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Regulation of galectin-9 expression and release in Jurkat T cell line cells
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Ecalectin/galectin-9 was recently described as a novel
eosinophil chemoattractant highly expressed in immune
tissues. We investigated the regulation of galectin-9 expression
and release in Jurkat (a T cell line) cells. We demonstrated
that medium and long-sized galectin-9 isoforms were constitu-
tively expressed, and phorbol 12-myriastate 13-acetate (PMA)
upregulated the level of galectin-9 mRNA in Jurkat cells.
Western blotting and flow cytometry analyses revealed that
PMA stimulation resulted in the upregulation of both intra-
cellular and surface galectin-9 protein. The stimulated
Jurkat cells simultaneously released evident eosinophil
chemoattractant activity (ECA). Main ECA was adsorbed
by both lactose and anti-galectin-9 antibody affinity column,
suggesting that the ECA was ascribed to galectin-9. When
Jurkat cells were stimulated with PMA in the presence of a
BB94, a matrix metalloproteinase (MMP) inhibitor, but not
tissue inhibitor of metalloproteinase-1 (TIMP-1), the
release of galectin-9 was suppressed in a dose-dependent
manner. We further found that calphostin c, a protein
kinase c (PKC) inhibitor, weakly but significantly
suppressed the release of galectin-9. The present data
suggested that galectin-9 production in Jurkat cells is
provoked by the stimulation with PMA and that some
MMP and PKC is, at least, partly involved in the release of
galectin-9 from Jurkat cells.
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Introduction

Galectins are S-type lectins that are defined by two characteristic
features: affinity for β-galactoside and a conserved specific
sequence motif called lectin domain (Paroutaud et al., 1987).
In contrast to C-type lectins, its carbohydrate-binding capacity
is calcium independent (Perillo et al., 1998). All galectins have

at least one characteristic carbohydrate recognition domain
(CRD) that consists of about 135 amino acids (Gitt and
Barondes, 1986; Caron et al., 1990). To date, 12 members of
galectins (galectin-1 to -12) have been cloned, sequenced, and
functionally characterized to a certain extent in mammals.
Indeed, galectins appear to play a role in diverse biological
processes, including cell adhesion, cell proliferation/cell death,
and chemoattraction (Paroutaud et al., 1987; Oda et al., 1991;
Barondes et al., 1994; Yang et al., 1996; Matsumoto et al.,
1998).

However, the mechanisms by which galectins exert their
diverse effects are largely unknown. Galectin members have
been identified in a wide variety of cell types, and they are
localized in the cytoplasm and in the nucleus of cells, or
attached to the extracellular matrix (Moutsatsos et al., 1987;
Sato et al., 1993). So far, the secretory pathway of galectins
remains unknown. One of the reasons is that all known
galectins lack signal peptides necessary for their insertion into
the endoplasmic reticulum membrane and its subsequent
secretion via the classical pathway (Cleves et al., 1996).
Recently, a sequence in the N-terminal domain of galectin-3
has been proposed as a determinant for its secretion (Menon
and Hughes, 1999). However, the presence of such secretion
signal sequence in other galectins and the precise mechanism
of galectin-3 secretion remain unknown.

Galectin-9, first cloned from tissues of Hodgkin’s disease
(Tureci et al., 1997), has two CRDs connected by a linker
peptide. Wada and Kanwar (1997) and Wada et al. (1997)
demonstrated that it causes the apoptotic death of thymocytes
in mouse, suggesting a role in the process of negative selection
occurring during T cell development. We have recently
described that a T cell line–derived ecalectin/galectin-9
(Hirashima et al., 1991, 1992) has a novel eosinophil chemo-
attractant activity (ECA) in vitro and in vivo (Matsumoto et al.,
1998). We have also shown that divalent galactoside-binding
activity of galectin-9 is required for eosinophil chemoattraction
(Matsushita et al., 2000). Galectin-9 is highly expressed in
tissues of the immune system, such as bone marrow, spleen,
thymus, and lymph nodes (Wada and Kanwar, 1997;
Matsumoto et al., 1998).

