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Galectin-3 is a β-galactoside–binding lectin widely expressed on epithelial and hematopoietic cells, and its expres-
sion is frequently associated with a poor prognosis in cancer. Because it has not been well-studied in human
infectious disease, we examined galectin-3 expression in mycobacterial infection by studying leprosy, an intracellu-
lar infection caused by Mycobacterium leprae. Galectin-3 was highly expressed on macrophages in lesions of
patients with the clinically progressive lepromatous form of leprosy; in contrast, galectin-3 was almost undetect-
able in self-limited tuberculoid lesions. We investigated the potential function of galectin-3 in cell-mediated
immunity using peripheral blood monocytes. Galectin-3 enhanced monocyte interleukin 10 production to a
TLR2/1 ligand, whereas interleukin 12p40 secretion was unaffected. Furthermore, galectin-3 diminished monocyte
to dendritic cell differentiation and T-cell antigen presentation. These data demonstrate an association of galectin-
3 with unfavorable host response in leprosy and a potential mechanism for impaired host defense in humans.
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Galectin-3 is expressed by numerous cell types, includ-
ing leukocytes, and has been shown to influence human
monocyte and macrophage function [1, 2]. Human pe-
ripheral blood monocytes express increasing levels of ga-
lectin-3 as they differentiate into macrophages [3]. In
addition, galectin-3 is secreted by monocytes and macro-
phages [1, 3, 4] and can act in an autocrine or paracrine
fashion to induce superoxide production [3]. Increasing
evidence supports a role for galectin-3 in regulating

adaptive immune responses, including both T-helper
cell 1 (Th1) [5,6]andT-helper cell 2 (Th2) responses [7, 8]
depending on the context of the host immune response.
Here we investigated the role of galectin-3 in human
infectious disease using leprosy as a model.

Leprosy, caused by the intracellular bacterium
Mycobacterium leprae, presents as a spectrum of clini-
cal manifestations that correlate with the level of cell-
mediated immunity against the bacteria [9]. At one
end of the spectrum, patients with tuberculoid leprosy
(T-lep) are able to restrict the pathogen; the number
of skin lesions and bacteria are few, and patients
mount a strong cell-mediated immune response
against M. leprae. In contrast, patients with leproma-
tous leprosy (L-lep) are unable to contain the infec-
tion; the skin lesions are disseminated and contain
numerous bacteria, reflecting a weak cell-mediated re-
sponse against the pathogen. These clinical outcomes
also reflect distinct T-helper cell cytokine patterns in
the lesions. T–lep lesions have Th1 (interleukin 12
[IL-12] and interferon γ) cytokine patterns, whereas
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L-lep lesions have Th2 (interleukin 4 [IL-4], interleukin 5 [IL-5],
and interleukin 10 [IL-10]) patterns [10–13]. In the context of
M. leprae infection, the type 2 cytokines IL-4 and IL-10 have
immunoregulatory roles [12, 14] suppressing T-cell responses
to the pathogen [15]. We have previously used gene expression
profiling to identify novel immunoregulatory pathways in mi-
crobial immunity [16, 17]. Reexamination of these microarray
data (GSE17763) [18] revealed higher expression of LGALS3
in L-lep vs T-lep lesions, correlating with disseminated infec-
tion. To gain insight into galectin-3–mediated immune modu-
lation, we examined its expression at the site of mycobacterial
infection and its role on human monocytes in vitro.

METHODS

Patients and Clinical Specimens
The acquisition of all skin biopsy specimens from leprosy pa-
tients and peripheral blood from healthy human donors was
reviewed and approved by the committees on investigations
involving human subjects of the University of California, Los
Angeles, and the John Wayne Cancer Institute. For all proce-
dures, written informed consent was obtained. Clinical classi-
fication of patients with symptomatic M. leprae infection was
performed according to the criteria of Ridley and Jopling [9].

