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The ST2 gene, which is specifically induced by growth stimulation, encodes interleukin-1
receptor-related proteins. Using the RT-PCR method, we found that the ST2 gene was
broadly expressed in hematopoietic cell lines. It was also expressed specifically in helper
T cell lines among lymphocytic cell lines. We analyzed the expression of ST2 in mouse
helper T cell subsets with Northern blotting analysis. Mouse Thl cell lines so far studied
did not express ST2 mRNAs. On the other hand, one of the Th2 cell lines, D10, expressed
ST2L (transmembrane form) without stimulation, while co-stimulation by PMA and
A23187 induced ST2 (soluble form) mRNA. These results suggest that the ST2 gene is
involved in the regulation of the immune system. IL-la, IL-1/9, and receptor antagonist did
not bind to ST2L protein, which prompted us to search for the specific ligand of ST2. The
recombinant human ST2 protein was purified and labeled with FITC. The labeled human
ST2 protein bound with myeloma-derived RPMI8226 cells among the various B-cell lines,
indicating possible involvement of ST2 in T-cell/B-cell interaction.

Key words: helper T-lymphocytes, interleukin-1 receptor family, ligand of ST2, ST2 gene
product, Thl and Th2 cells.

Many ligand-receptor systems, especially a number of
cytokine systems, are involved in cell-cell interactions,
such as cell growth regulation, immune reaction, and
inflammation. The IL-1 and IL-1 receptor system is one of
the best-studied cytokine-receptor systems, but its signal
transducing mechanisms are still not clearly understood
when compared with those of other cytokines (2).

The ST2 gene was originally found to be one of the
primary response genes in the G0/Gi transitional state of
BALB/C-3T3 cells (2), and a Ha- ras oncogene-responsive
gene (3). Subsequently, we cloned ST2L cDNA, encoding a
membrane-bound protein whose extracellular domain is
almost identical to the ST2 protein, and which shows a
striking overall similarity to IL-1R type I, based on its
amino acid sequence (4). The ST2 gene products were
clarified to consist of two forms, a soluble secreted form
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(ST2) and a transmembrane form (ST2L), and both are
members of the IL-1R family, which in turn belongs to the
immunoglobulin super-family (5).

Recently, the presence of an IL-1R accessory protein
(IL-1R AcP), which forms a high-affinity IL-1 binding
complex with IL- 1R type I (EL- 1R I), has been reported (6).
IL-1R AcP is also one of the IL-1R family members,
possessing three immunoglobulin-like domains. The simi-
larities between mulL-lR I and muIL-lR AcP, muTL-lR I
and muST2L, and muIL-lR AcP and muST2L are 26.7,
28.3, and 25.7%, respectively. Furthermore, the murine
ST2 gene was mapped on chromosome 1(7), and the human
ST2 gene was mapped on chromosome 2 (8). In both cases,
the St2 loci were very tightly linked to R-lrl and II loci.
This evidence taken together suggests close functional
relationships among these members of the IL-1R super-
family.

The ST2 protein was reported not to bind with IL-ls (9,
10) or to bind only slightly with EL-1/3 (22); therefore,
ST2L is thought to react with distinct ligand(s) other than
IL-ls. Eventually, candidates for ligands of ST2 protein
were purified or cloned and appeared to be different from
IL-ls (9, 10).

In this study, we investigated the expression pattern of
the ST2 gene in hematopoietic cell lines at the messenger
and protein levels in order to understand the physiological
function of ST2 and ST2L proteins. The expression of the
ST2 gene was observed in a variety of hematopoietic cell

Vol. 121, No. 1, 1997 95

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


96 K. Yanagisawa et al.

lines other than lymphocytic cells with RT-PCR, and
specifically in Th2 cells of lymphocytic cell lines. In our
hands, the ST2L protein also did not bind with IL-ls, and
the cloned candidate for the ligand of ST2 protein was
reported to be unable to initiate signal transduction (20);
therefore, we searched for the membrane-bound ligand(s)
of ST2 proteins on B-cell lines. FITC-labeled recombinant
human ST2 protein appeared to bind specifically with
myeloma-derived RPMI8226 cells. These observations
suggest the possible implication of the ST2 and ST2L
proteins in the immune system.

MATERIALS AND METHODS

Cell Preparation and Culture—PBMC was isolated by
sedimentation on Ficoll-Hypaque density gradients as
described previously (12). Monocytes and lymphocytes
were further purified from the PBMC by centrifugal
elutriation in a Hitachi SRP6Y rotor (Hitachi, Tokyo) (13).

