was detected in the other hematopoietic cells examined, in-
cluding T cells, B cells, NK cells, monocytes, macrophages,
and dendritic cells (data not shown). In contrast to the Prss34

CD49%b

Figure 1. Prss34 transcripts are de-
tected in cultured basophils but

[ barely in cultured mast cells. (A)
BALB/c BM cells were cultured
with IL-3 for 1 or 5 weeks or with
IL-3 plus SCF for 5 weeks, and the
cultured cells were stained for the
surface expression of c-kit and
CD49b (upper panel). RNAs, pre-

c-kit—p>
cD49b* c-kit™

CD49b c-kit"

pared from the cultured cells,
were subjected to semiquantitative
RT-PCR analysis for the expres-
sion of the indicated genes (lower

panel). The PCR templates were
fivefold serially diluted, as symbol-
ized by gradation arrows above the
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lower panel. (B) CD49b " c-kit™ and
CD49b ckit* cells in BM cells cul-
tured with IL-3 for 1 week were
sorted separately and subjected to
RT-PCR analysis as in A. Data
shown in A and B are representa-
tive of three independent experi-
ments using cells prepared from
different mice.

transcripts, the 7psb2 and Tpsabl transcripts, encoding the
mast cell tryptases mMCP-6 and mMCP-7, respectively, were
readily detected in the peritoneal mast cells but barely in ba-
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Figure 2. Primary basophils predominantly express Prss34 transcripts
among the mast cell tryptases, whereas peritoneal mast cells mainly
express Tpsb2 and Tpsabl transcripts. Basophils (CD49b" FceRla™),
neutrophils (Gr-1"#"SiglecF), and eosinophils (Gr-1"*SiglecF*) in
the BM and mast cells (FceRIa"ckit") in the peritoneal cavity of
BALB/c mice were sorted separately, and their RNAs were subjected
to semiquantitative RT-PCR analysis for the expression of the indicated
genes. Data are representative of three independent experiments us-
ing cells prepared from different mice.
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Figure 3. BMBA but not BMMC express mMCP-11 proteins detected
by a newly established mMCP-11-specific mAb. (A) NIH3T3 cells were
infected with a retroviral vector containing a cDNA-encoding, FLAG-
tagged mMCP-11 or mMCP-8 or vector alone (mock). Forty-eight
hours later, the FLLAG-tagged proteins were isolated from the lysates of
cell pellets (P) and from the culture supernatants (S) and subjected to
SDS-PAGE, followed by immunoblotting with the indicated antibodies.
(B) Cell lysates were prepared from BMBA (CD49b™" fraction of BM
cells cultured with IL-3 for 1 week) and BMMC (BM cells cultured
with IL-3 for 5 weeks) and subjected to SDS-PAGE, followed by immu-
noblotting with the indicated antibodies. Data shown in A and B are
representative of five and three experiments, respectively.

sophils, neutrophils, and eosinophils (Fig. 2). Neither the ba-
sophils nor the peritoneal mast cells expressed any detectable
level of Tpsgl, which encodes the mucosal mast cell tryptase
mTMT [37] (Fig. 2). No mast cell chymase transcripts (Mcptl,
Mcpt2, Mcptd, Cmal/Mcpt5, Mcpt9, Cma2/Mcp10) were detected
in basophils (Fig. 2).