Reagents and Antibodies
Extracts of Mycobacterium tuberculosis were prepared by
probe sonication as previously described [19] and provided by
Dr John Belisle (Colorado State University). Mycobacterial lip-
omannan was provided by Dr Larry Schlesinger (Ohio State
University). These mycobacterial antigens were used in the
antigen presentation experiments. To activate TLR2/1, a 19-
kD lipopeptide of M. tuberculosis was purchased from EMC
Microcollections [20]. Live M. leprae was prepared as previ-
ously described [21] and provided by Drs James Krahenbuhl
and Ramanuj Lahiri (US National Hansen’s Disease
Program). Mycobacterium bovis TICE strain was purchased
from Organon.

Recombinant human galectin-3 was prepared as previously
described [22]. Galectin-3 was reconstituted in 10% glycerol in
phosphate-buffered saline (PBS), which we used as vehicle
control; the amount of lipopolysaccharide present in galectin-3
was below the limit of detection (<0.1 endotoxin unit/mL or
0.01 ng/mL), measured by Limulus amebocyte lysate assay
(Lonza) according to the manufacturer’s instructions. To dem-
onstrate the lectin specificity of galectin-3, lactose (Sigma) was
used as a specific inhibitor, and sucrose (Sigma) was used as a
negative control because it does not bind to galectin-3. In the
assays using lactose and sucrose, the sugars were added to the
culture wells before the addition of galectin-3.

The following monoclonal antibodies were used: BCD1b3.1
(anti-CD1b [23]), 9C4 (anti-galectin-3, Abcam), B2C10 (anti-

galectin-3 [24]), RPA-MI (anti-CD14, Zymed Laboratories),
PG-M1 (anti-CD68, DakoCytomation), TU36 (anti-HLA-DR,
BD Biosciences), and appropriate isotype controls (Caltag
Laboratories, Sigma-Aldrich, and BD Biosciences). The follow-
ing polyclonal antibodies were used: Alexa Fluor 568 goat
antimouse IgG1 (Invitrogen), Alexa Fluor 488 goat antimouse
IgG2b (Invitrogen), and Alexa Fluor 488 goat antimouse IgG3
(Invitrogen). Polyclonal rabbit anti-human galectin-3 [25] was
used for immunoblotting.

Immunohistochemical Studies
Skin biopsy sections from paraffin-embedded tissue were de-
paraffinized by 4 xylene washes (5 minutes each) followed by
3 100% ethanol washes (3 minutes each). Endogenous peroxi-
dases were blocked by incubation with 0.75% hydrogen perox-
ide in methanol (30 minutes) followed by a wash in 100%
ethanol (3 minutes). Slides were then hydrated in
1× PBS (5 minutes). Antigen retrieval was accomplished by
boiling the slides in a pressure cooker with sodium citrate
buffer at a pH of 9.0 (Vector Laboratories H-3301). Immuno-
peroxidase labeling was performed as described [19] using the
monoclonal antibodies (mAbs) against galectin-3 (B2C10) or
appropriate isotypes.

Double-labeling immunofluorescence was performed by
serial incubation of fresh-frozen tissue sections with mouse
antihuman mAbs as described [19]. In brief, sections were se-
rially incubated with a mouse mAb against galectin-3 (9C4)
followed by goat antimouse IgG1 (Invitrogen) labeled with
fluorochrome (Alexa 568). Sections were washed and incubat-
ed with antibodies for CD14 (RPA-MI, Zymed Laboratories)
or CD68 (PG-M1, DakoCytomation) for 1 hour and then in-
cubated with isotype-specific goat antimouse IgG Abs (Invi-
trogen) labeled with fluorochrome (Alexa 488) for 1 hour.
Controls included staining with isotype-matched irrelevant
Abs. Images were obtained using confocal laser microscopy
(California NanoSystems Institute). Immunofluorescence was
examined with a Leica TCS SP2 inverted confocal laser scan-
ning microscope (Leica Microsystems).

