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Human Galectin-3 Is a Novel Chemoattractant for Monocytes

and Macrophages1

Hideki Sano,* Daniel K. Hsu,* Lan Yu,* John R. Apgar,† Ichiro Kuwabara,*

Tohru Yamanaka,‡ Mitsuomi Hirashima,§ and Fu-Tong Liu2*

Galectin-3 is a b-galactoside-binding protein implicated in diverse biological processes. We found that galectin-3 induced human

monocyte migration in vitro in a dose-dependent manner, and it was chemotactic at high concentrations (1.0 mM) but chemoki-

netic at low concentrations (10–100 nM). Galectin-3-induced monocyte migration was inhibited by its specific mAb and was

blocked by lactose and a C-terminal domain fragment of the protein, indicating that both the N-terminal and C-terminal domains

of galectin-3 are involved in this activity. Pertussis toxin (PTX) almost completely blocked monocyte migration induced by high

concentrations of galectin-3. Galectin-3 caused a Ca21 influx in monocytes at high, but not low, concentrations, and both lactose

and PTX inhibited this response. There was no cross-desensitization between galectin-3 and any of the monocyte-reactive che-

mokines examined, including monocyte chemotactic protein-1, macrophage inflammatory protein-1a, and stromal cell-derived

factor-1a. Cultured human macrophages and alveolar macrophages also migrated toward galectin-3, but not monocyte chemo-

tactic protein-1. Finally, galectin-3 was found to cause monocyte accumulation in vivo in mouse air pouches. These results indicate

that galectin-3 is a novel chemoattractant for monocytes and macrophages and suggest that the effect is mediated at least in part

through a PTX-sensitive (G protein-coupled) pathway. The Journal of Immunology, 2000, 165: 2156–2164.

G
alectin-3 is a 26-kDa b-galactoside-binding protein be-

longing to the galectin family, which now contains .10

members (1–6). This protein is composed of a carboxyl-

terminal carbohydrate recognition domain (CRD)3 and amino-ter-

minal tandem repeats (7–9). Galectin-3 normally distributes in ep-

ithelia of many organs and various inflammatory cells, including

macrophages, as well as dendritic cells and Kupffer cells (10). The

expression of this lectin is up-regulated during inflammation (10),

cell proliferation (11, 12), and cell differentiation (13, 14) and

through trans-activation by viral proteins (15). Its expression is

also affected by neoplastic transformation: up-regulated in certain

types of lymphomas (15, 16) and thyroid carcinoma (17, 18), while

down-regulated in other types of malignancies, such as colon (19,

20), breast (21), ovarian (22), and uterine (23) carcinomas. Re-

cently, it has been reported that the expression of this lectin has a

strong correlation with the grade and malignant potential of pri-

mary brain tumors (24). Increased galectin-3 expression has also

been noted in human atherosclerotic lesions (25). These findings

suggest that galectin-3 expression is affected during these physio-

logical and pathological responses.

Galectin-3 has been shown to function through both intracellular

and extracellular actions. Related to its intracellular functions, ga-

lectin-3 has been identified as a component of heterogeneous nu-

clear ribonuclear protein (hnRNP) (26), a factor in pre-mRNA

splicing (27), and has been found to control cell cycle (28) and

prevent T cell apoptosis; the latter is probably mediated through

interaction with the Bcl-2 family members (29, 30). On the other

hand, this protein, which is secreted from monocytes/macrophages

(31, 32) and epithelial cells (33, 34), has also been demonstrated to

function as an extracellular molecule in activating various types of

cells, including monocytes/macrophages (13), mast cells (35, 36),

neutrophils (37), and lymphocytes (15, 38). Galectin-3 has been

shown to mediate cell-cell and cell-extracellular matrix interac-

tions (39–41).

Recently, it has been shown that galectin-9, another member of

the galectin family with two CRDs, is a selective chemoattractant

for eosinophils (42). The activity is dependent on both CRDs, sug-

gesting that cross-linking of cell surface molecules is involved in

the chemoattraction (43). Galectin-3 is known to form dimers

through the amino-terminal nonlectin domain and thus has the po-

tential to cross-link appropriate cell surface glycoproteins (9).

Therefore, it is conceivable that galectin-3 also has similar activity

for certain cell types.

In the present study we focused on an extracellular function of

galectin-3 on monocyte/macrophage, because 1) galectin-3 is

known to bind to the cell surfaces of monocytes/macrophages (44),

and 2) high expression of galectin-3 is seen in human and rat lungs

(45, 46), where macrophages are one of the dominant cell types.