mMCP-11 proteins are produced by cultured and
primary basophils

To examine mMCP-11 expression in basophils at the protein
level, we established a mMCP-11-specific mAb (IgG2b, k), des-
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ignated as TUGI1, by immunizing rats with rmMCP-11. As a
positive control for the identification of mouse basophils, we
also established a mMCP-8-specific mAb (IgG2a, k), TUGS.
mMCP-8 is a basophil-specific, granzyme B-like protease con-
sisting of 227 aa in its mature form and is distinct from the
classical tryptases and chymases in mast cells [34-36]. Anti-
serum against mMCP-8 has been produced [35], and no mAb
specific to mMCP-8 has been reported to our knowledge.
TUGI1 detected 42 and 45 kDa proteins in cell lysates and
culture supernatants, respectively, of mMCP-11-expressing but
not mMCP-8-expressing NIH3T3 transfectants (Fig. 3A), con-
sistent with the previous study using human embryonic kidney
293T transfectants [26]. TUGS detected 38—43 kDa and
40-45 kDa proteins in the cell lysates and culture superna-
tants, respectively, of mMCP-8-expressing but not mMCP-11-
expressing NIH3T3 transfectants (Fig. 3A). Previous studies
using N-glycosidase F showed that mMCP-8 and mMCP-11 pro-
teins are modified with N-linked glycosylation [26, 38]. In par-
ticular, mMCP-8 proteins possess six potential N-linked glyco-
sylation sites [34], and the N-glycosidase F treatment reduced
their apparent molecular weight from 42-44 kDa to 30 kDa
[38]. Thus, the difference in the apparent molecular weights
of the mMCP-11 and mMCP-8 proteins detected in the cell
lysates and supernatants of the NIH3T3 transafectants is likely
a result of a difference in the extent of glycosylation.

We next used the established mAb to examine the expression
of the mMCP-11 and mMCP-8 proteins in BMBA (the CD49b™
fraction of BM cells cultured with IL-3 for 1 week) [6, 8-10, 29,
30] and BMMC (BM cells cultured with IL-3 for 5 weeks). As ex-
pected, the immunoblot with TUG8 detected mMCP-8 proteins
with an apparent molecular weight of 38-45 kDa in BMBA but
hardly anything in BMMC (Fig. 3B). Conversely, anti-mMCP-6
and anti-mMCP-7 mAb detected 35 kDa and 30-35 kDa proteins,
respectively, in BMMC but not in BMBA (Fig. 3B). Of note,
TUGI11 detected major protein bands of 42—45 kDa in BMBA
but barely anything in BMMC (Fig. 3B). The expression of
mMCP-11 proteins was demonstrated further by subjecting cyto-
spin samples of BMBA to immunoenzymatic staining with TUGI1
(Fig. 4A). mMCP-11 and mMCP-8 proteins were detected in the
cytoplasm of BMBA in a granular pattern (Fig. 4A). Most of the
BMMC were negative for mMCP-11 and mMCP-8 staining (Fig.

Figure 4. Primary basophils express

mMCP-11 proteins. Cytospin prepa-
Gt rations of BMBA and BMMC (A),
““ basophils, neutrophils, and eosino-
phils isolated from the BM (B),

and peritoneal mast cells (B) were
stained with TUG11, TUGS, anti-
mMCP-6, or isotype-matched con-
trol mAb (rat IgG2bk and IgG2ak)

A BMBA BMMC B Basophils Neutrophils Eosinophils Peritoneal mast cells
control . ' control . . .
e P N | o | | D (|

TUGS . ’ TUGS

using the immunoenzymatic
method. Staining with the IgG2bk
control mAb is shown in top pan-
els, and comparable negative stain-
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ing results were also obtained when
the IgG2ak control mAb was used
(data not shown). Data are repre-
sentative of three experiments.
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Figure 5. Basophils infiltrating the skin lesions of IgE-mediated,
chronic, allergic inflammation express mMCP-11 proteins. Mast cell-
deficient (C57BL/6-Kit**"**") mice (A) and wild-type C57BL/6 mice
(B and C) were passively sensitized with TNP-specific IgE and then
challenged 1 day later by a s.c. injection of TNP-OVA or control OVA
into the ear skin. Four days after the antigen challenge, the ear skin
was subjected to the immunohistochemical examination using TUGI1,
TUGS, anti-mMCP-6, or isotype-matched control mAb (rat IgG2bk and
IgG2ak). Arrowheads indicate stained cells (black for basophils and
red for mast cells). Staining with the IgG2bk control mAb is shown,
and comparable negative staining results were also obtained when the
IgG2ak control mAb was used (data not shown). Data shown are rep-
resentative of five independent experiments.

4A), although ~10% of them showed TUG11 or TUGS staining
to a variable extent (data not shown).

