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A B S T R A C T

Galectin-3 (Gal-3) is a β-galactoside binding protein able to modulate both innate and adaptive immune re-
sponses. First identified in macrophages, Gal-3 has been studied widely in many mammalian immune cells, but
scarcely in natural killer (NK) cells.

The aim of this study was to analyze Gal-3 in human NK cells, isolated from peripheral blood mononuclear
cells.

Both PCR and RT-PCR analysis showed that resting human NK cells express Gal-3 mRNA, which can be
modulated upon cytokine stimulation (100 U/ml IL–2+20 ng/ml IL-15) for different period of time (1–24 h).
Western blot, cytofluorimetry, and confocal microscopy analysis clearly demonstrated that the Gal-3 gene can
translate into the corresponding protein. From our results, resting NK cells, isolated from different healthy
donors, can express high or low basal levels of Gal-3. In NK cells, Gal-3 was always intracellularly detected at
both cytoplasm and nucleus levels, while never at the membrane surface, and its localization resulted in-
dependent from the cellular activation status. In addition, the intracellular Gal-3 can co-localize with perforin in
exocytic vesicles.

Cell treatment with a thiodigalactoside-based Gal-3 inhibitor (1–30 μM) slightly increased the number of
degranulating NK cells, while it significantly increased the percentage of cells releasing high amounts of cyto-
toxic granules (+ 36 ± 3% vs. inhibitor-untreated cells at 30 μM Gal-3).

In conclusion, our results demonstrate that human resting NK cells express Gal-3 at both gene and protein
levels and that the Gal-3 expression can be modulated upon cytokine stimulation. In the same cells, Gal-3 always
localizes intracellularly and functionally correlates with the degree of NK cell degranulation.

1. Introduction

Galectin-3 (Gal-3) belongs to the galectin family of glycan binding
proteins, which share similar binding affinities for β-galactosides and a
highly conserved amino acid sequence in the carbohydrate recognition
domain (CRD), responsible for glycan binding [1]. In vertebrates,
among all galectins discovered so far, Gal-3 is the only one “chimera-
type” containing a CRD fused to a non-lectin collagen-like sequence,
formed by Pro-Gly-Tyr tandem repeats and an amino-terminal region
[2].

First identified in macrophages [3], Gal-3 is ubiquitously expressed
in many immune cells, playing a key role in modulating both innate and
adaptive immune responses [4–6]. In particular, Gal-3 has been found
in monocytes/macrophages, dendritic cells (DCs), mast cells,

eosinophils, neutrophils, basophils, T and B cells [7,4], and the level of
relative expression seems to be tightly regulated by the cellular acti-
vation state. Gal-3, for example, is not detectable in resting B and T
cells, but it can be induced following IL-4 stimulation or CD40 cross-
linking in B cells [8], and by TCR engagement, or mitogen exposure, in
T cells [9].

Depending on the cell type Gal-3 can exhibit a diverse range of
subcellular localization, being found in the cytoplasm [10], in the nu-
cleus [11], or in both compartments with a distribution that changes
with cellular proliferation, differentiation, and development [12].

Gal-3 lacks a signal sequence for transferring through the en-
doplasmic reticulum and Golgi system (the classical secretory pathway)
and it follows a non classical secretory pathway [13,14]. In particular,
Gal-3 can be secreted via exosomes [15] with the N-terminal domain of
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the protein responsible for locating Gal-3 into these structures [13].
In immune cells, trough different protein–protein interactions, Gal-3

can control several physiological and pathological processes, ranging
from cell adhesion, activation, differentiation and survival to apoptosis,
chemotaxis and cytokine secretion [16].

Concerning the expression and the function of Gal-3 in natural killer
(NK) cells, literature data, although very scarce, suggest the importance
of this protein on NK cell-mediated toxicity. Gal-3 knock-out mice, in
fact, have a low amount of cells with altered cytotoxicity, if compared
to wild type animals [17,18].

NK cells are a major player in innate immune responses, exerting
direct cytotoxic activities against pathogen-infected or tumor cells with
an activity similar to that of CD8+ cytotoxic T lymphocytes [19].

To fulfill their direct toxicity on specific targets, NK cells do not
express clonal antigen receptors, produced by somatic recombination,
instead they are equipped with a wide array of germline-encoded ac-
tivating and inhibitory receptors [20], which can recognize both so-
luble ligands, such as cytokines and cell surface antigens, released/ex-
pressed by cells under pathological conditions. The integration of the
positive and negative signals, generated by both activating and in-
hibiting receptors, shape the type of NK cell responses [21].

NK cells can also influence other immune cell functions through the
production of various pro-inflammatory cytokines (i.e., interferon
[IFN]-γ) [22,23], and several chemokines (i.e., CCL3, CCL4, CCL5, and
CXCL8) [20].