Moreover, we recently found that macrophage recruitment in peri-

tonitis is attenuated in galectin-3-deficient mice (47). As inflam-

matory macrophages are known to result from the recruitment of

peripheral blood monocytes, these facts led us to examine whether

galectin-3 attracts monocytes and macrophages. We found that
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galectin-3 induced migration of monocytes and macrophages both

in vitro and in vivo through a pertussis toxin (PTX)-sensitive path-

way. Our present study suggests a novel role for galectin-3 in

inflammation and malignancy through its ability to recruit inflam-

matory cells and APCs into the affected sites to modify the bio-

logical responses. These results together with the finding that ga-

lectin-9 is a potent eosinophil chemoattractant suggest that

galectins are a new class of chemoattractants.

Materials and Methods
Materials

Recombinant human galectin-3 (48), the C-terminal domain fragment of
galectin-3 (galectin-3C) (29), a mouse mAb against galectin-3 (B2C10)
(49), and mouse monoclonal anti-DNP IgG1 (50) were prepared as de-
scribed previously. Recombinant MCP-1, MIP-1a, and SDF-1a were ob-
tained from PeproTech (Rocky Hill, NJ). Indo-1/AM was purchased from
Molecular Probes (Eugene, OR). HBSS and RPMI 1640 were purchased
from Life Technologies (Grand Island, NY). Ficoll Paque and Percoll so-
lution were obtained from Amersham Pharmacia Biotech (Uppsala, Swe-
den). Unless otherwise stated, all other reagents were purchased from
Sigma (St. Louis, MO).

Preparation of human monocytes

Human monocytes were purified from venous blood of normal volunteers
essentially as described previously (51). In brief, after erythrocytes were
sedimented by addition of 6% dextran saline solution (1 part to 5 parts
heparinized blood), and the leukocytes were collected, washed twice, and
resuspended in Ca21 and Mg21-free HBSS containing 5% autologous se-
rum. Mononuclear cells were acquired by centrifugation of the leukocyte
suspension on Ficoll Paque at 800 3 g for 15 min. The cells were resus-
pended in RPMI 1640 containing 10% autologous serum and allowed to
adhere to sterile tissue culture plates for 30 min in a humidified incubator
at 5% CO2 and 37°C. After incubation, nonadherent cells were removed by
washing the plates three times with PBS at 37°C. Greater than 98% of the
adherent cells showed the characteristic appearance of monocytes when
examined by light microscopy following Wright staining or neutral red
staining. To detach and harvest the adhered monocytes, 1 mM EDTA-PBS
containing 5% serum was added, and the plates were incubated on ice for
30 min. The monocytes were washed twice with HBSS and resuspended in
RPMI 1640 with 0.1% autologous serum for the migration assay. The
viability of monocytes was determined by trypan blue exclusion and was
.98%. In some experiments monocytes were purified according to another
method using a Percoll discontinuous gradient described previously (52).
No difference was noted in the purity and viability of the cells prepared by
these two different methods.

Preparation of human cultured peripheral blood macrophages

and alveolar macrophages

Human macrophages were obtained by culturing peripheral blood mono-
cytes in vitro for 7 days as previously described (53). Human alveolar
macrophages were obtained from bronchoalveolar lavage fluid according
to a previously described protocol (54). The purity of the macrophages was
.90%, and the viability was .99%.

Migration assay in vitro

Monocyte migration was examined by using 96-well micro-Boyden cham-
bers with 5 mm pore size filters (Neuro Probe, Gaithersburg, MD) as de-
scribed previously (55, 56). Briefly, after the indicated concentrations of
galectin-3 or MCP-1, in RPMI 1640 were applied to the lower chambers,
purified monocyte suspensions (2.5–5.0 3 104/well) were applied to the
upper chambers. After incubation of the chambers for 1 h in a humidified
incubator at 5% CO2 and 37°C, the filters were washed once with PBS and
processed with Wright stain. The number of monocytes on the bottom side
of the filters was counted in 5–10 high power fields. Monocyte migration
was calculated from the average numbers of the counted cells and ex-
pressed as the percentage of input cells in a well.

In assays using inhibitory reagents, the purified monocytes were pre-
treated with or without the indicated concentrations of B2C10 (49) or anti-
DNP IgG1 (50) as an isotype-matched control mAb, galectin-3C, or PTX
at 37°C for 30 min. Then the cells were applied to the upper chambers in
the presence of these inhibitors at the same concentrations used in the
pretreatment. Galectin-3 or MCP-1 was applied to the lower chambers as
described above. In the assays using lactose and sucrose, the sugars were
added to the lower chambers at the initiation of the migration assay.

Migration assay in vivo

The mouse air pouch experiments were performed according to a method
described previously (57). Briefly, an air pouch was induced on the back of
BALB/c mice by injecting 3 ml of air intradermally three times (one time
each on 6, 4, and 2 days before the experiments). Then, 1 ml of 0.9%
sodium chloride (USP grade saline; Baxter Healthcare, Deerfield, IL) con-
taining 1 mM galectin-3 was injected into the pouch. As positive and neg-
ative controls, 100 ng/ml of recombinant MCP-1 and diluent only, respec-
tively, were injected. Four hours afterward, recruited cells were recovered
by gently lavaging the pouch with 1 ml of PBS containing 1 mM EDTA.
Cell number was determined, and the distribution of leukocyte types was
analyzed after cytospin preparation and Wright staining.