HPB-ALL, HPB-MLT, MOLT-3, CCRF-CEM, NALM-
1, NALM-6, BALL-1, Daudi, Raji, U-266, RPMI8226,
JOSK-I, KCL-22, U-937, THP-1, KG-1, ML-1, HL-60,
KU812, K562, and HEL cells were kindly provided by Drs.
M. Ohta and M. Saito (Cancer Institute, Hokkaido Univer-
sity, School of Medicine). UT-7 cells were gift from Dr. N.
Komatsu (Division of Hematology, Department of Internal
Medicine, Jichi Medical School), and TF-1 and EL-4 cells
were from Drs. R. Tsuruta, S. Watanabe, and T. Yokota
(Department of Molecular Biology, The Institute of Medi-
cal Science, The University of Tokyo). Cells were basically
cultured with RPMI 1640 plus 10% FCS. The UT-7 cells
were cultured as described (14). COS7 cells were a gift
from Dr. S. Nagata (Osaka Bioscience Institute).

RT-PCR—Total RNA was extracted from cells by the
acid guanidinium thiocyanate method (15). Otherwise,
total RNAs from 2F1, 5C10, SP-B21, and TA23 were gifts
from Drs. Y. Harada and T. Yokota (Department of
Molecular Biology, The Institute of Medical Science, The
University of Tokyo) (16).

To obtain cDNA, 10 fig of total RNA was denatured at
70'C for 10 min and immediately chilled on ice. Then
first-strand cDNA was synthesized with the denatured total
RNA in a total volume of 20^1 containing lOOpmol of
random hexamer oligodeoxynucleotides (Takara Shuzo,
Shiga), 1.25 mM dNTPs, lmM dithiothreitol, 20 U of
RNase inhibitor (Toyobo, Osaka), 200 U of Moloney
murine leukemia virus reverse transcriptase (BRL) in the
reaction buffer, 20 mM Tris-HCl (pH 8.4), 50 mM KC1, 2.5
mM MgCl2, and 1 mg/ml BSA. After incubation for 60 min
at 37"C, the enzyme was denatured at 70*C for 10 min.

PCR was carried out in a final volume of 50 //I containing
1.25 U of Taq polymerase (Takara Shuzo), 200 ft M dNTPs,
and 1 ̂ M each of the forward and reverse primers, in a
buffer consisting of 10 mM Tris-HCl (pH 8.3), 50 mM KC1,
1.5 mM MgCl2, and 2 ftl of the reverse-transcribed total
RNA mentioned above. The primers used to amplify a
393-bp fragment of the human ST2 gene, corresponding to
the nucleotide numbers from —17 to 376 of the human ST2
cDNA (16), were 5'-CTTGATTGATAAACAGAATG-3'
(forward) and 5'-CTGATCCAGATACTGTTGAA-3' (re-
verse). The samples were denatured initially at 94"C for 2
min and amplification was performed for 40 cycles with
denaturation at 94"C for 1 min, annealing at 50;C for 2 min,

and extension at 72°C for 3 min. Ten microliters each of the
PCR samples were analyzed by 5% polyacrylamide gel
electrophoresis (PAGE).

Northern Blotting Analysis—Mouse helper T cell clones
were incubated with or without stimulation for the indicat-
ed period. Depending on the cell line, 10 or 50 ng/ml of
PMA (Calbiochem, La Jolla, CA), 0.5 or 1 MM A23187
(Calbiochem), 10/^g/ml of cyclosporin A (CsA), 10/*M
prostaglandin E2 (PGE2), and 1 mM Btj cAMP were used
for stimulation. After the incubation, the total RNA was
extracted from the cell lines as described above, and in
some experiments, poly(A)RNA was isolated using the Fast
Track™ mRNA Isolation Kit (Invitrogen, San Diego, CA).

Northern blotting was performed as described in Ref. 17
using the following cDNA probes: mouse ST2 [a 1.6-kb
Hindi fragment of mouse cDNA (2)], and mouse IL-5 [a
1.5-kb BamHl fragment of pcDSRa moIL-5 (18)].

Immunoprecipitation—The cell lysate in 1 ml of the lysis
buffer [10 mM Tris-HCl (pH 7.8 at 20*C), 0.15 M NaCl, 1
mM EDTA, and 1% (w/v) Nonidet P-40] was precleared by
adding 50^1 of a 50% (v/v) suspension of Protein A-
conjugated Sepharose to the lysis buffer, and the tube was
rotated for 1 h at 4'C. 1B2 mAb against human ST2 was
added to the supernatant (24), and the tube was rotated at
4°C for 1 h. Then 30 //I of a 50% (v/v) suspension of Protein
A-conjugated Sepharose was added to the tube and the tube
was rotated for another hour at 4*C. After centrifugation,
the pellet was washed three times with the lysis buffer. The
pellet was suspended in 150/zl of a 2-fold concentrated
sample buffer for SDS-PAGE, and heat-treated at 95°C for
10 min, then the tube was centrifuged. The resultant
supernatant (50^1) was processed for SDS-PAGE, and
subsequently for immunoblotting.