Similarly, cytokine released by surrounding cells and/or present in
the microenvironment can promote or dampen NK cell activity. In
particular, IL-2 and IL-15 represent two important cytokines able to
tightly regulate NK cell functions. Both, in fact, are able to transform
resting NK cells into lymphokine-activated killer cells (LAK) with ef-
fector cytotoxic functions against cancer cells, which otherwise are
resistant to NK cell-mediated toxicity [24,25].

Here, we have examined the expression and localization of Gal-3 in
human resting and activated NK cells. Collectively, our results de-
monstrate that these cells express both Gal-3 mRNA and protein, whose
expression levels are highly variable among donors. In addition, we
show that Gal-3 protein localizes in different subcellular compartments
and often co-localizes with perforin in exocytic vesicles.

Furthermore, Gal-3 expression functionally correlates with the de-
gree of exocytic vesicles released during degranulation.

2. Materials and methods

2.1. Human NK cell isolation and cell cultures

Human NK cells were isolated from buffy coats of healthy donors
(n≥ 6), after their informed consensus, as previously described [26].
After cell separation through negative selection (Miltenyi Biotec, Cal-
derara di Reno, Italy), the percentage of CD3−CD56+ cells was routi-
nely analyzed by FACS (S3 flow cytometer, Biorad, Segrate, Italy) using
FITC anti-human CD56 (NCAM) Antibody [Clone: MEM-188 (BioLe-
gend, San Diego, CA, USA)], PerCP anti-human CD3 [Clone: BW264/56
(Miltenyi Biotec)] and always resulted≥97%. Approximately 6×106

NK cells were routinely obtained from each patient.
Human NK cells, human erythroleukemia K562 cells (a generous gift

from Prof. M.C. Mingari, Department of Experimental Medicine, IRCCS
AOU San Martino-IST, Genova, Italy), human monocytic leukemia THP-
1 cells (ATCC TIB-202; American Type culture Collection, Manassas,
VA, USA) and lymphoblastic leukemia Jurkat cells (ATCC TIB-152)
were cultured (1× 106 cells/ml) in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (Carlo Erba,
Cornaredo, Italy), 2 mM L-glutamine, 100 μg/ml kanamycin, 1 mM so-
dium pyruvate e 1% MEM amino acid solution (Sigma-Aldrich, Milan,
Italy) in a humidified incubator at 5% CO2 and 37 °C. Recombinant
human (rh) IL-2 (100 U/ml) and rh IL-15 (20 ng/ml) (PeproTech,
London, UK) were added, if required, to the NK cells only at the

beginning of the culture.

2.2. PCR and real-time PCR

Total RNA was isolated from 5×105/ml unstimulated/stimulated
NK, THP-1 (positive control) and Jurkat (negative control) cells using
the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to manu-
facturer's instructions, and reverse transcribed into cDNA [27].

For PCR amplification, 3 μL of cDNA were added to GoTaq Flexi
DNA Polymerase (Promega, Madison, WI, USA) in 25 μL reactions,
containing 0.5 μM of forward and reverse primers. Amplification pro-
ducts were visualized on 1% agarose gel, containing 1 μg/ml ethidium
bromide (Sigma–Aldrich). For real-time PCR, cDNA samples were
equally diluted for subsequent PCR amplification with Maxima SYBR
Green qPCR Master Mix (Fermentas, Milan, Italy) and a final volume of
20 μL, which contained 1 μL of template cDNA, was used. Real-time
PCR analysis were performed in triplicate for each sample in a CFX96
Real-Time PCR system (Bio Rad). The level of 18S RNA was measured
and used for normalization of the target gene abundance. The primer
sequences used for PCR and real-time PCR are listed in Table 1.

2.3. Western blot

Proteins were extracted from 1×106 human unstimulated/stimu-
lated (24 h) NK cells, THP-1 (taken as positive control for Gal-3 ex-
pression), K562 (taken as positive control for Gal-1 expression), and
Jurkat (negative control) cells [28].

Equal amounts of proteins (35 μg) were separated on 12% poly-
acrylamide gel and electro-blotted on nitrocellulose membrane. The
membranes were blocked and then incubated with the following pri-
mary antibodies: rabbit anti-human Gal-3 antibody [Clone: EP2275Y
(Abcam, Cambridge, UK); 1:5000], mouse anti-human Gal-1 antibody
[Clone: C-8 (Santa Cruz Biotechnology, Heidelberg, Germany); 1:500],
or mouse anti-human β-Actin antibody [Clone: AC15 (Sigma-Aldrich);
1:5000] with gentle shaking overnight at 4 °C or for 1 h at room tem-
perature (RT) for β-Actin. The blots were, then, incubated with a spe-
cific anti-rabbit horseradish peroxidase (HRP) labelled secondary an-
tibody (Ge Healthcare Life Sciences; 1:5000) or a specific anti-mouse
HRP labelled secondary antibody (Sigma–Aldrich; 1:5000) for 1 h at
RT.