Eosinophils are one of the major effector cells in allergic
diseases, such as asthma and allergic rhinitis. Eosinphil
chemoattractants are required for preferential eosinophil
accumulation in such allergic inflammation sites. Therefore it
is conceivable that galectin-9 is an attractive target for the
development of new therapeutic strategies designed to treat
eosinophil-dependent pathological conditions due to its ability
to selectively attract eosinophils. An understanding of
galectin-9 biology is an essential step toward this goal; this
obviously includes the characterization of galectin-9 expression
at the cellular level. The purpose of this study is to investigate1To whom correspondence should be addressed
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the regulation of galectin-9 expression and its release from
Jurkat cells during activation.

Results

Description of galectin-9 isoforms

Using sequencing analysis to detect the presence of galectin-9
cDNA in Jurkat cells, we identified 3 isoforms of galectin-9
that differ only in the length of their linker peptide region
(Figure 1). The short-sized isoform of galectin-9 was found to
have a linker peptide region of 14 amino acids, whereas the
medium and the long-sized isoform of galectin-9 have a linker
peptide region of 26 and 58 amino acids, respectively. The
calculated molecular weight of each galectin-9 isoform was
determined from amino acid sequences by computer analysis and
was estimated to be of 34.7, 35.9, and 39.5 kDa. As previously
demonstrated, galectin-9 is a variant of the 36-kDa isoform of
galectin-9, which is now identified as the medium isoform of
galectin-9. The existence of the long-sized isoform of galectin-9
has already been established, and it is highly expressed in the
intestine (GenBank accession number AB006782). 

Lipkowitz et al. (2001) recently reported the genomic structure
of human galectin-9/urate transporter. Their results indicated
that the three isoforms of galectin-9 are generated from a single
gene by alternative splicing. In our preliminary experiments,
reverse transcriptase polymerase chain reaction (RT-PCR) was
used to detect levels of galectin-9 mRNA in Jurkat cells. Using
primers that we have generated, two cDNA PCR products of
different size (483 bp and 560 bp) were amplified by RT-PCR.
Sequencing of the PCR products revealed that those bands
correspond to the medium and long-sized isoforms of galectin-
9, respectively, as determined by Blast Search. Even though
cells may have the cDNA for the short-sized isoform of
galectin-9, the presence of its mRNA could not be detected.

Effects of phorbol 12-myriastate 13-acetate (PMA) on 
galectin-9 mRNA expression

Experiments were done to clarify the mechanisms of galectin-9
release from Jurkat cells. First, time-course assay of galectin-9
mRNA expression was performed. Figure 2 showed that Jurkat
cells constitutively expressed galectin-9 mRNA, and that the
mRNA levels of both the medium and long-sized galectin-9

were slightly decreased after 6 h of treatment with PMA, but
the levels of both galectin-9 mRNA were increased after 12 h
of the treatment (Figure 2). The mRNA levels of galectin-9
were still higher than that found in untreated cells even at 24 h
after the treatment (Figure 2). The effect on galectin-9 mRNA
expression was shown to be much more evident in the long-
sized galectin-9 isoform (Figure 2).

Galectin-9 protein expression in Jurkat cells

Following the generation of a galectin-9 polyclonal antibody
that recognizes the C-terminal of galectin-9, we performed
western blot analysis to detect the protein levels of galectin-9
in lysates of Jurkat cells. Like the RT-PCR results, immuno-
blotting revealed that the medium and long-sized galectin-9
were present in Jurkat cells even under resting conditions
(Figure 3A). The results obtained from RT-PCR and western
blot analysis where galectin-9 mRNA levels correlate with
protein levels suggest that there is a constant and functionally
active production of galectin-9 in Jurkat cells.

The presence of an additional band of 42 kDa was also
observed (Figure 3A). To determine whether this band was of
nonspecific nature, we preabsorbed the antibody with gluta-
thione-S-transferase (GST)-galectin-9 fusion protein prior to
immunoblotting. As expected, a great reduction in the intensity
of specific bands (36 and 39.5 kDa) was observed, but the
intensity of the 42-kDa band was also attenuated (data not
shown). This data suggested that the 42 kDa protein may

Fig. 1. Schematic representation of galectin-9 isoforms. Sequencing analysis 
demonstrated that there were three isoforms of galectin-9 that differ in the 
length of their linker peptide region.