Immunoblotting—Immunoblotting was performed as
described by Takagi et al. (19) with some modifications.
The proteins separated by SDS-PAGE were electropho-
retically transferred to an Immobilon P membrane filter
(Millipore) in 0.1 M Trizma base/0.192 M glycine by a
semidry blotting system (Nihon Eidou, Tokyo). The filter
was blocked in 10 mg/ml of skim milk in Tris-buffered
saline containing 0.05% (v/v) Tween-20 (TTBS). The
immunoblotting was performed with a mAb G7 (IgM class)
against the human ST2 gene product (14) in the blocking
solution. After 1 h at room temperature, the filter was
washed three times with TTBS, then kept for 1 h at room
temperature with peroxidase-conjugated goat anti-mouse
IgM antibody (Kirkegaard and Perry Lab., Gaithersburg,
MD). After washing as above, the protein bands were
detected by chemiluminescence using the ECL system of
Amersham.

IL-1 Binding Assay—A 1.7-kb EcoBl-BgUI fragment of
mouse IL-1R type I cDNA (gift from Drs. K. Kuno and K.
Matsushima, Cancer Research Institute, Kanazawa Uni-
versity), and a 1.7-kb HincH-Apal fragment of mouse
ST2L cDNA were inserted into the Xbal site of the
pEF-BOS plasmid (provided by Dr. S. Nagata, Osaka
Bioscience Institute) with Xbal adaptor. They were intro-
duced into the COS7 cells as described in Ref. 19. After
transfection, the COS7 cells were incubated for 2 days at
37'C, then the binding of the radiolabeled IL- Is to the cells
was studied in duplicate in a reaction mixture of 200 /x\ for
1 h at room temperature, and the bound IL-ls were
measured after centrifugation through phthalate oil as
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described previously (20). Murine 125I-labeled IL-1/& was
purchased from Du Pont-New England Nuclear, while
murine IL-ld and human IL-lra were from Genzyme and
R&D, respectively. IL-la- and IL-lra (5//g) were each
radiolabeled with [36S] Sulphur labeling reagent (Amer-
sham) according to the manufacturer's protocol.

Production and Purification of Recombinant Human ST2
Protein—The expression vector (pEF-BOS-ST2H) contain-
ing the entire coding region of human ST2 (hST2) cDNA
was constructed and transfected into COS7 cells as de-
scribed in Ref. 14. After 24 h, the medium was replaced
with serum-free Dulbecco's modified Eagle's medium, and
cultured for another 24 h. Then the culture fluid was
collected and processed for purification. Two hundred
milliliters of the conditioned medium from 20 dishes
(diameter 10 cm) was used as a starting material. First, 2
volumes of 20 mM Tris-HCl (pH 7.5 at 20°C) were added to
decrease the salt concentration of the conditioned medium,
and the sample was applied to a heparin-agarose column
(bed volume 10 ml) equilibrated with buffer A (20 mM
Tris-HCl (pH 7.5 at 20"C), 50 mM NaCl). The loading flow
rate was 5 ml/h. Then the column was washed with 50 ml of
buffer B [20 mM Tris-HCl (pH 7.5 at 20*C), 0.1 M NaCl] at
a flow rate of 10 ml/h. hST2 protein was eluted with a
gradient of 0.1 to 0.5 M NaCl in 100 ml of 20 mM Tris-HCl
(pH 7.5 at 20"C) at a flow rate of 4 ml/h, and fractions of 1
ml were collected (fractions 1-90). The presence of hST2
protein was monitored with immunoblotting using the G7
mAb against hST2 protein (14). The fractions containing
hST2 protein (fractions 60-72; 13 ml) were combined,
diluted 10-fold with buffer C (20 mM triethanolamine, pH
7.5), and applied to a Mono Q HR 5/5 column (Pharmacia/
LKB Biotechnology) equilibrated with buffer C. The col-
umn was washed with 5 ml of buffer C, and then hST2
protein was eluted with a linear gradient of 0 to 1 M NaCl
in 20 ml of buffer C. Fractions of 1 ml were collected. The
protein concentrations were determined by the method of
Smith et al. (21).

SDS-PAGE and immunoblotting were performed as

393 bp

Fig. 1. PAGE analysis of the ET-PCR products with hemato-
poietic cells. RT-PCR was performed and the PCR products were
analyzed as described in 'MATERIALS AND METHODS." The
anticipated PCR product, 393-bp in size, is marked on the left side.
The source of the RNAs is indicated above the gel photograph.

described previously (14). Silver staining analysis was
carried out according to the protocol of the manufacturer
using 2D-Silver Stain-H kit (Daiichi Pure Chemical,
Tokyo). The samples were applied under non-reducing
conditions, unless otherwise mentioned.