Proteins were visualized with an enzyme linked chemiluminescence
(ECL) detection kit, according to the manufacturer’s instructions (Ge
Healthcare Life Sciences). The protein signals were detected using an
enhanced chemiluminescence system (Biorad). Band intensities were
quantified by the computer program Image Lab from Biorad.

All samples were analyzed independently and the final increase in
Gal-3 protein was expressed as mean ± SEM of at least six independent
experiments.

2.4. Flow cytometry

5×105/ml human NK cells were seeded in 24 multiwell plates and
unstimulated/stimulated (24 h) with IL-2 (100 U/ml) and IL-15 (20 ng/
ml). THP-1 (positive control) and Jurkat (negative control) cells were
always included in the experiments. Cells were harvested and washed

Table 1
Oligonucleotide primers used for PCR and real-time PCR.

Template Primers

Galectin-3 forward 5′-GCAGACAATTTTTCGCTCCATG-3′
reverse 5′-CTGTTGTTCTCATTGAAGCGTG-3′

GAPDH forward 5′-GGTCGGAGTCAACAACGGATTTGG-3′
reverse 5′-ACCACCCTGTTGCTGTAGCCA-3′

S18 forward 5′-TGCGAGTACTCAACACCAACA-3′
reverse 5′-CTGCTTTCCTCAACACCACA-3′
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with a FACS wash solution (0,5% bovine serum albumin [BSA]-sup-
plemented phosphate-buffered saline [PBS] and 1% FBS). For the in-
tracellular staining, the samples were fixed with cold paraformaldehyde
(4% PFA) for 15min at RT and permeabilized with 100% cold acetone
for 10min at−20 °C. All samples were, then, incubated with a blocking
solution (1% BSA-supplemented PBS and 2% FBS) for 30min at RT.
Afterwards, the samples were incubated for 30min with the following
primary antibodies: anti-human Gal-3 antibody [Clone: EPR2774
(Abcam); 1:65] or isotype control [Clone: EPR25A (Abcam); 1:65].
After washing, the cells were labelled with the Alexa 555-conjugated
secondary antibody (Abcam; 1:1000). Samples were acquired and
analyzed using a S3 flow cytometer (Biorad).

All samples were analyzed independently and the final increase in
Gal-3 protein was expressed as mean ± SEM of at least six independent
experiments.

2.5. Confocal microscopy

5×105/ml human NK cells, unstimulated/stimulated (24 h) with
IL-2 (100 U/ml) and IL-15 (20 ng/ml), THP-1 (positive control), and
Jurkat (negative control) cells were harvested, washed with PBS and
fixed with cold 4% PFA for 15min at RT. For intracellular staining, the
cells were permeabilized with 100% cold acetone for 10min at −20 °C;
for extracellular staining, the permeabilization occurred before nuclear
staining. Fixed cells were blocked with blocking solution for 1 h at RT,
incubated with anti-human Gal-3 [Clone: EP2275Y (Abcam); 1:65] or
isotype primary antibody [Clone: EPR25A (Abcam); 1:65] for 30min at
RT and subsequently with Alexa 555-conjugated secondary antibody
(Abcam; 1:1000) for 30min at RT. To localize Gal-3 in exocytic vesicles
NK cells were also stained with FITC-conjugated anti-perforin antibody
[Clone: HCD56 (BioLegend)] (positive control) for 15min at RT. After
washing, nuclei were counterstained with To-pro-3 iodide (Thermo
Fisher Scientific; 1:500) for 15min at RT and cells centrifuged onto
cytospin slides at 1200 rpm for 5min (Shandon Cytospin 4, Thermo
Fisher Scientific). Prolong Gold anti-fade kit (Thermo Fisher Scientific)
was used as mounting fluid on the cells. Images were collected using a
Leica TCS SP2 confocal microscope with 63X oil immersion objective
and by sequential scanning. Images were acquired at a scanning speed
of 400 Hz, 1024×1024 pixel resolution and a line average of 4. A
488 nm laser was used for IgG-FITC, 543 nm for IgG-Alexa 555 and
633 nm for To-Pro 3-iodide.