Measurement of Ca21 influx in monocytes

Intracellular concentrations of Ca21 were measured using indo-1/AM
according to a previously described method (58). Purified monocytes
were resuspended in HBSS containing 1 mM Ca21, 1 mM Mg21, and
5% autologous serum and incubated with 10 mM indo-1/AM for 45 min
at 37°C. The cells were washed once and resuspended in the same
buffer, and stimuli and inhibitors were added at the time points specified
in the figure legends. Intracellular Ca21 concentration was measured by
monitoring light emission at 405 and 485 nm to an excitation wave-
length of 355 nm, using an AMINCO-Bowman series 2 luminescence
spectrometer (Rochester, NY).

Data analysis

Data are summarized as the mean 6 SD. The statistical examination of the
results was performed by the variance analysis using Fisher’s protected
least significant difference test for multiple comparisons. The analysis of
the results from the mouse air pouch experiments was conducted with the
Mann-Whitney test. Values of p , 0.05 were considered significant.

Results
Galectin-3 induces monocyte migration in vitro

Using a micro-Boyden chamber assay, we found that human re-

combinant galectin-3 induced monocyte migration in a dose-de-

pendent manner. Galectin-3 significantly increased monocyte mi-

gration at concentrations .100 nM compared with diluent and

showed a bell-shaped dose-dependent pattern like many chemoat-

tractants (control, 3.54 6 2.2%; 100 nM, 6.25 6 1.3%; 300 nM,

9.8 6 0.33%; 1 mM, 12.4 6 1.2%; 3 mM, 21.6 6 0.071%; 10 mM,

17.04 6 0.28%, p , 0.05 vs control; n 5 4 experiments; Fig. 1).

While the difference in the effect between lower concentrations of

galectin and control was not statistically significant in these initial

experiments, in a number of subsequent ones, 10 nM galectin-3

also significantly increased monocyte migration (control, 4.26 6

FIGURE 1. The effect of galectin-3 on human peripheral blood mono-

cyte migration in vitro. Various concentrations of galectin-3 (and MCP-1

(100 ng/ml) as a positive control) were applied to the lower chambers,

purified monocytes were applied to the upper chambers, and the migration

assay was performed as described in Materials and Methods. Data are the

mean 6 SD of four individual experiments.

2157The Journal of Immunology
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1.3%; 10 nM, 7.01 6 2.1%; p , 0.001 vs control; n 5 21). The

effect of 3 mM galectin-3 on monocyte migration was greater than

that of human recombinant MCP-1, a strong chemoattractant for

monocytes (59), at 100 ng/ml (11.6 nM; Fig. 1), which was de-

termined in dose-response experiments to be the concentration that

induced maximum monocyte migration in this assay (data not

shown).

To rule out the possibility that the above results were due to

contaminating bioactive substances such as heat-stable endotoxins

in the recombinant galectin-3 preparations, we conducted experi-

ments using galectin-3 samples pretreated at 100°C for 5 min,

which is known to inactivate this lectin (37). These samples did not

induce monocyte migration at any of the concentrations used (10

nM to 1 mM; data not shown). Furthermore, we studied the effect

of an anti-galectin-3 mAb B2C10, which has been shown to block

the lectin activities of galectin-3 (49), on monocyte migration. We

found that 10 mg/ml of B2C10, but not an isotype-matched control

mAb, completely inhibited monocyte migration induced by galec-

tin-3 at all concentrations examined ( p , 0.05; n 5 3; Fig. 2).

B2C10 did not affect MCP-1-induced monocyte migration signif-

icantly under identical conditions (data not shown). These results

indicate that exogenous galectin-3 induces migration of human

monocytes in vitro.

Galectin-3 is chemotactic at high concentrations and

chemokinetic at low concentrations for monocytes

The observed monocyte migration induced by galectin-3 could be

due to a chemotactic or chemokinetic effect. The former means

that the cell migration is strictly a consequence of the lectin’s

chemoattraction activity, whereas the latter implies that the cell

migration is due to activation of the cells by the lectin that results

in an enhanced movement of the cells in all directions. To differ-

entiate between these two possibilities, we performed a checker-

board analysis. Various concentrations of galectin-3 were applied

to the upper and/or lower chambers, and monocyte migration was

examined. As shown in Table I and Fig. 3, when 10 or 100 nM

galectin-3 was used, no significant difference in monocyte migra-

tion was observed regardless of whether the protein was added to

the lower chambers or to both chambers. In contrast, when 1 mM

galectin-3 was added to both chambers, no significant increase in

monocyte migration over the background was observed. These re-

sults indicate that the effect of galectin-3 in vitro is chemokinetic

at low concentrations (10 and 100 nM), but chemotactic at high

concentrations (1 mM).