FITC-Labeling of Human ST2 Protein and Its Binding to
B Cell Lines—The purified hST2 protein was labeled with
FITC (Molecular Probes, Eugene, OR) according to the
manufacturer's protocol. For flow cytometry, cells were
washed with PBS containing 0.1% (w/v) BSA (PBS/BSA),
resuspended with 20^1 of FITC-labeled hST2 protein (7
/^g/ml) in PBS/BSA, and then incubated at room tempera-
ture for 15 min. The cells were washed with PBS/BSA
twice and analyzed by flow cytometry with a FACScan
(Becton-Dickinson).

RESULTS

RT-PCR Analysis of the Expression of ST2 and ST2L
mRNAs in Hematopoietic Cell Lines—The expression of
the ST2 gene in hematopoietic cell lines was investigated
with RT-PCR. A typical result of RT-PCR analyzed with
PAGE is shown in Fig. 1. The anticipated 393-bp fragment,
which corresponds to the common portion of the ST2 and
ST2L cDNAs, was amplified with RNAs not only from the
various hematopoietic cell lines, but also from human
PBMC. The results of RT-PCR are summarized in Table I.
The ST2 gene was expressed in the helper T cell lines
among the T cell lineage, but not in the lines of B cell lineage
thus far examined. Interestingly, the ThO cell line, SP-B21
was positive but TA23, a Thl cell line, was negative. Other
hematopoietic cell lines, including monoblastic, myeloblas-
tic, basoblastic, erythroblastic, and megakaryoblastic cell
lines, expressed the ST2 gene widely, as shown in Table I.

Expression of ST2L Protein in PBMC—To examine
which population of PBMC expresses the ST2L protein, we

TABLE I. Expression of ST2/ST2L mRNA in various human
hematopoietic cell lines.

Lineage Clone Cell type ST2/ST2L
expression

T lineage

B lineage

Monocyte

Myelocyte

Others

HPB-ALL
HPB-MLT
MOLT-3
CCRF-CEM
2F1
5C10
SP-B21
TA23
NALM-6
BALL-1
Daudi
Raji
JOSK-I
KCL-22
U-937
THP-1
TF-1
KG-1
ML-1
HL-60
KU812
K562
HEL
UT-7

ALL-derived thymic T —
ALL-derived thymic T —
ALL-derived thymic T —
ALL-derived thymic T —
Helper T +
Helper T +
Helper ThO +
Helper Thl -
Pre-preB/preB —
Immature B —
Burkitt lymphoma-derived —
Burkitt lymphoma-derived —
Monoblastic +
Monoblastic +
Monoblastic +
Monoblastic *-~
Myeloblastic •
Myeloblastic +
Myeloblastic 4-
Myeloblastic +
Basoblastic +
Erythroblastic +
Erythroblastic +
Megakaryoblastic +

Vol. 121, No. 1, 1997

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


K. Yanagisawa et al.

1 2 3 4 5 6 kDa
— \ -200

- 92 5

* M l - 69

- 43

- 30

Fig. 2. Immunoprecipitatlon and immunoblotting analysis
for the ST2L expression in PBMC and hematopoietic cell lines.
Cells (5 X 10') were subjected to immunoprecipitation and immuno-
blotting analysis with anti-human ST2 mAb as described in "MATE-
RIALS AND METHODS"; the lymphocytic fraction by elutriation
(lane 1), the monocytic fraction by elutriation (lane 2), the whole
PBMC (lane 3), JOSK-I cells (lane 4), and UT-7 cells (lane 6), or no
cells (lane 5). The open and filled arrowheads show heavy and light
chains of the immunoglobulin used in the immunoprecipitation,
respectively. The arrow indicates the position of the ST2L protein.

used a mAb against the human ST2 protein, which also
recognizes human ST2L protein (14). The expression of the
ST2L protein was analyzed with immunoprecipitation and
immunoblotting. As shown in Fig. 2, a band of 69 kDa was
detected specifically with anti-hST2 mAb from the im-
munoprecipitated lysates of JOSK-I and UT-7 as positive
controls (lanes 4 and 6), which were shown to express the
ST2 gene with RT-PCR (Table I). The same band was also
observed with the whole PBMC lysate (Fig. 2, lane 3). To
obtain more information, PBMC was further divided into
lymphocytic and monocytic fractions with an elutriator as
described in "MATERIALS AND METHODS," and these frac-
tions were examined separately as shown in lanes 1 and 2 of
Fig. 2, respectively. The specific band which reacted with
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Fig. 3. Expression of ST2 and ST2L mRNAs in mouse Thl and
Th2 cell lines. The expression of ST2 and ST2L mRNAs was
examined in mouse helper T cell lines. The indicated cell lines were
cultured in the presence or absence of the described components for 6
h. PMA and A23187 were used at 50 ng/ml and 0.5 JJM, respectively,
and the concentrations of the other reagents were described in
"MATERIALS AND METHODS.' Poly(A) RNA (0.5 ug) was applied
to each lane and processed for Northern hybridization using the mouse
ST2 cDNA probe as described in 'MATERIALS AND METHODS."