2.6. NK cell degranulation assay

NK cell degranulation was measured as previously described [29],
by determining the expression of CD107a, the lysosome-associated
membrane protein-1 (LAMP-1) in absence/presence of a thiodiga-
lactoside-based Gal-3 inhibitor [30]. This inhibitor (Bis-{3-deoxy-3-[4-
(phenyl)-1H-1,2,3-triazol-1-yl]-β-D-galactopyranosyl} sulfane) was a
generous gift by Prof. Roland J. Pieters (Department of Medicinal
Chemistry and Chemical Biology, Utrecht University, Netherlands). For
the experiments, a stock solution in 40% DMSO was prepared and di-
luted in RPMI-1640 before cell treatment (DMSO concentration did not
exceed 0.1% v/v). NK cells unstimulated/stimulated (24 h) with IL-2
(100 U/ml) and IL-15 (20 ng/ml), were untreated/treated with in-
creasing concentrations (1–30 μM) of the Gal-3 inhibitor for 1 h at
37 °C. To induce NK cell degranulation, the cells were incubated with
K562 cells (target cells) at an effector/tumor cell ratio of 1:1 for 1 h at
37 °C in presence of anti-CD107a-Phycoerythrin (PE) (Miltenyi Biotec).
Monensin (BD GolgiStop™ reagent, BD Bioscences, Milan, Italy) was
added and cells incubated for 3 h at 37 °C. Cells were washed, stained
using FITC anti-human CD56 (NCAM) Antibody [Clone: MEM-188
(BioLegend)], and CD107a expression on CD56+ cells evaluated by
FACS [26]. To detect spontaneous NK cell degranulation, a negative
control (NK cells without K562 target cells) was always included, while
to measure the basal response, NK cells were stimulated only with IL-2
(100 U/ml) and IL-15 (20 ng/ml) (positive controls). All control sam-
ples were treated with 0.1% DMSO.

2.7. Statistical analysis

Results were expressed as means ± SEM of at least four in-
dependent experiments always run in triplicate. Statistical significance
was evaluated by the one-way ANOVA followed by Student's t-test for
unpaired populations (Graph Pad Software, Inc., San Diego, USA).
Differences were considered statistically significant when P≤ 0.05.

3. Results

3.1. Galectin-3 gene expression in human resting NK cells

To determine whether human NK cells express the gene coding for
Gal-3 we first performed PCR studies on resting NK cells. Human THP-1
cells were always taken as positive control. Our results clearly de-
monstrate that human resting NK cells express Gal-3 mRNA, as shown
in Fig. 1A.

Fig. 1. Gal-3 mRNA is expressed in human NK cells
and its expression is modulated by cell activation.
(A) Gal-3 mRNA expression was analyzed by PCR in
NK and THP-1 (positive control) cells. The total ex-
tracted mRNA was reverse transcribed to cDNA and
Gal-3 cDNA amplified using gene-specific primers
(see Table 1). PCR products were electrophoresed in
1% agarose gel and PCR fragments sized using a
50–10,000 bp ladder. The expected fragment size for
Gal-3 is 500 bp. GAPDH was amplified as a loading
control with a fragment size of 1000 bp. (B) Time
course of Gal-3 gene expression in activated NK cells
measured by real-time PCR. Total mRNA was ex-
tracted from NK cells unstimulated/stimulated with
IL-2 (100 U/ml) and IL-15 (20 ng/ml) for 1–24 h,
converted to cDNA, and analyzed by real-time PCR
for Gal-3 expression. The mRNA levels are expressed
relative to 18S mRNA, and the value of the resting
cells was set at 1. The results represent the
mean ± SEM of at least six independent experi-
ments. **P≤ 0.01 vs. unstimulated NK cells.
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3.2. Galectin-3 mRNA in human activated NK cells

Since the expression of Gal-3 in a variety of immune cells can be
modulated by cellular activations and environmental stimuli
[31,8,32,33], we measured the levels of Gal-3 mRNA in NK cells un-
stimulated/stimulated with IL-2 (100 U/mL) and IL-15 (20 ng/ml) for
different periods of time (1–24 h) by real-time PCR. Fig. 1 B shows that
the expression of Gal-3 mRNA significantly (P≤ 0.01) decrease
(–92 ± 2% in comparison to resting NK cells) after 1 h of cytokine
stimulation, and this decrease lasts for at least 6 h. Afterwards
(12–24 h), the mRNA expression level progressively restore to the basal
level.

The overall data demonstrate that human NK cells can regulate the
gene expression of Gal-3 following specific stimuli for an appropriate
period of time.

3.3. Galectin-3 protein in human activated NK cells

Then, to determine whether the modulation of Gal-3 mRNA levels,
measured in activated NK cells (see Results, 3.2), correlates with
changes at protein levels, the same cells were analyzed by western blot.
The estimated total Gal-3 protein levels were always normalized against
the corresponding β-Actin level and compared to those measured in
resting cells.

As shown in Fig. 2, we determined resting NK cells with high
(Fig. 2A) or low (Fig. 2B) basal level of Gal-3 protein. This variability
was consistently measured in all experiments and seems related to the
individual donor analyzed. Following cytokine stimulation for 24 h the
Gal-3 levels resulted significantly (P≤ 0.05) increased in all samples
analyzed (+116 ± 32% in comparison to resting NK cells) (Fig. 2C).

In THP-1 cells (positive control) Gal-3 protein was always detect-
able, while no expression was determined in Jurkat cells (negative
control).

These data indicate that upon IL-2 and IL-15 stimulation human NK
cells can increase the level of Gal-3 protein.