Both N- and C-terminal domains of galecin-3 are necessary for

the monocyte chemoattractant activity

As mentioned above, galectin-3 is composed of a C-terminal lectin

domain and an N-terminal nonlectin part. To determine whether

the chemoattractant activity of galectin-3 is dependent on its lectin

properties, we tested the effect of saccharides on the lectin’s in-

duction of monocyte migration. As shown in Fig. 4A, 5 mM lac-

tose significantly decreased monocyte migration induced by 10

nM, 100 nM, and 1 mM galectin-3 by 63.8, 71.5, and 57.6%,

respectively ( p , 0.05; n 5 3). Similarly, 10 mM lactose signif-

icantly inhibited the migration by 78, 74.1, and 71.1%, respec-

tively ( p , 0.05; n 5 3). These concentrations of lactose did not

affect the monocyte migration induced by MCP-1 (100 ng/ml

MCP-1, 20.0 6 3.2%; 100 ng/ml MCP-1 plus 10 mM lactose,

20.2 6 2.1%; n 5 3). As a negative control, we also tested the

effect of sucrose, which dose not bind to galectin-3. As shown in

Fig. 4B, sucrose had no significant effect on monocyte migration.

These results indicate that the C-terminal lectin domain of galec-

tin-3 is involved in the induction of monocyte migration.

We then examined the effect of a recombinant C-terminal do-

main fragment of galectin-3 (galectin-3C) on monocyte migration.

Monocytes were preincubated with various amounts of galec-

tin-3C for 30 min at 37°C, the mixture was then applied to the

upper chambers, and a standard migration assay was performed.

As shown in Fig. 5, 1 mM galectin-3C alone did not have any

chemokinetic effect on monocytes, but it significantly inhibited

cell migration induced by 100 nM and 1 mM galectin-3 by 77.4

and 45.0%, respectively ( p , 0.05; n 5 3). Galectin-3C pretreated

FIGURE 2. Effect of anti-galectin-3 mAb on monocyte migration. After

treatment with control (F) or anti-galectin-3 (E) mAb, purified monocytes

were added to the upper chambers, and the migration assay was performed

as described in Materials and Methods. Data are the mean 6 SD of three

individual experiments.

FIGURE 3. Chemotaxis vs chemokinesis in galectin-3-activated mono-

cytes. The data from the checkerboard experiment in Table I are expressed

graphically in this figure. F, monocyte migration when galectin-3 was

added only to the lower chambers; M, monocyte migration when equal

concentrations of galectin-3 were added to both chambers.

Table I. Checkerboard analysis of the effect of galectin-3 on the

attraction of human peripheral blood monocytes in vitroa

Below

Above

0 nM 10 nM 100 nM 1000 nM

0 nM 4.23 6 0.75 7.55 6 0.79 10.7 6 0.86 3.30 6 2.82
10 nM 8.66 6 0.22 8.88 6 1.09 11.4 6 2.11 3.25 6 3.11
100 nM 9.96 6 0.72 9.23 6 2.23 10.5 6 2.10 4.55 6 3.69
1000 nM 13.1 6 1.33 11.5 6 3.49 12.5 6 2.87 3.50 6 2.41

a Various concentrations of galectin-3 were applied to the lower chambers, and
purified monocytes mixed with various concentrations of galectin-3 were applied to
the upper chambers, as described in Materials and Methods. Monocyte migration is
expressed as the percentage of migrated cells of the total cells. Data are the mean 6

SD of four individual experiments.

2158 MONOCYTE CHEMOATTRACTANT ACTIVITY OF GALECTIN-3
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at 100°C showed no effect on galectin-3-induced monocyte migra-

tion (data not shown). We also tested the effect of 100 nM galectin-

3C, but no influence on monocyte migration was observed (Fig. 5).

These results further confirm the involvement of the lectin domain

in the chemoattractant activity and suggest that the N-terminal do-

main is also necessary for this activity.

Galectin-3 induces monocyte migration by a PTX-sensitive

pathway

We tested the possibility that G proteins might be involved in

galectin-3-induced monocyte migration using the inhibitor PTX,

because it is well known that many chemoattractants, including all

chemokines, use G protein-coupled receptors to transduce signals

into the cell (60). Before the experiments, we confirmed that 1

mg/ml of PTX did not decrease the viability of monocytes (data not

shown). We found that PTX decreased monocyte migration in-

duced by 1 mM galectin-3 by 91.2% ( p , 0.01; n 5 5; Fig. 6A).

However, PTX only partially inhibited monocyte migration

induced by 10 or 100 nM galectin-3 ( p 5 0.8501 and 0.3093,

respectively; n 5 5). In contrast, 1 mg/ml of PTX significantly

inhibited monocyte migration induced by MCP-1 at all concentra-

tions examined (Fig. 6B). These results suggest that a PTX-sensi-

tive G protein-coupled receptor(s) is involved in monocyte migra-

tion induced by galectin-3.