B PMA PMA+BtzcAMP

0 3 6 12 24 3* 48 0 3 6 12 243048

28S[>

IKS •

- ST2L

- ST2

IL-5

Fig. 4. Expression of ST2 and ST2L mRNAs in the mouse
thymoma cell line, EL-4. Panel A: EL-4 cells were incubated with
or without stimuli as indicated (10 ng/ml of PMA and 1 fiM A23187
were used; the concentrations of other reagents were as described in
"MATERIALS AND METHODS") for 12 h. Then the total RNA was
extracted from the cells, and 15 fig of total RNA was applied in each
lane and analyzed by Northern hybridization using the mouse ST2
cDNA fragment as a probe. Panel B: The time course of the expression
of ST2 and ST2L mRNAs in the presence of 10 ng/ml of PMA or PMA
plus 1 mM Bt, cAMP was analyzed by Northern blotting as described
in Panel A. Total cellular RNA was extracted at the indicated hours
after the stimuli, and hybridized with mouse ST2 cDNA fragment
(upper) or mouse IL-5 cDNA fragment (lower). One hundred nano-
grams of poly(A) RNA prepared from serum-stimulated BALB/c-3T3
cells was applied in the lane designated BALB. Open and filled
triangles correspond to the positions of 28 S and 18 S ribosomal RNA,
respectively.
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the anti-ST2 mAb was detected in the lysate of the
lymphocytic fraction, but not in that of the monocytic
fraction.

Expression of ST2 and ST2L mRNAs in Mouse Helper
T Cell Lines—We observed the expression of the ST2 gene
in human helper T cell lines (Table I), and of the ST2L
protein in a fraction of lymphocytic cells of PBMC (Fig. 2).
In order to investigate the expression mechanism of the
ST2 and ST2L mENAs in helper T cell subsets, we
examined mouse helper T cell lines by Northern hybridiza-
tion analysis. The poly(A)RNAs extracted and purified
from mouse Thl cell lines, HDK 1 and Dl . l , and Th2 cell
lines, DIO and CDC35, in the presence or absence of various
stimulants, were analyzed with Northern blotting (Fig. 3)
as described in Ref. 22. The internal control, using G3PDH
cDNA as a probe, presented no problem (data not shown).
ST2 and ST2L mRNAs were not detected in the Thl cell
lines even when they were stimulated. On the other hand,
ST2L mRNA (upper band in Fig. 3) was expressed in
unstimulated Th2 ceD lines, both DIO and CDC35, but ST2
mRNA (lower band in Fig. 3) was scarcely detected in
unstimulated CDC35 cells and was not detected in un-
stimulated DIO cells. When DIO cells were stimulated with
either PMA or A23187, the signals for ST2L decreased;
however, with co-stimulation by PMA and A23187, ST2
mRNA was extensively induced, while the signal of ST2L
mRNA was as intense as it was without stimulation. This
induction was canceled by the addition of CsA, and greatly
enhanced by the addition of PGE2. In contrast to DIO, the
induction of ST2 mRNA was not observed upon co-stimula-
tion by PMA and A23187 in CDC35 cells.

For a more detailed study of this Th2 cell-specific
expression of ST2 and ST2L mRNAs, the mouse thymoma
cell line, EL-4, was stimulated with various reagents, and
analyzed by Northern hybridization. EL-4 cells were
reported to express IL-2 mRNA, whose expression is
specific to Thl cells, when stimulated with PMA, whereas
upon co-stimulation by PMA and Btj cAMP, EL-4 cells

X lO'dpm
30,

n EL

EV STJL 1L1R ST2L ILltt EVST2LIL1R

IL-lf

Fig. 5. IL-1 binding assay to ST2L expressed on COS7 cells.
C0S7 cells (5 x 10*) transfected with pEF-BOS empty vector (EV),
pEF-BOS containing mouse IL-1R type I cDNA (IL1R), or pEF-BOS
containing mouse ST2L cDNA (ST2L) were incubated with "S-label-
ed IL-la, mI-labeled IL-1/9, or "S-labeled IL-lra with or without a
100-fold excess of the corresponding unlabeled IL-1 (cold). Binding
was determined by the phthalate oil centrifugation method (20). The
bound radioactivity is shown.

expressed IL-5 mRNA, whose expression is specific to Th2
cells (23). ST2 and ST2L mRNAs were induced by stimula-
tion with Bt, cAMP alone, and barely induced by PMA (Fig.
4A). When both PMA and Bt, cAMP were added, ST2 and
ST2L mRNAs were highly induced, and this induction was
inhibited by the addition of CsA, as in the case of IL-5
mRNA, indicating that the ST2 gene expression is of Th2
type. As shown in Panel B of Fig. 4, the expression of ST2
and ST2L mRNAs reached a maximal level 36 h after the
stimulation, while IL-5 mRNA reached a maximal level at
6 h. Interestingly, the expression of ST2L mRNA is much
greater than that of ST2 mRNA in EL-4 cells, contrary to
the expression pattern in BALB/c-3T3 cells (24).