TLR2/1 Activation
Peripheral blood mononuclear cells (PBMCs) were purified by
Ficoll-Hypaque gradient centrifugation (Ficoll-Paque; Phar-
macia Biotech AB). Monocytes were adhered to plastic in
Roswell Park Memorial Institute (RPMI) 1640 supplemented
with penicillin (100 U/mL), streptomycin (100 μg/mL), and
1% fetal bovine serum (FBS) for 2 hours (Omega). Nonadher-
ent PBMCs were washed off and adherent monocytes were
stimulated with recombinant human galectin-3 (60 μg/mL) or
buffer (10% glycerol in PBS). Nineteen-kD lipopeptide (1 µg/mL,
EMC Microcollections) was then added to the culture and
cells were incubated in RPMI 1640 supplemented with penicil-
lin, streptomycin, and 10% FBS for 2 days (Omega).
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Supernatants were collected and IL-10 (Invitrogen) and inter-
leukin 12p40 (IL-12p40; Invitrogen) measured by enzyme-
linked immunosorbent assay (ELISA) according to the manu-
facturer’s instructions. The limits of detection for these assays
were 5–78 pg/mL for IL-10, and 5–156 pg/mL for IL-12p40.

Monocyte Differentiation
Adherent monocytes (prepared as described above) were
induced to differentiate into dendritic cells (DCs) with recom-
binant human granulocyte macrophage colony-stimulating
factor (GM-CSF; 1 U/mL, Immunex) in the presence or
absence of recombinant human galectin-3 (60 μg/mL) or
buffer (10% glycerol in PBS). Cells were incubated in RPMI
1640 supplemented with penicillin, streptomycin, and 10%
FBS for 2 days (Omega). Cells were then harvested, washed,
and analyzed by flow cytometry and also used as antigen-
presenting cells (APCs).

T-Cell Lines and Proliferation Assays
T-cell lines were derived from patients with mycobacterial in-
fection as previously described [19]. For measurement of
antigen-specific proliferation, T cells (1 × 104) were cultured
with irradiated (5000 rads) heterologous CD1+ APCs (1 × 104)
in culture medium (0.2 mL) in the presence or the absence of
mycobacterial antigens for 3 days in triplicate 96-round
bottom microtiter wells at 37°C in a 7% CO2 incubator. Cells
were pulsed with 3H-thymidine (1 µCi/well; ICN Biomedicals)
and harvested 4–6 hours later for liquid scintillation counting.

Monocyte Infection
Adherent monocytes (prepared as described above) were
treated in the presence or absence of galectin-3 (60 μg/mL) or
buffer (10% glycerol in PBS). To infect the cells, M. leprae or
M. bovis was then added to the culture plates for 1 hour at 33°C
in a 5% CO2 incubator [26]. To preserve the viability of the
monocytes, the temperature was raised to 37°C after 1 hour
and the cultures were incubated in RPMI 1640 supplemented
with 10% FBS (Omega). Mycobacterium leprae cytokine in-
duction experiments were performed at a multiplicity of infec-
tion (MOI) of 10, as MOI < 10 did not stimulate cytokines.
Mycobacterium bovis was used at lower doses as MOI > 3 was
cytotoxic.

Immunoblotting
Cells were lysed in RIPA buffer (Sigma) and a 1% protease
inhibitor cocktail. Cell lysate protein samples were separated
on Any kD Mini-PROTEAN TGX precast gel (Bio-Rad),
transferred to nitrocellulose membranes, and immunoblotted
with rabbit polyclonal antibodies against galectin-3 [25], and
glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz
Biotechnology).