Galectin-3 increases intracellular calcium concentration by a

PTX-sensitive pathway(s)

As mentioned above, galectin-3 can dimerize and cross-link cell

surface receptors. This suggests that the reason why galectin-3 is

chemotactic is because it is able to activate chemokine receptors.

Therefore, to further analyze galectin-3-mediated signaling, we

tested the effect of this lectin to induce a Ca21 influx in monocytes,

because many chemoattractants are known to cause Ca21 influx.

We found that 1 mM galectin-3, but not lower concentrations, in-

duced a Ca21 influx in human monocytes similar to MCP-1 (Fig.

7, A and B), although the extent of the Ca21 influx caused by the

lectin was lower than that caused by the chemokine in all three

separate experiments. We found that heat-inactivated galectin-3

did not produce any response (data not shown). The specificity of

this activity was also demonstrated by the complete inhibition of

galectin-3-induced, but not MCP-1-induced, Ca21 influx by 5 mM

lactose, but not sucrose (Fig. 7, C and D). Furthermore, both the

galectin-3- and the MCP-1-induced Ca21 influx were blocked by

PTX (Fig.7, E and F). These results indicate that galectin-3 causes

a Ca21 influx, which is probably mediated by a PTX-sensitive G

protein coupled receptor(s).

Galectin-3 does not use the presently known chemokine

receptors on monocytes to induce Ca21 influx

Among various chemoattractants, the monocyte/macrophage-reac-

tive chemokines, including MCP-1, MIP-1a, and SDF-1a, are

known to cause a Ca21 influx in the cells (61–63) by binding to

their receptors, such as CCR2/9, CCR1/5/9, and CXCR-4, respec-

tively, all of which are coupled with PTX-sensitive G proteins (60,

64, 65). To determine the possibility that galectin-3 interacts with

these receptors to transduce activation signal(s) into monocytes,

we performed Ca21 influx experiments to study cross-desensitiza-

tion. This method is known to be useful in identifying the usage of

the chemoattractant receptors, although cross-desensitization oc-

curs at multiple levels and can affect signals mediated by other

receptors (66, 67). We found that all these chemokines (100 ng/ml)

induced a Ca21 influx in human monocytes (Fig. 8, A, C, and E).

We also observed that such responses were desensitized by pre-

treatment with the same, but not other, chemokines (data not

shown), consistent with previous results from other investigators

(61–63). We found, however, that there was no cross-desensitiza-

tion between galectin-3 and any of the above-mentioned mono-

cyte-reactive chemokines (Fig. 8). These results suggest that ga-

lectin-3 does not interact with any of these presently known

chemokine receptors expressed on monocytes for signal transmis-

sion into the cell.

FIGURE 4. Effect of sugars on galectin-3-induced monocyte migration.

Various concentrations of galectin-3 were mixed with 0 mM (F), 5 mM

(f), or 10 mM (Œ) lactose (A) or sucrose (B) and placed in the lower

chambers. Purified monocytes were added to the upper chambers, and a

standard migration assay was then performed. Data are the mean 6 SD of

four individual experiments.

FIGURE 5. Effect of a C-terminal domain fragment of galectin-3 (ga-

lectin-3C) on galectin-3-induced monocyte migration. After monocytes

were incubated with the indicated concentrations of galectin-3C, the cells

were added to the upper chambers, and a standard migration assay was

performed. Data are the mean 6 SD of four individual experiments.

FIGURE 6. Effect of PTX on monocyte migration. After monocytes

were treated with PTX, the cells were added to the upper chambers and the

migration toward galectin-3 (A) or MCP-1 (B) was performed as described

in Materials and Methods. Data are the mean 6 SD of four individual

experiments.

2159The Journal of Immunology
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Galectin-3, but not MCP-1, induces migration of macrophages

Unlike monocytes, there are fewer chemokines that have been

shown to attract mature macrophages (65). To determine the effect

of galectin-3 on mature macrophages, we used human macro-

phages obtained from culturing peripheral blood monocytes as

well as alveolar macrophages. A previous study showed that cul-

tured human macrophages do not express a detectable amount of

CCR2 and do not respond to its ligand, MCP-1 (53), which we also

confirmed (Fig. 9). In contrast, we found that galectin-3 induced

macrophage migration in a dose-dependent manner, and 1 mM

galectin-3 enhanced migration by 190% over that induced by the

control medium ( p , 0.05; n 5 3; Fig. 9). Similarly, human al-

veolar macrophages migrated toward galectin-3 in two separate

experiments (Fig. 10). In these experiments, bell-shaped dose-re-

sponse curves were obtained, which is commonly observed for

many chemokines. In contrast, MCP-1 had no effect (Fig. 10, Expt

1) or a negligible effect (Fig. 10, Expt 2) on macrophage migration.