Binding Study of H,-ls to the ST2L Protein—Mouse
IL-1R I and ST2L were transiently expressed on C0S7
cells as described in "MATERIALS AND METHODS." The
expression of IL-1R I and ST2L proteins on the C0S7 cell
surface was confirmed with immunofluorescence micro-
scopy (data not shown). The binding activity, if any, to
mouse 36S-labeled IL-1 a-, mouse 125I-labeled IL-1/9, and
human 35S-labeled IL-lra was examined with C0S7 cells
that were expressing ST2L protein. IL- Is bound only to the
C0S7 cells that expressed IL-1R I, but not to the cells
expressing ST2L protein or to the cells that were transfect-

2 3 4 5 6 7 k D a

-220

- 97 4
-66

-46

-30

kDa

-97.4
- 6 6

• M
-45

-31

-215

Fig. 6. Purification of the hST2 protein; SDS-PAGE analysis
of the fractions from heparin-agarose column chromatography.
Panel A: Samples were separated by 10% SDS-PAGE and processed
for immunoblotting using the G7 mAb against hST2 as described in
Ref. 14. Ten microliter aliquots of the conditioned media from C0S7
cells transfected with pEF-BOS-ST2H plasmid (lane 1), of the flow-
through fraction from the heparin-agarose column (lane 2), and of
fraction numbers 48 (lane 3), 57 (lane 4), 66 (lane 5), 75 (lane 6), and
84 (lane 7) out of 90 fractions eluted, were analyzed under the non-
reducing condition. The arrow indicates the position of the glycosylat-
ed hST2 protein and the arrowhead indicates the position correspond-
ing to the possible dimer of hST2. Panel B: The same samples as in
Panel A were analyzed by silver staining as described in 'MATE-
RIALS AND METHODS.'

2 3 4 5 6 7
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1 2 3 4 5 6 7 kDa

-220

- 97.4
- 66

- 4 6

- 3 0

1 2 3 4 5 6 7 kDa

-97.4
-66

-45

-31

Fig. 7. Purification of the hST2 protein; SDS-PAGE analysis
of the fractions from Mono Q column chromatography. Panel A:
Aliquots of 10//I each of the applied sample (combined fraction
numbers 60 to 72 of the heparin-agarose column) (lane 1), of the
flow-through fraction (lane 2), and of the samples from fraction
numbers 9 to 13 (corresponding to lanes 3 to 7, respectively) out of 20
fractions eluted with a linear gradient from the Mono Q column were
analyzed by immunoblotting as in Fig. 6. Panel B: The same samples
as in Panel A were analyzed by silver staining.

ed with the empty vector (Fig. 6).
Expression and Purification of the hST2 Protein—The

result described above and previous reports (9, 10, 25)
suggest the presence of unknown ligand(s) for ST2 pro-
teins. In order to search for the ligand(s), we decided to
purify the recombinant hST2 protein without the artificial
fused polypeptide expressed transiently in COS7 cells.

The medium containing secreted hST2 protein was
collected 48 h after transfection. Employing heparin-
agarose column chromatography as the first step, we could
obtain the recombinant hST2 protein as a major component
in SDS-PAGE and silver staining analysis (Fig. 6, panel B,
lane 5). The bands of lower mobility in the immunoblotting
analysis, corresponding to oligomers, disappeared and
converged with the 60 kDa band in the presence of dithioth-
reitol, suggesting the presence of oligomeric forms of ST2
protein (data not shown). The fractions of the heparin-
agarose column eluate containing the hST2 jxrotein were
then applied to a Mono Q FPLC column, and the hST2
protein was purified to apparent homogeneity (Fig. 7, panel
B, lane 5). Starting with 200 ml of the culture medium,
containing 200 mg of protein, we finally obtained 120 fig of
the purified protein.

Binding Study of hST2 to B Cell Lines—Th2 cells have
been reported to play a role in humoral immunity (26);
therefore, Th2-specific expression of the ST2 gene suggests
that B-cell lines might be candidates for cells expressing
ligand(s) for the ST2 proteins.