Virtually all basophils that were freshly isolated from the BM
of BALB/c mice (Fig. 4B) and C57BL/6 mice (data not pre-
sented) showed staining, not only by TUGS but also by
TUGI11, clearly demonstrating that the mMCP-11 proteins
were expressed in primary basophils. In accordance with their
granular staining pattern (Fig. 4B), mMCP-11 and mMCP-8
proteins were largely localized to the secretory granules of pri-
mary basophils, as detected by immunoelectron microscopy
(data not shown). Neutrophils and eosinophils were negative
for mMCP-11 as for mMCP-8 (Fig. 4B). Peritoneal mast cells
were heavily stained with anti-mMCP-6, whereas none of them
were detectably stained with TUGS8 (Fig. 4B). Approximately
70% of peritoneal mast cells were negative for the TUG11
staining under the same conditions as for basophil staining
(Fig. 4B, left panel of TUGI11 staining), and the rest of them
were faintly stained with TUG11 (Fig. 4B, right panel of TUG
11 staining). These results demonstrated that mMCP-11 pro-
teins are highly expressed by virtually all basophils, as are

1422 Journal of Leukocyte Biology Volume 86, December 2009

mMCP-8 proteins, but that mMCP-11 is not as specific to ba-
sophils as mMCP-8, and some peritoneal mast cells produce
mMCP-11, albeit at a much lower level than do basophils.

Expression of mMCP-11 proteins in basophils
infiltrating affected tissues during allergic
inflammation and parasitic infection

We next examined the expression of mMCP-11 proteins in tissue-
infiltrating basophils by means of the immunohistochemistry with
TUGI1. We reported previously that basophils play a crucial role
in the initiation of IgE-mediated, chronic, cutaneous allergic in-
flammation, even though basophils account for only 2% of the
infiltrating cells in skin lesions, as judged by flow cytometric anal-
ysis [3, 4]. This allergic inflammation can be elicited even in mast
cell-deficient mice such as C57BL/6-Ki™ """ mice [3]. Immu-
nohistochemical examination of ear skin specimens from
C57BL/6-Kit"™"""*" mice demonstrated that TUG8™ basophils
indeed infiltrated the dermis of skin challenged with relevant
antigen TNP-OVA but not control OVA (Fig. 5A), in accordance
with the result obtained from flow cytometric analysis [3, 4].
TUGI1" cells were also detected in the dermis in a pattern simi-
lar to TUG8™ basophils (Fig. 5A), suggesting that mMCP-11 pro-
teins were expressed by skin-infiltrating basophils. In the skin le-
sions of mast cellsufficient C57BL/6 mice, TUG11" and TUG8"
cells were also detected, and none of them was stained with iso-
type-matched control antibodies (Fig. 5B). Of note, two types of
TUGI1™" cells, relatively small and large ones (indicated by black
and red arrowheads, respectively, in Fig. 5C), were detected in
the skin lesions of C57BL/6 mice, whereas virtually all of the
TUGS" cells were relatively small. Examination of serial sections
revealed that the larger TUGI1" cells were positive for mMCP-6,
and the smaller ones were negative for mMCP-6 (Fig. 5C). There-
fore, the larger and smaller cells were likely mast cells and ba-
sophils, respectively. The frequency of TUG11" staining among
mMCP-6" mast cells was on average 10-30% but varied, largely
depending on the length of immunohistochemical reaction with
substrates. In general, mast cells needed a much longer time to
become brightly stained with TUG11 compared with basophils,
suggesting the lower level of mMCP-11 expression in tissue-resi-
dent mast cells than in infiltrating basophils during the allergic
inflammation.