Fig. 2. Time course assay of PMA effect on galectin-9 mRNA in Jurkat cells. 
PMA treatment induced the increment of galectin-9 mRNA levels in Jurkat 
cells. (A) Quantification of galectin-9 band intensity is shown. (B) Band 
intensity of the medium galectin-9 (shaded bars); and that of the long-sized 
galectin-9 (clear bars). Representative data from four experiments was shown.



Galectin-9 in Jurkat cells

113

correspond to a galectin-9-related protein of unknown nature,
or to a modified form of the long-sized isoform of galectin-9.
As also shown in Figure 3A, increased levels of galectin-9
protein expression were detected in PMA-treated Jurkat cells.

Flow cytometry analysis was used to assess the levels of
galectin-9 intracellular and surface expression. Figure 3B
showed that even under resting conditions Jurkat cells
expressed high levels of intracellular galectin-9 in the cyto-
plasm and that intracellular galectin-9 level was expectedly
upregulated in Jurkat cells after PMA stimulation (Figure 3B).
Figure 3B showed that Jurkat cells also expressed high levels
of galectin-9 on their surface even under resting conditions and
that this level was enhanced by PMA.

ECA release from Jurkat cells

Experiments were done to clarify whether galectin-9 exhibiting
ECA was released by PMA stimulation from Jurkat cells.
Figure 4 showed that the supernatants of untreated Jurkat cells
exhibit negligible ECA. Evident ECA was released from Jurkat
cells by PMA stimulation in a time-dependent manner (Figure 4).
When the culture supernatants were applied on a lactose
affinity column, we failed to detect evident ECA in the effluent
fraction (Figure 5). After elution with 0.2 M lactose, the eluate
fraction was dialyzed against phosphate buffered saline (PBS).
We thus found that evident ECA was recovered in the eluate
fraction but not in the effluent fraction (Figure 5). The results
suggested that main ECA in the culture supernatants of PMA-
stimulated Jurkat cells has β-galactoside-binding capacity.

The culture supernatants were also applied on an anti-
galectin-9 antibody-conjugated column, and eluted with 0.1 M
glycine-HCl (pH 2.5) and 10% ethylene glycol. After dialysis
against PBS, ECA of the effluent and the eluate fractions were
assessed. Figure 5 shows that ECA was adsorbed by anti-
galectin-9 antibody but not by normal IgG, suggesting that
main ECA from PMA-stimulated Jurkat cells is ascribed to
galectin-9.

Adsorbed fractions on anti-galectin-9 column were further
assessed for western blot analysis and ECA activity. Figure 6A
shows that galectin-9 is eluted in two different fractions: one
was recovered in the fraction 3 to 5, and another in the fraction
7 to 9. Main molecular weight of the galectin-9 in the first
fraction was about 36 kDa and that in the second fraction was
about 39 kDa, corresponding to the medium and the long-sized
isoforms of galectin-9, respectively. ECA was also assessed
using those fractions after dialysis against PBS. Figure 6B
showed that comparable ECA was detected in the 10-times
diluted first and second fractions. However, when those
fractions were 50-times diluted, the ECA in the first fraction
decreased significantly though that of the 50-times diluted
second fractions exhibited comparable ECA to 10-times
diluted second fraction (Figure 7B). These results suggest that
the long-sized isoform of galectin-9 exhibits more evident
ECA than the medium isoform of galectin-9, and avidity of the
long-sized isoform of galectin-9 is higher than the medium
isoform of galectin-9.

Fig. 3. Galectin-9 protein expression in Jurkat cells. (A) Western blot analysis 
performed on cell lysates of Jurkat cells demonstrates that there is a constitutive 
protein expression of medium and long-sized galectin-9 isoforms of 36 and 39 kDa, 
respectively. PMA treatment increased the expression of the long-sized 
galectin-9 isoform (39 kDa). (B) Flow cytometry analysis demonstrates that 
only Jurkat cells express high levels of surface galectin-9. PMA significantly 
induced the expression of surface galectin-9 in Jurkat cells. Representative data 
of four experiments was presented.