RESULTS

Galectin-3 Expression in Leprosy
To confirm gene expression profiles obtained by microarray
analysis in leprosy, we examined galectin-3 protein expression
in leprosy skin lesions, by immunolabeling with a galectin-3
mAb. Galectin-3 was expressed in the granulomatous infiltrate
of L-lep patients, with 80%–95% of the cells strongly labeled
in contrast to T-lep lesions, in which approximately 10% of
the cells were weakly galectin-3 positive (Figure 1). Galectin-3
was predominantly expressed on cells of the monocyte/macro-
phage lineage, as shown by its coexpression with CD14 and
CD68 (Figure 2). These data confirm the gene expression pro-
files [18]. Although galectin-3 was expressed at higher levels
in L-lep lesions compared to T-lep lesions, we found that live
M. leprae infection (at MOIs ranging from 0.1 to 30) did not
increase the expression either by galectin-3 messenger RNA
(mRNA) or protein in human monocytes in 3 independent
experiments (not shown and Supplementary Figure 1).

Galectin-3 Enhances IL-10 Production in Human Monocytes
Given the association of galectin-3 with the progressive form
of leprosy and the ability of galectin-3 to influence T-cell cyto-
kine patterns [6–8], we investigated whether galectin-3 affected
the innate immune cytokines known to influence Th1 vs Th2
responses. Differentiation of Th1 cells requires IL-12 [27],
whereas IL-10 suppresses IL-12 production [28] and promotes
Th2 differentiation. TLR2/1 activation of monocytes induces
both IL-12 and IL-10 secretion [29]. Because TLR2/1 respons-
es contribute to host defense in leprosy [30], we investigated
whether galectin-3 influences TLR2/1-induced IL–12 and
IL-10 release. Human monocytes were cultured with the
TLR2/1 ligand, 19-kD lipopeptide, in the presence of galectin-
3 or control buffer for 2 days. IL–10 and IL-12p40 levels were
measured in cultured supernatants by ELISA. Galectin-3 up-
regulated IL–10 release by 5.7-fold (P = .04) as compared to
TLR2/1 stimulation alone (Figure 3A), whereas TLR2/1-
induced IL-12p40 release was unaffected (Figure 3B, P = .3).
Galectin-3 alone did not induce IL-10 or IL-12p40 secretion
(data not shown). The addition of galectin-3 increased the
TLR2/1-induced IL-10/IL-12p40 ratio in monocytes, consis-
tent with the cytokine pattern observed in L-lep lesions
[11, 13, 31]. Interestingly, whereas monocytes cultured with
live M. leprae or M. bovis in vitro produced IL-12p40, the
presence of galectin-3 had no effect on IL-10 and had modest
effect in decreasing only M. leprae induced IL-12p40 (Supple-
mentary Figure 2C, P = .001).

To determine whether the increased IL-10 secretion
induced by galectin-3 is dependent on its lectin properties, we
tested the effect of saccharides on the ability of galectin-3 to
influence IL-10 production. Galectin-3 binds lactose by its
C-terminal lectin domain, whereas sucrose does not bind to
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galectin-3. Lactose inhibited the effect of galectin-3 on TLR2/
1-induced IL-10 production (P < .0001, Figure 3C). In con-
trast, IL-10 secretion was unaffected in the presence of the
control sugar sucrose (which does not bind galectin-3), indi-
cating that the effect of galectin-3 was due to its lectin domain
[32]. Inhibition by lactose was partial, as we performed dose
titrations of each disaccharide and found that an appropriate
dose of lactose was reached at 1 mM in comparison to sucrose
(Figure 3D).

Galectin-3 Interferes With GM-CSF–Induced DC Differentiation
Dendritic cells are innate immune cells that influence T-cell
responses. Because galectin-3 altered instructive cytokine pro-
files, we further queried its ability to influence DC differentia-
tion. We hypothesized that galectin-3 may modulate the effect
of GM-CSF–mediated DC differentiation from monocytes.
Human monocytes were cultured with GM-CSF in the pres-
ence of galectin-3 or control buffer; then CD1b+ (Figure 4A)
and HLA-DR+ (Figure 4B) expression were measured as

markers for DCs [19, 20]. The presence of galectin-3 resulted
in >50% reduction of GM-CSF–induced CD1b+ DC (P < .0001,
Figure 4A), whereas major histocompatability complex (MHC)
class II expression was unchanged (Figure 4B, P = .3). These
data indicate that galectin-3 impairs GM-CSF–induced DC dif-
ferentiation. To demonstrate whether the inhibition of
GM-CSF–induced DC differentiation by galectin-3 is depen-
dent on its lectin properties, we tested the effect of saccharides
on the lectin’s inhibition of CD1b expression. As with the
effect on TLR2/1 stimulation of IL-10, lactose partially re-
versed the effect of galectin-3, whereas sucrose did not
(Figure 4C and 4D).