Previous studies using flow cytometry demonstrated that the
infection of mice with the nematode Nb induces basophil re-
cruitment into the liver, lung, and intestine and increased
numbers of basophils in the BM and spleen [8, 17, 18]. We
therefore performed an immunohistochemical examination to
know whether mMCP-11 proteins were expressed by tissue-
infiltrating basophils in Nb-infected BALB/c mice. TUG11*
cells were detected in the sinusoids of the liver, alveolar walls
in the lung, and red pulps of the spleen, just as were TUG8™
basophils (Fig. 6A). Isotype-matched control mAb did not re-
act with any of the cells, and cells positive for TUG11 and
TUGS were rarely detected in the corresponding tissues from
uninfected mice, except the spleen (data not shown), in accor-
dance with our flow cytometric analysis. Comparable results
were obtained when mast cell-deficient mice, with or without
Nb infection, were analyzed (Supplementary Fig. 1; not all
data shown). These results strongly suggested that basophils
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Figure 6. Basophils infiltrating various
tissues of Nb-infected mice express
mMCP-11 proteins. BALB/c mice were
infected with Nb (A, C, and B, upper
panels) or left uninfected (B, lower pan-
els). Ten days later, the liver, lung,
spleen, mesenteric lymph nodes (MLN;
A), and small intestine (B and C) were
isolated and subjected to immunohisto-
chemical examination using TUGI1,
TUGS, anti-mMCP-1, or isotype-matched
controls. Arrowheads indicate stained
cells (black for basophils in A and B;
and red for basophils and green for
mast cells in C). Data shown are repre-
sentative of three independent
experiments.

Nb-infected

Small intestine

uninfected

infiltrating the affected tissues during Nb infection expressed
mMCP-11. Intriguingly, TUG11" and TUG8™ cells were de-
tected in the mesenteric lymph nodes of Nb-infected but not
uninfected mice, predominantly in the medulla, although a
few positive cells were in the cortex (Fig. 6A). In the small in-
testine, TUG11" and TUG8" cells were detected frequently in
the lamina propria of Nb-infected mice but rarely in that of
uninfected mice (Fig. 6B). This implied that mucosal mast
cells express no detectable level of mMCP-11 and mMCP-8, as
they reside in the lamina propria, even in the uninfected
mice. In serial sections, mMCP-1" mast cells were detected,
but the localization of mMCP-1" and TUG11™ cells was sel-
dom overlapped (Fig. 6C). Moreover, PT-PCR analysis failed to
detect the Prss34 expression in the intestine from uninfected
mice, although mTMT-encoding transcripts [37] were readily
detected (data not shown). These results strongly suggested
that basophils infiltrating the small intestine expressed mMCP-
11, whereas the vast majority of mucosal mast cells was nega-
tive for mMCP-11, even during Nb infection.

DISCUSSION

The present study demonstrated that primary basophils pro-
duce mMCP-11 proteins. This is the first study, to our knowl-
edge, to show that mouse basophils produce a trypsin-like pro-
tease. Some primary mast cells also produce mMCP-11 pro-
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teins, but the level of the expression is much lower than in
basophils under the conditions tested. Thus, basophils repre-
sent a more significant source of mMCP-11 than do mast cells.
The Prss34 gene was isolated originally from IL-3-cultured BM
cells and therefore, reported in association with mast cells and
their progenitors [26]. Of note, the RT-PCR analysis demon-
strated that the Prss34 transcripts are preferentially expressed
in the BM and spleen among the organs and tissues tested,
unlike the expression profile of other mast cell tryptases [26].
This observation could well be explained by the preferential
expression of Prss34 in primary basophils, as the basophil con-
tent of these two organs is higher than that of others.

The mouse mast cell tryptases can be categorized into two
groups: membrane-anchored (mTMT) and soluble (mMCP-6,
mMCP-7, mMCP-11) [23]. Among the three soluble tryptases,
mMCP-11 is the most distantly related to the others [26]. The
amino acid sequence of mMCP-11 is 61% identical to that of
dog mastin/dMCP-3, which is expressed by mast cells and neu-
trophils in dogs [39-41]. Mouse and rat mMCP-11, dog mas-
tin/dMCP-3, and pig TC30 form an orthologous clade that is
distinguished readily from other soluble tryptases, including
classical mast cell tryptases and implantation serine proteases
Prss28/Isp-1 and Prss29/1Isp-2 [26, 42]. Consistent with this
analysis, using a panel of chromogenic substrates revealed that
mMCP-11 displays trypsin-like activity with a substrate specific-
ity distinct from that of other tryptases [26]. mMCP-6 and
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mMCP-7 are selectively expressed in connective tissue-type
mast cells [43, 44], whereas the Tpsg! transcripts, which en-
code mTMT, are detected predominantly in the intestine [37],
most likely in mucosal-type mast cells. We demonstrated in this
study that mMCP-11 is highly expressed by basophils and to a
lesser extent, by some mast cells in the peritoneal cavity and
skin but rarely by mucosal mast cells in the intestine. The dis-
tinct preference of individual members of the mast cell
tryptase family in the cellular and tissue expression strongly
suggests that they function differentially in vivo.