Fig. 4. Time course assay of PMA effect on ECA release in Jurkat cells. ECA 
release from Jurkat cells was induced by PMA in a time-dependent fashion. 
(Squares) ECA from PBS-treated cells, and that from PMA-treated cells (line). 
Data represent the mean ± SEM of three experiments in triplicate.

Fig. 5. Affinity chromatography of ECA from PMA-stimulated Jurkat cells. 
ECA from Jurkat cells was adsorbed by lactose and anti-galectin-9 antibody. 
Effluent and eluate of respective affinity column were assessed for chemotaxis. 
Data represent the mean ± SEM of three experiments in triplicate.
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Suppression of galectin-9 release by BB-94

Next, we examined the effects of matrix metalloproteinase
(MMP) and protein kinase c (PKC) inhibitors on galectin-9
(ECA) release. We used tissue inhibitor of metalloproteinase-1
(TIMP-1), and BB-94 as MMP inhibitors; we used calphostin
c as a PKC inhibitor. Figure 7 showed that ECA release was
significantly suppressed by BB-94, whereas TIMP-1 failed.
Calphostin c also could suppress ECA release weakly but
significantly (Figure 7). ECA activity of the adsorbed fractions
to lactose beads was also assessed. We thus found that BB-94
strongly suppressed the release of the ECA that binds to lactose
beads and that calphostin c suppressed weakly but significantly.
Furthermore, we found that the suppression by BB-94 was
induced in a dose-dependent manner: BB-94 could suppress
even at concentrations about 0.01 to 0.1 µM (Figure 8).

The effects of BB-94 on the levels of galectin-9 protein were
also assessed using western blot analysis. We thus found that
only BB-94 evidently suppressed the release of the medium-
sized isoform of galectin-9 and 42 kDa protein, though we
failed to detect the long-sized isoform of galectin-9 in Western
blot (Figure 9).

Discussion

In our previous articles, we have demonstrated that ecalectin is
a potent and selective ECA (Matsumoto et al., 1998), and that
divalent galactoside-binding activity is essentially required for
its ECA (Matsushita et al., 2000). We first noted that galectin-9
represents a variant form of human galectin-9, because there
are as many as five amino acids that are different between the
two proteins (Tureci et al., 1997; Matsumoto et al., 1998).
Subsequently, by RT-PCR using oligonucleotide primers that
correspond to internal sequences of galectin-9, we generated
galectin-9 cDNA from a human T cell line, Jurkat, which
express galectin-9; the cell supernatant contains ECA that is
absorbable by lactose agarose (Figure 5) and by anti-galectin-9
antibodies (Figures 5 and 6), suggesting that galectin-9
produced from PMA-stimulated Jurkat cells exhibiting potent
ECA. DNA sequencing revealed that all of these 12 independent

Fig. 6. Immunoaffinity chromatography. (A) Western blot analysis revealed that 
galectin-9 is eluted in two different fractions. In the first fraction, the medium 
galectin-9 is eluted, and the long-sized galectin-9 is eluted in the second 
fraction. (B) ECA activity of the eluted fractions after immunoaffinity column 
chromatography. ECA activity of 10-times diluted ECA (shaded bars); that of 
50-times diluted one (clear bars). Data represent the mean ± SEM of three 
experiments in triplicate.

Fig. 7. Suppression of ECA release from Jurkat cells by BB-94 and calphostin c. 
Treatment of PMA-stimulated Jurkat cells with BB-94 and calphostin c 
suppressed the release of ECA activity. ECA activity before lactose agarose 
affinity chromatography, (black bars); that of lactose agarose-adsorbed fraction 
after elution with 0.2 M lactose, (clear bars). Data represent the mean ± SEM of 
three experiments in triplicate. Asterisk indicates P < 0.05.

Fig. 8. Dose dependency of BB-94. ECA release from PMA-stimulated Jurkat 
cells was suppressed by BB-94 in a dose-dependent manner. Data of two 
separated experiments in triplicate were represented.
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clones share a common sequence, and the deduced protein
sequence differs from our previously published galectin-9
sequence (Matsumoto et al., 1998) by one amino acid and from
the published galectin-9 sequence (Tureci et al., 1997) only by
four amino acids. Therefore, it is now apparent that galectin-9
is identical to ecalectin, and the sequence differences noted before
are likely due to allelic variations and/or cloning/sequencing
artifacts (Matsushita et al., 2000).