3.4. Galectin-3 protein localization in human NK cells

While being predominantly a cytosolic protein, Gal-3 can be de-
tected also at cellular surface [34]. To study the Gal-3 localization in

human NK cells the Gal-3 levels were measured in resting cells by flow
cytometry (FACS). Median fluorescence intensity (MFI) measurements
confirm previous data from the western blot analysis (see Results, 3.3):
resting NK cells express high or low basal levels of Gal-3 protein, as
clearly shown by the distinct separation of each histogram from the
isotype control (Fig. 3A). These data confirm that human NK cells can
express different levels of Gal-3 depending on the individual donor
analyzed.

IL-2 (100 U/mL) and IL-15 (20 ng/ml) stimulation for 24 h, sig-
nificantly (P≤ 0.01) increased (+30 ± 9% in comparison to resting
cells) (Fig. 3B) the levels of Gal-3 expression in NK cells.

Then, to specifically localize this lectin NK cells were incubated
with the primary antibody before (extracellular) or after (intracellular)
the permeabilization step (see Methods, 2.5). In all samples analyzed,
Gal-3 did not localize at the membrane cell surface, neither in resting
nor in activated cells, indicating that human NK cells do not express this
protein at the membrane level. In THP-1 cells, taken as positive control,
Gal-3 was both extracellular and intracellular detectable (Fig. 3A and
4A), while no expression was determined in Jurkat cells (negative
control).

Since Gal-3 differently localize depending on the immune cell type
[7,35,33], to investigate the subcellular localization of Gal-3 in human
NK cells immunofluorescence staining studies were performed in cells,
unstimulated/stimulated with IL-2 (100 U/mL) and IL-15 (20 ng/ml)
for 24 h (Fig. 4A), before (extracellular) or after (intracellular) the
permeabilization step. At the membrane level, confocal microscopy
analysis revealed an extracellular diffuse staining in THP-1 cells (po-
sitive control: Fig. 4Aa), while all NK cell samples analyzed, either
resting or activated (Fig. 4Ab and 4Ac, respectively), resulted negative.
These data demonstrated that human NK cells do not express mem-
brane-bound Gal-3 protein, confirming the previous results obtained by
FACS. Conversely, all NK cell samples resulted positive for the in-
tracellular staining (Fig. 4Ae-f and 4Ah-i), where Gal-3 was visualized
as scattered dots within the cells. Interestingly, we observed positive
(Fig. 4Af and h, close arrows) and negative (Fig. 4Af and h, open ar-
rows) cells in both resting (Fig. 4Ae and f) and activated (Fig. 4Ah and
i) samples from the same individual. In positive cells, the intracellular
localization of Gal-3 resulted heterogeneous, as some cells mainly lo-
calize the protein in cytoplasm and nucleus (Fig. 4Ba and b, open ar-
rows), while others showed fluorescent dots only in cytoplasm (Fig. 4Ba

Fig. 2. Gal-3 protein is expressed in human NK cells
and its expression increases upon cell activation. Gal-
3 protein expression was evaluated by western blot
analysis in NK cells, unstimulated/stimulated (24 h)
with IL-2 (100 U/ml) and IL-15 (20 ng/ml), THP-1
(positive control) and Jurkat (negative control) cells.
Total cellular proteins (35 μg) were resolved by 12%
polyacrylamide gel and immunoblotted with specific
anti-human galectin-3 antibody. β-Actin was used as
internal control. Left panels are representative of
typical immunoblottings from NK cells expressing
high (A) or low (B) basal levels of Gal-3. The western
blot signals were densitometrically analyzed by
Image Lab software and results expressed as fold
increase of Gal-3 signal in stimulated cells compared
to unstimulated cells set at 1 (C). The results re-
present the mean ± SEM of at least six independent
experiments. **P≤ 0.01 vs. unstimulated cells.
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and b, close arrows). These results were independent from the cellular
activation status. Moreover, overlapping the perforin and Gal-3 stains
(yellow dots; Fig. 4Bc), we observed that Gal-3 can occur within per-
forin in exocytic vesicles. Finally, the analysis of positive cells confirm
the high variability of Gal-3 expression in NK cells: some samples
having high levels (Fig. 4Ae and h), while others low levels of Gal-3
(Fig. 4Af and i). Jurkat cells, taken as negative control, resulted always
unstained (Fig. 4Ag).

3.5. Galectin-3 functional studies in human NK cells

NK-cell toxicity is mainly mediated by exocytosis of cytosolic ve-
sicles, containing perforin, granzymes, and other lytic proteins [22].
Since Gal-3 expression can be upregulated upon cytokine stimulation
and accumulated within vesicles (see Results, 3.4), to determine whe-
ther these data have functional correlates, NK cell responses were stu-
died in the absence/presence of a thiodigalactoside-based Gal-3 in-
hibitor (Kd=44 nM) (see Materials, 2.6) in a typical degranulation
assay (see Methods, 2.6).