Among the mouse mast cell tryptases, nmMCP-6 and mMCP-7
are characterized most extensively in terms of their functions [45,
46]. mMCP-7 exhibits anticoagulant activity through the degrada-
tion of fibrinogen [44]. The i.p. administration of mMCP-7 to
mice results in the selective extravasation of eosinophils [47],
whereas mMCP-6 administration results in the selective extravasa-
tion of neutrophils [48]. mMCP-6 induces endothelial cells to
express large amounts of the neutrophil-attracting chemokine
CXCLS8/IL-8 [48]. The analysis of mMCP-6-deficient mice re-
vealed that mMCP-6 has an immunoprotective role in bacterial
and parasitic infections [49, 50] and is also involved in the patho-
genesis of experimental arthritis in the K/BxN mouse model
[61]. Although the physiological substrates of mMCP-11 remain
to be determined, as for that of mMCP-6, the basophil’s preferen-
tial expression of mMCP-11 documented in the present study
would provide an important clue to understand physiological and
pathological functions of mMCP-11. We demonstrated previously
that basophils play a crucial role in the development of IgE-medi-
ated, chronic, cutaneous allergic inflammation as initiators rather
than effectors [3, 4]. The in vivo depletion of basophils during
the progression of the dermatitis results in decreased numbers of
eosinophils and neutrophils infiltrating the skin lesions, concomi-
tantly with the elimination of basophils from the lesions, suggest-
ing that basophils are involved in the recruitment of eosinophils
and neutrophils [4]. It is intriguing to speculate that the tryptase
mMCP-11 and/or the granzyme B-like protease mMCP-8 released
from activated basophils are involved in the recruitment of proin-
flammatory cells, such as eosinophils and neutrophils, during
IgE-mediated, chronic, allergic inflammation. Future studies, in-
cluding the establishment of mice deficient for mMCP-11 and/or
mMCP-8, will be needed to verify this scenario.

The detection of basophils has been difficult, particularly in
mice [52], as mouse basophils have fewer basophilic granules
than human basophils, and this has sometimes led to the errone-
ous conclusion that basophils may not exist in mice [53]. Histo-
chemical staining with basic dyes is generally unsuitable for de-
tecting mouse basophils in formalin-fixed, paraffin-embedded
tissue sections [54-56]. We demonstrated in the present study
that the newly established anti-mMCP-11 and anti-mMCP-8 mAb
successfully detected basophils in methanol-fixed cytospin prepa-
rations and in formalin-fixed, paraffin-embedded tissue sections.
Therefore, these mAb would be useful for the immunohisto-
chemical identification of tissue-infiltrating basophils. Notably, by
using the mAb, we detected basophils in the mesenteric lymph
nodes of Nb-infected but not uninfected mice. Recent studies
demonstrated that basophils were transiently recruited into the
draining lymph nodes after the s.c. administration of protease
allergens, such as papain [6, 9] or eggs of Schistosoma mansoni
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[11], leading to the differentiation of Th2 cells. Therefore, the
detection of basophils in mesenteric lymph nodes of Nb-infected
mice may suggest that basophils are involved in Th2 cell differen-
tiation during the infection with Nb.

In conclusion, we demonstrated in the present study that the
tryptase mMCP-11 is highly expressed by primary basophils and
to a lesser extent, by some mast cells, unlike other mast cell
tryptases. This would provide novel insight into the in vivo roles
for mMCP-11 and basophils, including roles in allergic inflamma-
tion, protection against pathogens, and tissue remodeling.
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Supplemental Figure 1. mMCP-11-expressing basophils infiltrating tissues in Nb-infected
mast cell-deficient mice. Mast cell-deficient (C57BL/6-Kit"*""s") mice were infected with N.
brasiliensis. Ten days later, the liver, lung, and spleen were isolated and subjected to
immunohistochemical examination using TUG11 or isotype-matched control. Arrowheads
indicate stained cells. Data shown are representative of three independent experiments.