The characterization of galectin-9 cellular expression has
never been established. We demonstrate herein that galectin-9
is constitutively expressed in Jurkat cells. We also found that
other immune cell line cells, such as THP-1 (a macrophage
line), HL-60 (a promyelocyte line), RPMI-8866 (a B cell line),
and HMC-1 (a mast cell line), expressed galectin-9 (data not
shown). Two isoforms of galectin-9, varying in the length of
their linker peptide region (the medium and long-sized
isoforms of galectin-9) are expressed, and PMA appears to
enhance the expression of galectin-9 mRNA in Jurkat cells
(Figure 4).

Galectins are most commonly described as cytoplasmic
proteins lacking a transmembrane segment (Ohyama et al.,
1986; Cleves et al., 1996). However, here we could provide
evidence by flow cytometry analysis that galectin-9 has
membrane localization (Figures 3 and 6). The surface expression
of other galectins has also been documented. For example,
galectin-3 surface expression has been shown in normal human
monocytes, and its level increases as monocytes differentiate
into macrophages (Liu et al., 1995). The fact that galectin-3
and -9 have membrane localization without having a trans-
membrane segment suggests that they interact with other
proteins to facilitate their membrane localization. In the case of
galectin-3, there is evidence to suggest that the lysosomal-
membrane-associated glycoproteins (LAMPs) 1 and 2 are
potential interacting-proteins candidates because an enhanced
binding of galectin-3 correlated with an increased in LAMPs
surface expression in the A2058, HT1080, and CaCO-2 human
tumor cells (Sarafian et al., 1998).

We have described that the level of intracellular galectin-9
staining well correlates with the results of western blot analysis
and the mRNA levels of galectin-9 in Jurkat cells. The level of
surface galectin-9 in Jurkat cell is upregulated by PMA stimulation
(Figure 3). We have further shown that avidity of the long-sized
galectin-9 to anti-galectin-9 antibody is higher than the
medium galectin-9, and that the former may exhibits more

evident ECA than the latter (Figure 6A, B). However, further
information is required to ascertain it because it cannot be
excluded the possibility that some co-factor for enhancement
or suppression of ECA activity is contaminated in the fractions.

The observation that there are several isoforms of galectin-9
is not surprising because isoforms of other galectins have been
shown to exist, and their profile appears to be tissue-specific.
For instance, six isoforms of bovine galectin-1 have been identified
in the spleen, whereas in the heart, only four isoforms can be
detected based on their isoelectric point (Ahmed et al., 1996).

This study also addressed the mechanisms by which PMA
affects expression and release of galectin-9. Stimulation of
Jurkat cells with PMA resulted in the release of galectin-9
exhibiting ECA (Figures 4 and 5). PMA is a strong activator of
PKC that is known to be involved in the regulation of numerous
signaling pathways. Thus it is possible PMA regulates the
production of galectin-9 through PKC activation. A PKC
inhibitor, calphostin c, weakly but significantly suppressed
PMA-induced ECA release from Jurkat cells (Figure 7), but we
failed to detect obvious change in PMA-induced release of
galectin-9 in calphostin c–treated cells (Figure 9).

Because galectins lack a signal sequence in the structure, the
release may not be induced by classical pathway (Cleves et al.,
1996). It is well known that tumor necrosis factor (TNF)α and
IL-1β also lack signal peptide like galectins. Recent studies have
revealed that IL-1β converting enzyme and TNFα-converting
enzyme is involved in the release of IL-1β (Howard et al.,
1991; Kronheim et al., 1992; Nett et al., 1992) and TNFα
(Black et al., 1997; Moss et al., 1997), respectively. Lunn et al.
(1997) have shown that ADAM 10 play a role as a TNFα
convertase, though Black et al. (1996) suggested that major
TNFα converting enzyme is not an MMP. Thus, we cannot
exclude the hypothesis that some enzyme action is involved in
PMA-induced release of galectin-9. Recently, it has been
found that galectin-3 is a substrate of MMP-2 and -9 (Ochieng
et al., 1994) and its biological functions are modulated by
those MMP (Ochieng et al., 1998). In the present article, we
have shown that BB-94, an MMP inhibitor with broad spectrum,
suppresses PMA-induced both ECA and galectin-9 release
(Figures 7 to 9) though TIMP-1 fails, suggesting that some
MMP differing from MMP-2 and -9 is involved in the release
of galectin-9 from Jurkat cells.