Galectin-3 Reduces Antigen-Presenting Capacity of Dendritic
Cells
Because galectin-3 diminished GM-CSF–induced CD1b upre-
gulation, we hypothesized that galectin-3 might affect the
antigen-presenting function of GM-CSF–induced DCs. To de-
termine whether the decrease of CD1b expression is

Figure 1. Galectin-3 expression in leprosy lesions. Galectin-3 protein expression in the skin lesions of lepromatous leprosy (L-lep; n = 3) and tubercu-
loid leprosy (T-lep; n = 3) patients was investigated by immunohistochemical staining with monoclonal mouse anti-human galectin-3 (B2C10). Four-
micrometer tissue sections of leprosy skin biopsy specimens were incubated with anti–galectin-3 and labeled with an immunoperoxidase method
followed by hematoxylin for visualization of histology. Tissue sections labeled with isotype control antibodies were negative. Photographs were taken
using ×10 and ×40 objective lenses. Scale bars = 50 μm.
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functionally relevant, we used a mycobacterial-reactive CD1b-
restricted T-cell line [33]. CD1 proteins are nonpolymorphic
lipid antigen-presenting molecules; therefore, DCs derived
from a donor with any MHC haplotype may be used as APCs
for the T-cell line. Monocyte-derived DCs differentiated as in
Figure 4 were tested for their potential to present antigen in
the context of CD1b (Figure 5). In the presence of control
buffer, GM-CSF–derived APCs stimulated CD1b-restricted T
cells to proliferate in response to antigen (Δ counts per minute
[cpm] mean = 3928, n = 5 experiments, 4 donors). In contrast,
APCs derived with GM-CSF in the presence of galectin-3
weakly stimulated CD1b-restricted T-cell proliferation (Δ cpm
mean = 2092), representing a 47% reduction (P = .01) in T-cell
response. Thus, monocytes differentiated toward DCs in the
presence of galectin-3 showed diminished antigen presenta-
tion. These data provide a potential regulatory pathway by
which galectin-3 could contribute to the immune unrespon-
siveness observed in L-lep patients.

DISCUSSION

The extent of the cell-mediated immune response to M. leprae
correlates with the host’s ability to contain the infection. Here
we show that across the clinical and immunological spectrum of
leprosy, skin lesions from patients with weak cell-mediated
immune responses to the mycobacteria (L-lep) express higher
levels of galectin-3 protein compared to those in patients with
strong cell-mediated immune responses (T-lep). Within L-lep

lesions, CD14-positive and CD68-positive macrophages expressed
galectin-3. Using monocytes as an in vitro surrogate for macro-
phages, we found that galectin-3 increased the IL-10/IL-12p40
ratio and impaired DC differentiation and antigen-presenting
function. Together, these data provide a disease-relevant mech-
anism by which galectin-3 contributes to the immune unre-
sponsiveness observed in human mycobacterial infection.