As shown in Fig. 5Aa (representative contour plots), unstimulated
NK cells represent a small percentage of degranulating cells (dashed
gate); among these cells only a little percentage releases a high number
of granules (solid gate). Cytokine stimulation (Fig. 5Ab) induced an
increase in NK cell degranulation (dashed gate) and the number of cells
expressing high levels of CD107a (solid gate) resulted larger than in
resting cells. When cytokine-stimulated cells were treated with

increasing concentrations (1–30 μM) of the Gal-3 inhibitor, the number
of degranulating cells slightly increased (data not shown). The max-
imum increase was measured at 30 μM Gal-3 inhibitor (+15 ± 1% vs.
inhibitor-untreated cells, Fig. 5Ac, dashed gate). Of note, a significant
(P≤ 0.05) concentration-dependent increase was determined (Fig. 5B)
in NK cells releasing high amount of cytotoxic granules (high level of
CD107a expression, Fig. 5A, solid gates).

The maximum increase was measured at 30 μM Gal-3 inhibitor
(+ 36 ± 3% vs. inhibitor-untreated cells at 30 μM; Fig. 5B and
Fig. 5Ac, solid gate).

No changes in the CD107a levels were observed in resting NK cells
incubated with K562 cells, even in the presence of 30 μM Gal-3 in-
hibitor (data not shown).

Finally, since the Gal-3 inhibitor we used has binding affinity also
for the Gal-1 lectin with similar Kd values (49 vs. 44 nM) [36] we de-
termined whether unstimulated/stimulated NK cells express Gal-1.
Results show that human NK cells do not express Gal-1 protein at least
in our experimental conditions (Fig. 5C), suggesting that the results we
obtained are related to Gal-3 inhibition.

The overall data demonstrate that Gal-3 functionally correlates with
NK cell degranulation.

4. Discussion

In this study we demonstrated, for the first time, that: i) human
resting NK cells express Gal-3 at both gene and protein levels; ii) resting

Fig. 3. Gal-3 is intracellularly expressed in human NK cells and its expression increases upon cell activation. NK cells, unstimulated/stimulated for 24 h with IL-2 (100 U/ml) and IL-15
(20 ng/ml), THP-1 (positive control) and Jurkat (negative control) cells were harvested, stained with anti-human Gal-3 and analyzed by FACS. (A) Representative histograms of
extracellular (left panels) and intracellular (right panels) Gal-3 expression in human NK with high (a) and low basal (b) Gal-3 expression, THP-1 and Jurkat cells. Resting cells are shown
as blue histograms, stimulated NK cells as red, while the isotype controls as black histograms. (B) Mean Fluorescence Intensity (MFI) levels of Gal-3 in human NK cells expressed as fold
increase in stimulated cells compared to unstimulated cells set at 1. The results represent the mean ± SEM of at least six independent experiments. **P≤ 0.01 vs. unstimulated cells. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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NK cells can express high or low basal levels of Gal-3 protein, de-
pending on the individual donor analyzed; iii) upon cytokine stimula-
tion, NK cells can translate the basal Gal-3 mRNA into protein; iv) Gal-3
localizes in both cytoplasm and nucleus, while it was not detected at the
cell membrane surface, neither in resting nor stimulated cells; v) Gal-3
can occur within perforin in exocytic vesicles; vi) Gal-3 inhibition leads

to an increase in NK cell degranulation.
Several galectins can regulate the homeostasis and functions of

immune cells, influencing both innate and adaptive immune responses
[4–6]. In NK cells, particularly, the expression of Gal-1 has been de-
scribed in the third trimester of normal pregnancy [37], while that of
Gal-3 remains to be investigated. Scanty literature data focus only on

Fig. 4. Confocal microscopy analysis of cytoplasmic and nuclear Gal-3 subcellular distribution in human NK cells. (A) NK cells, unstimulated/stimulated for 24 h with IL-2 (100 U/ml) and
IL-15 (20 ng/ml), THP-1 (positive control) and Jurkat (negative control) cells were harvested, stained with anti-human Gal-3, and analyzed by confocal microscopy. Representative
images of Gal-3 expression in: THP-1 cells (positive control; a and d), Jurkat cells (negative control; g), resting NK cells (b, e and f), stimulated NK cells (c, h and i). Gal-3 is shown as red
dots, perforin as green dots. Nuclei are shown in blue. Scale bar, 10 μm. (B). Representative images of Gal-3 localization in the nucleus and/or in the cytoplasm (a-b) or co-localization of
Gal-3 with perforin (c). Gal-3 is shown as red, perforin as green dots. Yellow dots represent co-localization of Gal-3 with perforin. Nuclei are shown in blue. Scale bar, 10 μm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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profiles of gene expression in mouse NK cells [38] and on counter-re-
ceptor isolation for Gal-3 from tissues of the murine utero-placental
complex [39]. Using Gal-3(−/−) transgenic mice, finally, a dysregula-
tion of NK cell activity has been observed [17,18], when compared to
the wild type mice. If this effect is due to the absence of Gal-3 in NK
cells or mediated by its absence in other cells remain to be clarified.