The present studies suggest that there are, at least, two
isoforms of galectin-9 constitutively expressed in immune
cells, and that PMA treatment enhances the expression level
and the release of ecalectin/galectin-9 from Jurkat cells.

Materials and methods

Cell culture and stimulation with PMA

Jurkat cells were obtained from American Type culture collection
and maintained in RPMI 1640 medium supplemented with
10% fetal calf serum and 2 × 10–5 M 2-mercaptoethanol at
37°C with 7 % CO2. PMA was used for Jurkat cells as a stimulant.

In some experiments, Jurkat cells were cultured in the presence
of an MMP inhibitor or a PKC inhibitor. As MMP inhibitors,
BB-94 (0.01–10 µM) and TIMP-1 (0.25 µM) were kindly
donated by Dr. Yong at University of Calgary and used in the
present experiments. Calphostin c (100 nM, Sigma) was used
as a PKC inhibitor.

Fig. 9. Suppression of galectin-9 from Jurkat cells by BB-94. Western blot 
analysis revealed that the release of the medium galectin-9 was suppressed by 
BB-94 treatment. Representative data of three experiments was presented.
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RT-PCR of galectin-9 and sequencing of galectin-9 PCR 
products

Total RNA from Jurkat cells was isolated using TRIZOL
reagent (Gibco BRL, Rockville, MD). Using a Gene Amp
RNA PCR kit (Perkin-Elmer, Branchburg, NJ), 0.5 µg of total
RNA was reversed transcribed to DNA in one-step reaction
followed by PCR to amplify transcripts of human galectin-9
and GAPDH. RT reaction and PCR steps were performed
following detailed instructions from the manufacturer. The
following primer sequences synthesized at Amersham
Pharmacia Biotech (Buckingshire, England) were used:
• galectin-9 sense 5′-GAGAGGAAGACACACATGCCTTTC-3′,
• galectin-9 anti-sense 5′-GACCACAGCATTCTCATCAAA-

ACG-3′,
• GAPDH sense 5′-GCCATCAATGACCCCTTCATTGAC-3′,

and
• GAPDH anti-sense 5′ ACGGAAGGCCATGCCAGTGAG-

CTT-3′.
Galectin-9 transcripts of two different sizes (483 and 560 bp)

were obtained, and G3PDH transcripts were of 609 bp. Thirty
PCR cycles were used for amplification of both transcripts, and
all reactions were performed in a GeneAmp PCR System 9600
(Perkin Elmer) unless otherwise specified. PCR products were
run on a 1.5% agarose gel containing ethidium bromide (1 µg/ml)
for visualization under UV. After purification of galectin-9
PCR products, sequencing of galectin-9 PCR products was
performed using a ABI PRISM BigDye Terminator Cycle
Sequencing Ready Reaction Kit (Perkin Elmer). For each reaction,
the following reagents were added to a tube: 8 µl of Terminator
Reaction Mix, 500 ng of PCR product, 3.2 pmol of galectin-9
primers, and deionized water. Sequencing of DNA was
performing on a GeneAmp PCR System 2400. Sequences
obtained from both lower and higher molecular band PCR
products corresponded to galectin-9 sequence with a difference
in the length of the linker peptide region. Finally, band
intensity was measured using the NIH image 1.61 program

Generation of GST-galectin-9 fusion proteins

The following forward (S) and reverse (AS) primers were used
to amplify the cDNA of galectin-9-WT (full-length) and
galectin-9-CT (C-terminal only):
• galectin-9-WT-S (5′-CCCGAATTCCCATGGCCTTCAGCA-