These results indicate that galectin-3, but not MCP-1, is a che-

moattractant for macrophages. The results also corroborate the

conclusion made above that the signaling pathway induced by ga-

lectin-3 is not mediated through CCR2.

Galectin-3 induces monocyte migration in vivo

Lastly, we examined the effect of galectin-3 on cell recruitment

into mouse air pouches to determine whether galectin-3 induces

migration of cells in vivo. As shown in Fig. 11, galectin-3 in-

creased the numbers of monocytes, neutrophils, and eosinophils in

the air pouch by 15.7, 5.30, and 4.63 times, respectively, over

those induced by vehicle (saline) only ( p , 0.05; n 5 6). In con-

trast, the number of lymphocytes was not augmented significantly

by the treatment ( p 5 0.309). We tested galectin-3 samples pre-

treated at 100°C for 5 min and found that these samples caused a

background level of inflammatory cell accumulation comparable

to that induced by saline (data not shown). These results indicate

that galectin-3 can recruit monocytes in vivo.

Discussion
A major conclusion of this study is that galectin-3 is a novel che-

moattractant for monocytes and macrophages. Recombinant hu-

man galectin-3 induces monocyte migration in vitro, and it is che-

motactic at high concentrations (1.0 mM), but chemokinetic at low

FIGURE 7. Effects of galectin-3 and MCP-1 on Ca21 mobilization in

monocytes. Traces represent the average mobilized intracellular concen-

trations of Ca21 in the examined monocytes. The final concentrations of

galectin-3 and MCP-1 in the cell suspensions were 1 mM and 100 ng/ml,

respectively. A and B, Effects of galectin-3 (A) and MCP-1 (B) on Ca21

influx in monocytes, respectively. These reagents were added to the cell

suspensions at 2 min after the initiation of the measurement. C and D,

Effects of two different sugars on galectin-3-induced Ca21 influx in mono-

cytes. After 5 mM lactose (C) or sucrose (D) was mixed with the cell

suspension, galectin-3 and MCP-1 were added as the first and second stim-

ulants at 2 and 6 min after the start of the measurement. E and F, Effect of

PTX on galectin-3-induced Ca21 influx in monocytes. Monocytes were

incubated in the presence or the absence of 1 mg/ml of PTX (together with

indo-1/AM) for 45 min before the assay. MCP-1 and galectin-3 were se-

quentially added to the monocyte suspensions in the presence of the same

concentration of PTX. Each figure shows representative data from three

individual experiments using different donors.

FIGURE 8. Effects of chemokines on galectin-3-induced Ca21 mobili-

zation in monocytes. Traces represent the average intracellular concentra-

tions of Ca21 in the examined monocytes. Monocytes were stimulated first

with galectin-3 and then with MCP-1 (A), MIP-1a (C), or SDF-1a (E) or

first with MCP-1 (B), MIP-1a (D), or SDF-1a (F) and then with galectin-3.

The final concentrations of galectin-3 and each chemokine in the cell sus-

pensions were 1 mM and 100 ng/ml, respectively. The first and second

stimulants were added to the cell suspension at 2 and 6 min after the start

of the measurement. Each figure shows representative data from three in-

dividual experiments using different donors.
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concentrations (10–100 nM). Both the N-terminal and C-terminal

domains of this protein appear to be involved in the activity, and

the specificity is demonstrated by the inhibition of this activity by

lactose, specific mAb, and the C-terminal domain fragment. In

addition, similar to many chemoattractants, galectin-3 causes Ca21

influx in monocytes, and both the chemotactic effect and the in-

duction of Ca21 influx involve a PTX-sensitive pathway(s). How-

ever, cross-desensitization experiments suggest that the signaling

pathway(s) is different from that of the presently known chemo-

kine receptors on monocytes. Finally, the physiological relevance

of the findings is supported by the fact that galectin-3 also recruits

monocytes in vivo in a mouse air pouch model.

The finding that galectin-3 is a chemoattractant for macrophages

in addition to monocytes is noteworthy, because unlike monocytes,

there are fewer chemokines that have been shown to attract mature

macrophages (65). The major monocyte chemoattractant, MCP-1,

for example, is inactive in this respect. Therefore, it is possible that

galectin-3 is one of the major factors involved in the influx of

macrophages to inflammatory sites. Based on the results from the

present study, we propose that galectin-3 produced by epithelial

cells, a major source of this lectin, can contribute to the attraction

of monocytes and macrophages during inflammation. Because

monocytes and macrophages also produce galectin-3, this lectin

may mediate a continued influx of these cell types once the in-

flammatory process is initiated. Recently, we found that galectin-

3-deficient mice developed significantly reduced numbers of peri-

toneal macrophages compared with wild-type mice when treated

with thioglycolate i.p. (47). These results are highly consistent

with the present findings, and together they suggest that galectin-3

released by the peritoneal cells in thioglycolate-treated mice is

responsible at least in part for recruiting monocytes and macro-

phages to the peritoneal cavity, and that galectin-3-deficient mice

exhibit a lower macrophage response due to the absence of this

chemoattractant.