Although galectin-3 was expressed at higher levels in L-lep
lesions known be infiltrated with numerous bacteria as com-
pared to T-lep lesions, we found that live M. leprae infection
(at MOIs ranging from 0.1 to 30) did not increase the expres-
sion either by galectin-3 mRNA or protein in human mono-
cytes in 3 independent experiments (data not shown and
Supplementary Figure 1). Monocytes and macrophages are
known to express galectin-3 [1, 3, 4]; however, IFN-γ decreases
galectin-3 expression in monocytes [3]. Therefore, we specu-
late that the overall cytokine milieu [11, 31] may contribute to
the markedly diminished expression of galectin-3 in T-lep
lesions. Galectin-3 has also been detected at higher levels in
the lesions and sera of patients with malignant tumors
[34, 35]. The overexpression of galectin-3 in cancer and its in-
hibitory role in intracellular microbial infections in humans
(this study) and mice [7, 8] raises the question as to its physio-
logical function. Galectin-3 deficient mice are viable and
fertile, yet exhibit developmental [36], inflammatory [2, 37]
and organ function deficiencies [38], indicating that galectin-3
mediates a wide range of cellular pathways. Because L-lep rep-
resents an immune deviation in response to M. leprae

Figure 2. Coexpression of macrophage markers with galectin-3 (Gal-3) expression in lepromatous leprosy (L-lep) skin lesions. Skin lesions from L-lep
patients were sectioned and immunolabeled with monoclonal antibodies as indicated and visualized by confocal laser microscopy. Images were photo-
graphed using a ×63 objective. Scale bars = 30 μm. CD14 and CD68 were visualized as green fluorescence, and Gal-3 (9C4) was visualized as red
fluorescence. Nuclei were labeled with DAPI. Coexpression (yellow) revealed the relatively close proximity of Gal-3 to macrophage markers CD14 and
CD68.
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infection, we would speculate that galectin-3 induces a dys-
functional host response. Our in vitro studies, discussed
below, would appear to support such a mechanism in leprosy,
although we cannot exclude a role for other cellular pathways.

L-lep macrophages are laden with mycobacteria, indicating
that they are capable of ingesting, but not killing, the patho-
gen. In the present study, we found macrophages in L–lep
lesions expressing galectin-3, a cell population shown to

Figure 3. Effect of galectin-3 (Gal-3) on TLR2/1-induced cytokine profiles. Cytokine expression of (A ) interleukin 10 (IL-10; n = 9 donors) and (B )
interleukin 12p40 (IL-12p40; n = 7 donors) from monocytes treated with medium or 19-kD (a mycobacterial TLR2/1 ligand) in the presence of Gal-3 or
control buffer (2 days) as measured by enzyme-linked immunosorbent assay. Values are expressed as the mean ± SEM of triplicates. Monocytes treated
with medium alone secreted no IL-10, and IL-12p40 within a range from 0 to 132 pg/mL. Mixed-models statistical analysis was performed to compare
Gal-3 with control buffer. In (A) compound symmetry variance–covariance structure was assumed, and in (B) unstructured variance–covariance structure
was assumed. C, IL-10 (n = 3 donors) secretion from monocytes treated as in A and B, with the addition of lactose or sucrose (1 mM each). Each
individual line represents 1 donor and the data points are the mean ± SEM of the triplicates for each experiment. Statistical analysis was performed
using general linear model, and Tukey method was used for multiple comparison adjustment; *P = .001; **P < .0001. D, Dose titration of sugar inhibition
of the effect of Gal-3 on IL-10 secretion. Results shown are from the same 3 donors as in (C ). Values are reported as the percentage of decrease of
19-kD stimulated IL-10 secretion: [( pg/mL in the presence of Gal-3 – pg/mL in the presence of Gal-3 and sugar)/( pg/mL in the presence of Gal-3 – pg/mL
in the absence of Gal-3)] × 100%. Statistical analysis was performed using mixed models assuming compound symmetry covariance matrix among
repeated measures over several concentration levels.

952 • JID 2013:207 (15 March) • Chung et al



express galectin-3 by other researchers [3]. We have previously
established that galectin-3 is critical for macrophage phagocy-
tosis [2]. Moreover, galectin-3 expressed by macrophages and
epithelial cells can bind to microbial glycolipids [39, 40] and
galectin-3 is present in phagosomal vesicles, including those
containing mycobacteria [39]. Mycobacteria [41] and myco-
bacterial glycolipids [42] inhibit the microbicidal activity of
macrophages. It is tempting to speculate from our findings,
along with those described above, that galectin-3 could
promote phagocytosis of mycobacteria and internalization of
mycobacterial glycolipids, which may contribute to the intra-
cellular survival of mycobacteria in leprosy [18].