Q) o
10° 10' 102 103 10' O10° 10' 102 103 10*

(0 o

a>
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F l u o r e s c e n c e I n t e n s i t y

Fig. 8. Flow cytometry of various cells with FITC-hST2. Flow
cytometric analysis was carried out on Daudi (a), Sultan (b), NALM-1
(c), RPMI8226 (d and e) cell lines, or PBMC from a myeloma patient
(f). The cells were treated with FITC-hST2 (filled area) or left
untreated (open area) except for Panel e. hi Panel e, the arrow and the
arrowhead indicate the positions of the cells with or without FITC-
hST2 treatment, respectively. The flow cytometric profile of the cells
treated with FITC-hST2 in the presence of a 4.3-fold excess of
unlabeled hST2 is also shown (filled area in Panel e).

The purified hST2 protein was labeled with FITC and
used as a probe for flow cytometric analysis in order to
search for the ligand(s) of ST2 and ST2L proteins. Then,
the available B-cell lines were examined by flow cytometry
for the binding of FTTC-labeled hST2 protein (FITC-
hST2). The result is shown in Fig. 8. Daudi (Burkitt
lymphoma-derived lymphoblast-like) and Sultan (multiple
myeloma-derived) cells were negative for binding (Fig. 8,
a and b), and Raji (Burkitt lymphoma-derived lym-
phoblast-like), BALL-1 (immature B), NALM-6 (ALL-
derived pre-preB/preBJ, and: U-266 -(multiple myeloma-
derived) cells were also negative (data not shown). On the
other hand, NALM-1 (CML-blastic crisis-derived pre-
preB) and RPMI8226 (multiple myeloma-derived) cells
showed a positive shift in the flow cytometric profiles (Fig.
8, c and d). The reason for the heterogeneity in the case of
NALM-1 cells is unclear at present, and requires further
investigation. Significantly, the binding of FTTC-hST2 to
RPMI8226 cells was inhibited by the addition of a 4.3-fold
excess of unlabeled hST2 protein (Fig. 8, e).
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The PBMC of a patient suffering from multiple myeloma
was examined with FITC-hST2, after his informed consent
had been obtained. As shown in Panel f of Fig. 8, about 60%
of the cells were highly positive for binding of the hST2
protein, while the PBMC from normal volunteers showed
no such shift in the profile of flow cytometry (data not
shown). This patient had become leukemic with myeloma
cells, and the ratio of leukemic cells in the PBMC was 60%,
as judged by May-Giemsa's staining (data not shown).

DISCUSSION

To investigate the physiological functions of the ST2 gene
products, we tried to identify which cells in the hemato-
poietic system express this gene. Initially, ST2 mENA was
found in mouse fibroblasts (2, 3); then human ST2 mHNA
was found to be expressed in peripheral lymphocytes,
helper T cells, and a myelomonocytic cell line, KGla, and
the human ST2 cDNA was cloned from a helper T cell line,
5C10 {16). Other groups also reported the expression of
ST2 and ST2L mENAs in mouse hematopoietic tissues and
cell lines (25, 27). So we decided to focus on the hemato-
poietic system to investigate ST2 and ST2L expression.

Among lymphocytic cell lines thus far examined, only
helper T ceD lines expressed ST2 and ST2L mRNAs as
judged from RT-PCR analysis, whereas ST2 and ST2L
were expressed widely among the other hematopoietic cell
lines (Table I). Using mAbs against the human ST2 protein,
we then tried to clarify what kind of cells express the ST2
and ST2L proteins in PBMC. PBMC were fractionated with
an elutriator, and the ST2L protein was detected only in the
lymphocytic fraction, but not in the monocytic fraction, by
means of immunoprecipitation and immunoblotting analy-
sis (Fig. 2). Microscopic observation with the immunofluo-
rescence technique also showed that relatively large lym-
phocytic cells were stained with anti-ST2 mAb (data not
shown). Therefore, we conclude that at least one fraction of
lymphocytes in PBMC expresses ST2L protein on its
surface. We also analyzed the NK cell fraction by immuno-
precipitation, but ST2 and ST2L proteins were never
detected in it (Yanagisawa, K. and Tominaga, S., unpub-
lished data).

Based on these observations, we next analyzed the
expression of ST2 and ST2L mRNAs in mouse helper T cell
lines. Two mouse helper T cell subsets were characterized.
One is Thl cells that produce IL-2, IFN- y, and lymphotox-
in, and are thought to mediate cellular immunity, and the
other is Th2 cells that produce IL-4, IL-5, and IL-10 and
are proposed to be involved in humoral immunity (26). We
found Th2-specific expression of ST2 and ST2L mRNAs by
Northern hybridization analysis (Fig. 3). ST2L mRNA
appeared to be expressed in the Th2 cell lines, D10 and
CDC35, without stimulation. The message decreased when
the cells were stimulated with PMA or A23187 alone,
whereas ST2L mRNA was not decreased and ST2 mRNA
was induced markedly upon co-stimulation by PMA and
A23187 in D10 cells. This synergistic stimulation was not
observed in CDC35 cells; on the contrary, the ST2L mRNA
decreased upon co-stimulation by PMA and A23187 in
these cells. According to Mosmann et al. (28), there are
individual differences between clones, especially in the Th2
group. Therefore, this diversity may be due to the differ-
ence between the cells, but this remains to be clarified. The

induction of soluble ST2 mRNA with PMA and A23187 was
suppressed by CsA and superinduced by PGE2, suggesting
that the activation of ST2 promoter is regulated via the
Ca2+ pathway involving calcineurin and the protein kinase
A pathway (29, 30).