It has been shown previously that galectin-3 can activate various

cell types, including induction of superoxide production by mono-

cytes/macrophages (13). Although the precise mechanisms remain

to be determined, these activities are probably related to the dimer-

ization or oligomerization of galectin-3 through intermolecular in-

teractions involving the amino-terminal domain (48). The lectin

thereby becomes bivalent or multivalent functionally and capable

of activating cells by effectively cross-linking cell surface glyco-

proteins (3–7). We believe that this process also contributes to the

monocyte chemoattractant activity of galectin-3, and this possibil-

ity is supported by our finding that both the N-terminal and C-

terminal domains of galectin-3 are required for this activity. How-

ever, an unusual feature of galectin-3’s chemoattractant activity is

that the response is both qualitatively and quantitatively dependent

on the concentration of the lectin. First, galectin-3 appears to be

chemokinetic at low concentrations, but chemotactic at high con-

centrations. One possible explanation is that galectin-3 at high con-

centrations can cause cell aggregation, and thus in the checker-

board analysis, when galectin-3 was added to the upper chambers

together with the cells, the cells were prevented from migrating

toward the lower chambers because they were aggregated. There-

fore, it might be possible that galectin-3 is actually chemokinetic

for monocytes at both high and low concentrations.

However, only monocyte migration induced by high concentra-

tions of galectin-3 was completely inhibited by PTX. Also, only

high concentrations of galectin-3 caused a Ca21 influx in mono-

cytes, and this occurred through a PTX-sensitive mechanism(s).

The most likely explanation for these findings is that galectin-3

binds to and activates different (or different sets of) cell surface

molecules depending on its concentration. At lower concentra-

tions, it preferentially binds to glycoproteins that interact with the

lectin relatively strongly, while only after reaching a certain

threshold concentration does it begin to recognize other cell sur-

face glycoproteins that interact with the lectin relatively weakly.

FIGURE 9. Effects of galectin-3 and MCP-1 on the migration of cul-

tured human peripheral blood macrophages in vitro. The assays were per-

formed as described in Fig. 1. Data are the mean 6 SD of three individual

experiments.

FIGURE 10. Effects of galectin-3 and MCP-1 on the migration of hu-

man alveolar macrophages in vitro. Alveolar macrophages obtained from

bronchoalveolar lavage fluid were used in a standard migration assay. The

results from two separate experiments are shown.

FIGURE 11. Effect of galectin-3 on monocyte/macrophage recruitment

in mouse air pouches. Galectin-3 (1 mM; F; n 5 6), vehicle only (E; n 5

6), or 100 ng/ml of MCP-1 (M; n 5 1) was injected into the pouches as

described in Materials and Methods. Each mark represents the cell number

from an individual mouse. After a 4-h incubation, the recruited cells were

recovered, counted, and analyzed after cytospin preparation and Wright

staining.
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Our data suggest that the latter include a PTX-sensitive, G protein-

coupled receptor(s). Galectin-3 has already been shown to bind to

a number of different cell surface glycoproteins on macrophages

(68), and based on a recent study with galectin-1 (69), it is likely

that the lectin can cause segregation of these different glycopro-

teins. It is entirely possible that the lectin binds to these different

glycoproteins with variable affinity, because they are differentially

glycosylated, and the lectin exhibits a fine specificity for oligosac-

charides (45, 46, 70).

Relatively high concentrations of galectin-3 are needed for the

demonstration of optimal chemoattractant activity. The situation is

analogous to other activities demonstrated for this lectin previ-

ously, such as activation of inflammatory cells (13, 35, 37), and is

probably related to the concentrations that are required for the

dimerization or oligomerization of the lectin to take place. How-

ever, galectin-3 is known to exist at relatively high concentrations

in the cytosol of many cell types (e.g., 5 mM in a human colon

adenocarcinoma cell line, T84 (71)). Therefore, a high local con-

centration of the lectin may be achieved when there is a burst

release of the protein from these cells. In fact, galectin-3 has been

found to be present in significant amounts in biological fluids. For

example, the concentrations of galectin-3 in bronchoalveolar la-

vage fluid from mice with airway inflammation were .20 nM (our

unpublished observation). Considering the dilution factor intro-

duced in obtaining the lavage fluid, it is easily conceivable that the

initial local concentrations of the lectin are in the micromolar

range. On the other hand, the effective concentrations of galectin-3

for attracting alveolar macrophages are much lower (Fig. 10), ap-

proaching those typically found for many chemokines. It is pos-

sible that the putative receptor for galectin-3 on these cells either

exists in higher numbers or interacts with the lectin more strongly.

Alternatively, the putative receptor on these cells transmits signals

more effectively upon interacting with the lectin.