To determine a potential mechanism for galectin-3–mediat-
ed immune deviation in leprosy, we established an in vitro
system using monocytes and soluble galectin-3. Galectin-3
modulated monocyte cytokine production by increasing the
TLR2/1-mediated production of IL-10, an anti-inflammatory
cytokine present at elevated levels in the lesions of L-lep pa-
tients [12]. IL-10 acts directly on monocytes; it reduces MHC

expression [43] and inhibits IL-12 production [13, 28], thereby
inhibiting Th1 responses and favoring Th2 cytokine produc-
tion, the pattern found in L-lep lesions [11, 31]. The role of
galectin-3 in T helper–cell cytokine patterns has also been ad-
dressed in murine models of infection. The absence of galec-
tin-3 in vivo leads to enhanced Th1 immunity in both
Toxoplasma gondii and Schistosoma mansoni infectious
models [7, 8], whereas in Paracoccidioides brasiliensis infection
an unfavorable Th2 response is observed [6]. Therefore, the
role of galectin-3 in Th1 vs Th2 development is context de-
pendent. Our findings in leprosy may reflect on the outcome
of infection with M. leprae since T-cell responsiveness in L-lep
patients is weak [44] and Th2 cytokine production is a signa-
ture of L-lep lesions [11, 31].

We found that galectin-3 influenced monocyte function.
The comparatively higher levels of galectin-3 expressed in
L-lep skin lesions may not only affect the recruitment of mac-
rophages, but also may promote the differentiation of mono-
cytes to favor macrophages rather than DCs. To more

Figure 4. Effect of galectin-3 (Gal-3) on granulocyte macrophage colony-stimulating factor (GM-CSF)–treated monocytes. CD1b and HLA-DR expres-
sion on monocytes treated with medium or GM-CSF in the presence of Gal-3 or control buffer for 2 days as measured by flow cytometry is shown. Cell
surface protein expression levels are expressed as the percentage positive for CD1b from 14 donors (A ) and HLA-DR from 3 donors (B ). Monocytes
treated with medium alone expressed CD1b within a range of 0.3% to 14.5%, and HLA-DR within a range of 81.5% to 98.3%. Statistical analysis was
performed using paired t test (A) and sign test (B ), which is a nonparametric version of the paired t test. C, CD1b expression on monocytes treated as
in (A) from 3 donors, with the addition of lactose or sucrose (1 mM each). Statistical analysis was performed with general linear model using Tukey
method for multiple comparison adjustment. D, Dose titration of sugar inhibition of the effect of Gal-3 on CD1b expression. Results shown are from the
same 3 donors as in (C ). Values are reported as the percentage of decrease in the percentage of CD1b-positive cells induced by GM-CSF: [|( percent in
the presence of Gal-3 minus percent in the presence of Gal-3 and sugar)|/|( percent in the presence of Gal-3 minus percent in the absence of Gal-3)|]
×100%. Statistical analysis was performed using mixed models assuming compound symmetry covariance matrix among repeated measures over
several concentrations.
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thoroughly examine the potential effect of galectin-3 on DC
differentiation and T-cell responsiveness in leprosy, we investi-
gated the ability of monocytes to differentiate into DCs in the
presence of galectin-3. Galectin-3 prevented GM-CSF–mediat-
ed upregulation of CD1-expressing DCs and T-cell antigen pre-
sentation. Reduced CD1 expression has been reported in L-lep
lesions [45], suggesting that DC differentiation might be pre-
vented by galectin-3 in leprosy. Furthermore, T-cell responses
in L-lep patients are weak [44], and CD1-restricted T cells are
reduced relative to T-lep patients [46], a potential outcome of
the deficient DC differentiation caused by galectin-3.