We then examined the expression of ST2 and ST2L
mRNAs in the mouse thymoma cell line, EL-4, which was
reported to express either Thl type or Th2 type cytokines,
depending on the stimuli (23). Our results showed that the
mRNA of IL-5, one of the Th2 type cytokines, was induced
slightly with PMA alone, but was markedly induced upon
co-stimulation by PMA and Btj cAMP, which confirmed the
previous report (23). Like IL-5 mRNA, ST2 and ST2L
mRNAs were induced with PMA and Bt̂  cAMP, but were
barely induced with PMA alone (Fig. 4). These data suggest
that the expression of ST2 and ST2L is similar to that of
Th2 type cytokines, and that the ST2 gene products play a
role in the immune system and may be involved in T-cell/
B-cell interaction.

The expression of IL-5 mRNA reached a maximal level 6
h after the stimulation in EL-4 cells, whereas those of ST2
and ST2L mRNAs reached a maximal level at 36 h (Fig.
4B). This may be related to the fact that ST2 and ST2L
mRNAs were also induced later than typical immediate
early genes in serum-stimulated BALB/c-3T3 cells,
although it has been suggested that the ST2 gene is a
primary response gene (24). In EL-4 cells, ST2 and ST2L
mRNAs were expressed simultaneously with the stimula-
tion; however, the expressions of ST2 and ST2L are
differentially regulated in D10 cells, as is shown in Fig. 3.
The alternative promoter usage of Fit-IS and Fit-IM (rat
homologues of ST2 and ST2L, respectively) was reported
previously (27), and this may explain the different modes
of ST2 and ST2L expression in D10 cells.

ST2 and ST2L are members of the IL-1 receptor family,
and the latest member, EL- 1R AcP (6), also shows a similar
homology to IL-1RI and ST2L. IL-1R AcP was cloned as a
second subunit of the IL-1R complex (6), but the involve-
ment, if any, of ST2 and ST2L proteins in the IL- 1R system
remains unknown.

Previous papers have indicated that IL-ls do not bind
with soluble ST2 protein (9, 10, 25), and our result, using
a different assay system with the membrane bound type
ST2L protein (Fig. 5), also suggests that ST2 proteins have
specific ligand(8) distinct from IL-1 proteins. Recently,
Kumar et al. reported the purification of proteins binding to
ST2 protein from the conditioned media of BALB/c-3T3
cells and human umbilical vein endothelial cells (9), and
Gayle et al. also reported the cloning of a candidate for a
membrane bound type ligand for ST2 protein, whose ability
to initiate signal transduction by ST2 protein is not clear
(10).

Th2-specific expression of the ST2 gene led us to postu-
late that B-cell lines are good candidates to be screened for
the expression of ligand(s) for ST2 and ST2L proteins. We
highly purified the recombinant hST2 protein as shown in
Figs. 6 and 7, and then labeled it with FITC to search for
ligand(s) of ST2 and ST2L proteins on B cell lines. Using
flow cytometry, RPMI8226 (multiple myeloma-derived)
cells snowed distinct ST2 binding activity among the B-cell
lines, but other multiple myeloma-derived cell lines (Sul-
tan and U-266) did not show detectable binding activity.
The PBMC derived from a multiple myeloma patient also
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showed a significant shift in flow cytometry, but we have not
had a chance thus far to examine the blood of other
leukemic multiple myeloma patients. These results suggest
that some of the highly differentiated B-lymphocytes, such
as plasma cells, express ligands for ST2 and ST2L proteins.
Another cell line that bound with FITC-hST2 was a pre-pre
B cell line, NALM-1, but other immature B-cell lines thus
far examined did not bind with FITC-hST2. It remains to
be elucidated whether the ligand(s) for ST2 and ST2L
proteins is (are) expressed in B cells in the course of
differentiation. In view of the evidence that ST2 and ST2L
are expressed in Th2 cells, there is a possibility that this
ligand-receptor binding might be involved in T-cell/B-cell
interactions to convey immune responses.

The presence of functional membrane-bound ligands,
such as the Fas ligand, has been reported in other cytokine
receptor families {31). We are working to identify the
ligand expressed on RPMI8226 cells by expression cloning.
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