Galectin-3 probably activates PTX-sensitive, G protein-coupled

receptors similar to those recognized by many known chemokines

(60, 64). This lectin does not have significant sequence similarity

with any of these chemokines, and thus it appears unlikely that it

recognizes these receptors through protein-protein interactions, but

it could do so via lectin-carbohydrate interactions. Chemokine re-

ceptors expressed on monocytes include CCR-1, CCR-2, CCR-5,

and CXCR-4 (60, 64). However, we found that there was no cross-

desensitization between galectin-3 and any of the monocyte-reac-

tive chemokines that use these receptors, including MCP-1 for

CCR-2, MIP-1a for CCR-1 and CCR-5, and SDF-1a for CXCR-4

(60–64). We also did not detect interactions between galectin-3

and these four chemokine receptors by immunoprecipitation and

immunoblotting using specific Abs (data not shown). It has been

reported that CCR-3 may also be expressed on human monocytes

and macrophages (53). However, we did not analyze the usage of

this receptor, because we observed that galectin-3 does not attract

eosinophils (which are known to express CCR-3) in vitro (our

unpublished data), and these cells are known to selectively express

CCR-3, suggesting that galectin-3 does not act on this receptor.

Therefore, in this study we could not determine the exact recep-

tor(s) for galectin-3, but it is not any of the known receptors, such

as CCR-1, CCR-2, CCR-3, CCR-5, and CXCR-4.

Other types of chemoattractant receptors, including those for

fMLP, platelet-activating factor, leukotrienes, and C5a, could me-

diate the effects of galectin-3. Galectin-3 is also known to recog-

nize CD11b, LAMP1 and -2, Mac-3, and CD98 on thioglycolate-

stimulated mouse peritoneal macrophages (68). Stimulation and/or

cross-linking of CD11b and CD98 could enhance adhesion and

transendothelial migration of monocytes (72, 73). However, we

tested the effects of anit-CD11b and anti-CD98 Abs in our mono-

cyte migration assay and found that they do not inhibit galectin-3’s

activity (data not shown), suggesting that these two do not mediate

the observed chemotaxis function of galectin-3.

It should be noted that while galectin-3 is likely to bind to a

number of different cell types through lectin-carbohydrate interac-

tions, its chemoattractant activity is cell type-specific, as it does

not induce migration of lymphocytes and eosinophils in vitro (our

unpublished data) and lymphocytes in vivo (Fig. 11). This selec-

tivity could be explained by the differential expression of the pu-

tative galectin-3 receptor on different cell types. For example, ga-

lectin-3 is known to cause a Ca21 influx in Jurkat T cells, but the

effect was sustained and insensitive to PTX (38), in contrast to the

effect in monocytes (Fig. 7). Thus, this lectin can use different

receptors on different cell types, resulting in the activation of se-

lected types of cells, or cause a similar effect(s) on different types

of cells by alternative pathways. On the other hand, although this

study was focused on monocytes/macrophages, preliminary in

vitro data suggest that galectin-3 may be a chemoattractant for

neutrophils as well (data not shown). We also found that lower

concentrations of this lectin were required for maximum migration

of neutrophils compared with monocytes. In addition, galectin-3-

induced recruitment of neutrophils in the mouse air pouch exper-

iments (Fig. 11). The neutrophil chemoattractant activity of galec-

tin-3 is also consistent with the results obtained from studies of

galectin-3-deficient mice by other investigators (74), who noted

that galectin-3 deficiency results in a significantly lower degree of

neutrophil response in the peritoneal cavity following thioglyco-

late stimulation. Finally, galectin-3 was shown to also attract eo-

sinophils in vivo (Fig. 11). However, it is possible that the lectin

stimulates certain resident or recruited cells, such as monocytes,

macrophages, and neutrophils, to release eosinophil chemoattrac-

tant(s). This proposed mechanism appears to be operative for

MCP-1 also, which is known not to be an eosinophil chemoattrac-

tant, but appears to recruit this cell type into the air pouches

(Fig. 11).

In conclusion, galectin-3 is a novel chemoattractant for mono-

cytes and macrophages as well as neutrophils by a PTX-sensitive

pathway, which is probably different from that used by the pres-

ently known monocyte-reactive chemokines. The expression of

this lectin at the sites of inflammation and malignancy may modify

the biological responses through the control of recruitment and

activation of monocytes/macrophages, which act as inflammatory

effector cells and APCs. It is interesting to note that galectin-3 has

multiple functions in addition to chemoattraction, much like many

of the chemokines, which possess a broad spectrum of other ac-

tivities (75–77). Finally, our present work together with the recent

studies by other investigators on the eosinophil chemoattractant

activity of galectin-9 (42) suggest the possibility that galectins in

general could act as cross-linkers of cell surface molecules,

through their structurally conserved CRDs, to induce chemoattrac-

tion. While the underlying mechanisms await elucidation, a picture

that emerges is that the galectin family is a new class of

chemoattractants.
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