To investigate the mechanism of the effect of galectin-3 on
monocytes, lactose competitive inhibition studies showed a
dose–response effect that inhibited up to 67% of the effect of
galectin-3, indicating that the effect of galectin-3 on mono-
cytes is mediated at least in part through the carbohydrate rec-
ognition domain (CRD). This partial inhibition by lactose
may be explained by the multiple binding domains of

galectin-3. Lactose binds to the CRD contained in the C-
terminal region of galectin-3 and inhibits CRD-mediated
stimuli. In addition, galectin-3 contains other domains that
may mediate potential functions not involving the CRD [47].
Furthermore, lactose is a disaccharide with a relatively low as-
sociation constant when compared to endogenous glycan
ligands, which are polylactosamines and branched high-affinity
glycans recognized by galectin-3. Differences in association
constants are several orders in magnitude; for example, gly-
coprotein IgE has 1000 times higher binding compared to
lactose [25]. Therefore, the fact that some inhibition with
lactose was observed, and none with the sucrose control, sug-
gests that at least some of the effect of galectin-3 is mediated
through the CRD. This may be through lectin activity (glycan-
peptide), but peptide-peptide interactions via the CRD cannot
be excluded without more work [48].

In the present study we found that galectin-3 regulated
cytokine secretion profiles induced by mycobacterial ligands,
reduced CD1b expression, and decreased antigen presentation
by monocyte-derived DCs. Whereas live M. leprae or M. bovis
infection of human monocytes stimulated IL-12p40, the addi-
tion of galectin-3 decreased M. leprae–induced IL-12p40 by
30.4% (Supplementary Figure 2C). This suggests that live my-
cobacterial infection in vitro may be dependent on the activa-
tion of pattern recognition receptors other than through
TLR2/1. Given the polymorphisms in TLR2 and TLR1 genes,
which may contribute to the TLR2/1 response to lipopeptides
and to the pathogenesis of leprosy [49], we hypothesize that
activation of TLR2/1 may be relevant in leprosy when the my-
cobacteria are released or secreted. This may not have
occurred within the time frame of our in vitro experiment.
Interestingly, the effect of galectin-3 on TLR2/1 activation en-
hanced IL-10, whereas galectin-3 decreased IL-12p40 in live
M. leprae infection; both of which could promote Th2 re-
sponses in leprosy. Our findings, together with in vivo expres-
sion of galectin-3 at the site of L-lep skin lesions, suggest a
role for galectin-3 in a less favorable response to cutaneous
mycobacterial infection. We envision a scenario whereby ga-
lectin-3 expressed in L-lep lesions promotes the differentiation
of infiltrating monocytes into macrophages rather than DCs,
producing IL-10, which promotes a Th2 response that favors
permissive infection by M. leprae. The mechanisms regulating
the expression of galectin-3 in mycobacterial infection require
further study and may provide a potential target for interven-
tion to promote host defense in humans.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary

Figure 5. Effect of galectin-3 (Gal-3) on antigen-presenting cells (APCs)
on the ability to present antigen to T cells from leprosy patients. T-cell
proliferation using APCs previously treated with granulocyte macrophage
colony-stimulating factor in the presence of Gal-3 or control buffer as in
Figure 4 are shown. In triplicate, CD1b-restricted T cells and APCs (1:1)
were cultured in the presence or absence of mycobacterial antigen (M.
tuberculosis sonicate or mycobacterial lipomannan) for 3 days, and prolifer-
ation was measured by 3H thymidine incorporation. Proliferative response
was reported as average of counts per minute (cpm) of wells in the pres-
ence of antigen minus the average of cpm of corresponding wells in
medium alone (Δ cpm). T cells cultured with medium alone–derived APCs
proliferated at a mean of 65 Δ cpm (range, 2–207 cpm). Shown are results
from 5 experiments, 4 donors. Statistical analysis was performed with
paired t test.
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data are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.
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