GTTCC-3′),
• galectin-9 WT-AS (5′-CCCCTCGAGCTATGTCTGCACAT-

GGGT-3′),
• galectin-9-CT-S (5′-CCCGAATTCCCATTACCCAGAGAGT-

CATC-3′), and
• galectin-9-CT-AS (5′-CCCCTCGAGCTATGTCTGCACCTG-

GGT-3′).
Amplified cDNA was inserted into the GST fusion plasmid

vector pGEX (Pharmacia Biotech, Uppsala, Sweden) into the
BamHI/XhoI or EcoRI/XhoI sites. Competent BL21
Escherichia coli were transfected by electroporation with
pGEX-galectin-9 vectors, and were grown in 2×YT medium
supplemented with 10% (w/v) glucose and 100 µg/ml ampi-
cillin to an optical density of 0.7 at 600 nm. To induce the
expression of the GST-galectin-9 fusion proteins, transfected
E. coli were cultured in the presence of the lactose analog
isopropyl β-D-thiogalactoside. Induced cultures were allowed
to express GST-fusion protein for several h and were then

lysed by mild sonication. After clearing the bacterial lysate of
cellular debris, it was applied directly to glutathione Sepharose 4B.
Fusion proteins were then eluted with an elution buffer containing
50 mM Tris (pH.8.0) and 10 mM glutathione. The presence of
GST-galectin-9 fusion proteins with a molecular weight of 62 kDa
was verified by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE), and its concentration was determined by
spectrophotometry (optical density at 280nm).

Generation and purification of a polyclonal antibody for 
human galectin-9

Every 2 weeks, rabbits were immunized subcutaneously with a
mixture of GST-galectin-9-CT and complete Freund’s adjuvant.
Animals received a total of four injections, after which they
were bled for serum collection. The anti-serum was loaded
onto a CNBr-activated Sepharose 4B column coupled with
GST-galectin-9-CT fusion protein. After four subsequent washes
using 25 mM Tris–HCl (pH.7.5) + 0.15 NaCl, 1 M NaCl, and 1%
Triton-X-100, 25 mM Tris–HCl (pH.7.5) + 0.15 NaCl, acidic
elution was achieved with a buffer solution containing 0.1 M
glycine-HCl (pH 2.5) and 10% ethylene glycol. The pH was
immediately neutralized by adding 1 M Tris–HCl (pH.8.0). To
ensure the presence of galectin-9 antibody, SDS–PAGE was
performed and the antibody solution was dialyzed overnight
for functional assays. Finally, the specificity of rabbit-anti-human
galectin-9 was confirmed by performing western blot analysis
of GST-galectin-9 (CT) fusion proteins. Moreover, using the
same approach, no or little cross-reactivity with galectin-1 and
galectin-3 fusion proteins was detected.

Western blotting of galectin-9

Before and after PMA treatment of the cell line cells, cell
lysates were obtained by adding a small volume of lysis buffer
(10 mM Tris–HCl, 0.15 M NaCl, 2 mM ethylenediamine tetra-
acetic acid, 2 mM ethylene glycol bis(2-aminoethyl ether)-tetra
acetic acid, and freshly added 0.5 mM phenylmethylsulfonyl
fluoride, 10 µg/ml of leupeptin, antipain, pepstatin A, and 1 mM
dithiothreitol) to cells pellets. SDS sample buffer was then
added to cell lysates, and samples were incubated for 5 min  at
100°C and then placed on ice. Samples were run on a 12%
acrylamide-SDS gel, and were transferred to a polyvinylidene
difluoride membrane (BioRad Laboratories, Hercules, CA).
Nonspecific binding was blocked using 5% skim milk in PBS
containing 0.1% Tween-20 (PBS-T). After several washing
with PBS-T, membranes were incubated for 1 h with 0.5 µg/ml
of purified rabbit anti-human galectin-9 diluted in PBS-T.
Membranes were then washed, followed by incubation with
PBS-T containing anti-rabbit peroxidase-linked (Amersham
Pharmacia Biotech) for a period of 45 min. Finally, membranes
were immersed into electrochemiluminescence–horseradish
peroxdiase  substrate solution obtained from the ECL kit
(Amersham Pharmacia Biotech), and immunoblotting could be
visualized by exposing the membrane to an XJB-1 X-ray film
(Kodak, Rochester, NY).