To fill the research gap in this field we, here, decided to characterize
Gal-3 in human NK cells.

We, first, concentrated on human resting NK cells, because a
downregulation of the transcription of genes involved in cellular
quiescence and an upregulation of genes associated with cell pro-
liferation [40] can occur in activated NK cells.

From our results, resting NK cells express Gal-3 at both mRNA and
protein levels with a highly variable relative expression, depending on
the individual donor analyzed. In particular, NK cells, expressing low or
high levels of Gal-3 protein, were identified. In our opinion, this is not a
surprising result because NK cells are a highly heterogeneous popula-
tion. These cells not only can be roughly categorized in two major
subsets (CD56dim and CD56bright), based on different expression level of
surface CD56 molecule [21], but they can also exert effector functions
through a wide array of activating or inhibitory receptors (see In-
troduction, 1), which are finely controlled [20,41]. NK cells can be thus
considered as plastic cells, that can adapt their responsiveness and

different receptor pattern, according to environment stimuli, aging, and
diseases [20,42,43]. Consistently, Lavin et al. [44], analyzing the dis-
tribution of NK cells in lung tumor lesions, showed that the specific
microenvironment can shape NK cell protein expression leading to cells
that are unique to tumors.

Concerning our results, a possible explanation for different levels of
Gal-3 basal expression among donors may be the presence in some
individuals of latent chronic stimulations of the immune systems or
functional changes linked to the natural process of aging [45].

Collectively, our data complete those on Gal-3 expression on
mammalian immune cells; Gal-3 has been, indeed, previously demon-
strated in macrophages [10], DCs [35], neutrophils [46], monocytes
[10], eosinophils [47], mast cells and basophils [7], but not in human
NK cells.

IL-2 and IL-15 have been here used for activating NK cells, because
these two cytokines, more than any others, are implicated in cell sur-
vival and cytotoxic function [24]. Following cytokine stimulation, the
intracellular level of Gal-3 mRNA resulted significantly reduced at
1–6 h, while it returned to the basal levels after 12–24 h. A two fold
increase in Gal-3 protein was also measured after 24 h cytokine sti-
mulation, compared to unstimulated cells (see Figs. 1 and 2). In the
present study we did not investigated the molecular mechanisms un-
derlying these events; experiments are in progress in our laboratory to

Fig. 5. Gal-3 inhibition increases the degree of degranulation in human activated NK cells. A classical degranulation assay was used to measure NK cell activity (see Methods, 2.6). (A)
The first three panels are representative contour plots of resting and cytokine-stimulated NK cells in the absence/presence of the 30 μM Gal-3 inhibitor (dashed gates represent the
percentage of total CD56/CD107a positive cells, while solid gates those highly positive) incubated (4 h) with K562 cells. The fourth panel on the right represents overlapped histograms of
CD107a expression in resting (black histogram, 5Aa), cytokine-stimulated (blue histogram, 5Ab), cytokine-stimulated plus Gal-3 inhibitor (red histogram, 5Ac) NK cells incubated (4 h)
with K562 cells. (B) Percentage of highly positive CD107a cells in activated NK cells untreated/treated with increasing concentrations (1–30 μM) of the Gal-3 inhibitor. The percentage
increases in CD107a highly positive cells are calculated vs the value of inhibitor-untreated cells set at 1. The results represent the mean ± SEM of at least four independent experiments.
*P≤ 0.05 vs. inhibitor-untreated cells. (C) Representative Gal-1 protein expression evaluated by western blot analysis in NK cells, unstimulated/stimulated (24 h) with IL-2 (100 U/ml)
and IL-15 (20 ng/ml), K562 (positive control) and Jurkat (negative control) cells. Total cellular proteins (35 μg) were resolved by 12% polyacrylamide gel and immunoblotted with
specific anti-human galectin-1 antibody. β-Actin was used as internal control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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clarify this point. Our results are consistent, however, with other
transcriptional/post-transcriptional gene regulations described for NK
cells, and here we may speculate a similar scenario. Resting murine
cells can be “pre-armed” with a high amount of specific mRNA that
upon cell activation rapidly translates into protein, allowing a rapid
production of effector proteins without new gene transcription and with
minimal or absent change in mRNA levels [48]. In addition, human NK
cells, have a number of genes, involved in cytolytic functions, which are
already expressed and that rapidly downregulate upon cytokine sti-
mulation [40,49]. Of note, NK cells can transcribe/retain at nuclear
level specific mRNA, such as for IFN-γ, which upon stimulation can be
transported into the cytoplasm, translated into the corresponding pro-
tein, and rapidly degraded. Such type of mechanism allows not only a
fast mRNA translation, but also a tight regulation of the amount of
intracellular protein [50,51].

mRNA stability and turnover is an important aspect of post-tran-
scriptional regulation.