Flow cytometry analysis of galectin-9

To assess surface galectin-9 expression, cells were collected by
centrifugation, and were washed with PBS containing 0.05%
NaN3 and 2% fetal calf serum (PBS+) followed by an incubation
of 1 h on ice with the primary antibody solution containing
50 µg/ml of rabbit-anti-human galectin-9 and 10% goat serum
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(Santa Cruz Biotechnology, Santa Cruz, CA). After several
washes with PBS+, cells were then incubated on ice with
fluorescein isothiocyanate–conjugated goat-anti-rabbit anti-
body (Santa Cruz Biotechnology) for a period of 45 min.

Intracellular expression of galectin-9 was assessed by a
modification of the methods by Krug et al. (1996). In brief, the
cells were incubated in 30 mM lactose-containing PBS+ on ice
for 30 min to eliminate surface galectin-9 and fixed with ice-
cold PBS containing 4% paraformaldehyde for 10 min. After
washing with PBS+, the cells were resuspended in 25 µl
saponin buffer (PBS containing 0.1% saponin and 0.01 M
HEPES buffer). After addition of 50 µl of rabbit-anti-human
galectin-9 antibody in saponin buffer, the cells were incubated
for 30 min at room temperature, followed by an incubation of
45 min on ice with 50 µl fluorescein isothiocyanate–conjugated
goat-anti-rabbit antibody (Santa Cruz Biotechnology).

Galectin-9 staining of total cells defined by scatter gates
(15,000 events) was analyzed with a flow cytometer using
SYSTEM II™ Software version 1.0 (Coulter, Miami, FL). For
the verification of flow cytometer’s optical alignment and
fluidics system, Flow-check™ fluorospheres were used
(Coulter).

ECA

This was performed by the same methods described previously
(Hirashima et al., 1991). In brief, normodense CD16-negative
eosinophils were isolated by subjecting peripheral blood
leukocytes to a discontinuous density gradient of Percoll
(Pharmacia), followed by immunomagnetic treatment of the
obtained cells with anti-CD 16 immunoglobulin (DAKO A.S.,
Glostrup, Denmark). The purity and viability of the obtained
eosinophils were >98% and 95%, respectively. ECA was
evaluated with a 48-well chamber (Neuro Probe, Cabin John,
MD) containing a polyvinylpyrolidone-free membrane with 5-µm
standard pore sizes. Human eosinophils (1 × 106/ml) and a test
sample were placed in the top and bottom chambers, respectively.
Each assay was performed in triplicate. After a 1.5-h incubation at
37°C in a humidified atmosphere of 5% CO, the filters were
stained with Diff-Quik™ (Baxter Healthcare, McGaw Park, IL),
and migrated eosinophils were counted. Human C5a (Sigma) and
eotaxin-l (Seikagaku, Tokyo) were used as positive controls.

Affinity column chromatograph

To clarify whether ECA has affinity to lactose, the culture
supernatants were applied on a lactose-agarose affinity column
(Seikagaku). Adsorbed protein was eluted with 0.2 M lactose
and assessed for ECA activity after dialysis against PBS.

The culture supernatant of PMA-stimulated Jurkat cells was
applied on an Affigel-HZ immunoaffinity column conjugated
with antibodies against C-terminal of galectin-9 according to
the protocol of the manufacturer. After washing with PBS,
adsorbed galectin-9 was eluted with 0.1 M glycine-HCl–10%
ethylene glycol (pH 2.5). After immediate neutralization, each
fraction (0.5 ml) was dialyzed against PBS and used for
western blot and chemotaxis. 

Abbreviations

CRD, carbohydrate recognition domain; ECA, esoniophil
chemoattractant activity; GST, glutathione-S-transferase;

LAMP, lysosome-associated membrane protein; MMP, matrix
metalloproteinase; PBS, phosphate buffered saline; PKC, protein
kinase c; PMA, phorbol 12-myristate13-acetate; RT-PCR,
reverse transcriptase polymerase chain reaction; SDS–PAGE,
sodium dodecyl sulfate–polyacrylamide gel electrophoresis;
TIMP-1, tissue inhibitor of metalloproteinase-1; TNF, tumor
necrosis factor.
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