Many different sequences within the mRNA together with several
proteins able to interact with these sequences are responsible for mRNA
stabilization/destabilization, determining the transcript longevity and
consequently the expression/abundance of specific proteins [52,53].
On the other hand, we cannot rule out the possibility that Gal-3 mRNA
is unstable and degrade after cytokine stimulation in human NK cells.

Gal-3 cellular localization seems to be highly heterogeneous: the
protein has the ability to space from nucleus to cytoplasm/cellular
surface and to be released into extracellular compartments [34]. De-
pending on localization Gal-3 can modulate cellular homeostasis, or-
ganogenesis, apoptosis, immune responses, cytokine secretion, cell
migration, tumor invasion and metastasis [16]. A direct interaction of
tumor-secreted Gal-3 with the NK cell surface activating receptor
NKp30, having inhibitory activities on cytotoxicity, has been specifi-
cally reported [54].

In our cells, we never detected Gal-3 at cell surface membrane, even
after cytokine stimulation, while in THP-1, a monocytic cell line, taken
as positive control, we found Gal-3 also bound to the plasmatic mem-
brane. This result is in agreement with data from Dabelic et al. [55] on
THP-1 cells and from van Stijn et al. [35] on monocytes.

All samples analyzed were, on the contrary, positive for the in-
tracellular localization of Gal-3 with different levels of protein expres-
sion, depending on the individual donor. Gal-3 was always detected in
each sample analyzed, being found in the nucleus and/or in the cyto-
plasm in a heterogeneous manner.

From our results, Gal-3 co-localize with perforin in exocytic vesicles,
which represent one of the main mechanisms underlying NK cell
functions. Gal-3 could, thus, directly participate to NK cell degranula-
tion. When Gal-3 function was inhibited by a thiodigalactoside-based
Gal-3 inhibitor [30] a significant increase in the degree of granules
released by NK cells was measured (see Fig. 5B). This result suggest that
the level of intracellular Gal-3 expression into NK cells may modulate
the mobilization of secretory vesicles for releasing their cytotoxic
contents.

Previously, Chen et al. (2009) [56] demonstrated that endogenous
Gal-3 negatively regulates T-cell activation by TCR down-regulation
through the interaction with Alix. Alix protein, in turn, can interact
with the endocytic trafficking complexes (ESCRT), involved in exosome
biogenesis and secretion [57], as well as with other intracellular reg-
ulators, involved in signal transduction [58]. Similarly, endogenous
Gal-3 might negatively regulate the release of cytotoxic granules from
activated NK cells through the modulation of Alix [59]. The Gal-3 up-
regulation may be, consequently, a physiological mechanism specifi-
cally designed to protect healthy cells against toxic compounds released
in the surrounding microenvironment. Our observations support also
previous data from Radosavljevic et al. [17], showing that splenic NK
cells from Gal-3(−/−) transgenic mice have higher cytotoxic activities
than wild type animals.

The function of intracellular Gal-3 in NK cells remains, however, to

be fully characterized. In addition to the above mentioned hypothesis it
could: i) exert anti-apoptotic activities by binding to molecules involved
in apoptosis (i.e., Bcl-2, CD95 (APO-1/Fas), Nucling, Alix/AIP1,
Synexin) [16]; ii) regulate cell proliferation, differentiation, and sur-
vival through the modulation of specific signal pathways (i.e., K-Ras/
MEK, PI3 K/Akt and Wnt [60,61]; iii) control the dynamics of mem-
brane domains and subsequent signaling events, when localized at the
inner leaflet of plasma membrane [62].

Similarly, the nuclear Gal-3, associated with a ribonucleoprotein
complex, could: i) act as a pre-mRNA splicing factor; ii) operate as a
regulator of gene transcription, promoting the stabilization/transacti-
vation of several transcription factors (i.e., CREB, Sp1, TTF-1, β-ca-
tenin) [16,63].

The signal transduction cascades, initiated by IL-2/IL-5 stimulation,
resulting in Gal-3 upregulation should be investigated. The mechanism
underlying Gal-3 gene regulation is still poorly understood [16]: Jack/
STAT [24], NF-kB [64], or the Ras/MEKK1/MKK1-dependent/AP-1
signal transduction pathway [65] may control the Gal-3 expression as
in other cells, but this will be the topic of future research.

In conclusion, the present study provides a clear demonstration of
Gal-3 expression in human NK cells. The presence of this lectin in
resting cells supports its roles on NK cell homeostasis, while the protein
upregulation after cytokine stimulation sustains roles in cell function.
Finally, the Gal-3 co-localization with perforin in granules, as well as
the increase in NK cell degranulation following Gal-3 inhibition sug-
gests functional roles in NK cytotoxicity.
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