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The Gram-positive Streptococcus pneumoniae is the
leading cause of community-acquired pneumonia
worldwide, resulting in high mortality. Our in vivo
studies show that galectin-3�/� mice develop more
severe pneumonia after infection with S. pneu-
moniae , as demonstrated by increased bacteremia
and lung damage compared to wild-type mice and
that galectin-3 reduces the severity of pneumococcal
pneumonia in part by augmenting neutrophil func-
tion. Specifically, we show that 1) galectin-3 directly
acts as a neutrophil-activating agent and potentiates
the effect of fMLP, 2) exogenous galectin-3 augments
neutrophil phagocytosis of bacteria and delays neu-
trophil apoptosis, 3) phagocytosis of apoptotic neu-
trophils by galectin-3�/� macrophages is less efficient
compared to wild type, and 4) galectin-3 demon-
strates bacteriostatic properties against S. pneu-
moniae in vitro. Furthermore, ad-back of recombi-
nant galectin-3 in vivo protects galectin-3-deficient
mice from developing severe pneumonia. Together,
these results demonstrate that galectin-3 is a key mol-
ecule in the host defense against pneumococcal infec-
tion. Therapeutic strategies designed to augment ga-
lectin-3 activity may both enhance inflammatory cell
function (by directly affecting neutrophil responsive-
ness and prolonging neutrophil longevity) and have
direct bacteriostatic activity, improving clinical out-
comes after severe pneumococcal infection. (Am J
Pathol 2008, 172:395–405; DOI: 10.2353/ajpath.2008.070870)

Despite improvements in therapy and intensive-care sup-
port, mortality attributable to respiratory tract infections is

ever increasing. The Gram-positive bacterium Streptococ-
cus pneumoniae is the most common cause of community-
acquired pneumonia. Mortality is high, especially in devel-
oping countries.1 Limitations of conventional therapies and
emerging drug resistance among strains of S. pneumoniae
to antibiotics, such as penicillin2 and vancomycin,3 neces-
sitates continued study into the mechanisms involved in the
pathogenesis of pneumococcal disease and the host im-
mune response against pneumococcal invasion.

Alveolar macrophages and recruited macrophages
and neutrophils play a key role in the clearance and
killing of invading pathogens. In the lung, resident alve-
olar macrophages are the first line of cellular defense and
play a phagocytic role during the early stages of infec-
tion. Interaction of these cells with pneumococcus pro-
vokes an inflammatory response inducing recruitment of
the more efficient polymorphonuclear leukocytes (or neu-
trophils) and increased concentrations of serum opso-
nins at the site of infection. Polymorphonuclear leuko-
cytes are major effector cells in host defense against
pneumococcal pneumonia as they phagocytose pneu-
mococci and synthesize a variety of cytotoxic products,
including active oxygen metabolites and defensins.4 Al-
though these products kill the invading pathogens, they
can also severely damage the lung tissue itself.4 Nonres-
ident macrophages are subsequently recruited and con-
tribute to the resolution of inflammation by phagocytosing
cell debris and apoptotic neutrophils. Therefore, the
mechanisms that orchestrate neutrophil and macro-
phage function are important for the clearance of bacte-
ria and resolution of pneumonic infection.

Galectin-3 is a unique member of the growing family of
�-galactoside-binding lectins.5–7 Galectin-3 contains a
single carboxy-terminal domain and a glycine-rich ami-
no-terminal domain through which it forms oligomers and
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functions to cross-link both carbohydrate and noncarbo-
hydrate ligands. Galectin-3 has been implicated in many
facets of the inflammatory response including neutrophil
adhesion and activation,8 chemoattraction of monocytes/
macrophages,9 and activation of mast cells10 and lym-
phocytes.11 Galectin-3 is abundantly expressed and se-
creted by macrophages.12 However, mouse neutrophils
do not express galectin-3.13 Secreted galectin-3 can
cross-link surface glycoproteins and activate pathways
involved in several innate immune responses such as the
oxidative burst in neutrophils11,14 and degranulation in
mast cells.10 Galectin-3 also contributes to chemotaxis
by mediating cell-cell and cell-substratum adhesion.15,16

Galectin-3 has been shown to play a role in apoptosis.
Extracellular galectin-3 induces T-cell apoptosis17 whereas
intracellular galectin-3 results in an inhibition of apoptosis.18

Furthermore, peritoneal macrophages taken from galectin-
3�/� mice are more prone to undergo apoptosis than wild-
type (WT) macrophages.19 However, minimal data exist
regarding the role of galectin-3 in neutrophil apoptosis.

Galectin-3 has been shown to play a critical role in
phagocytosis of opsonized red blood cells20; however, its
role in the phagocytic clearance of microorganisms and
apoptotic neutrophils has not been elucidated. Clearance
of apoptotic neutrophils by macrophages is a key step in
the resolution of inflammation. Without this step, apoptotic
neutrophils will undergo secondary necrosis resulting in the
release of damaging toxic products. Removal of these po-
tentially toxic apoptotic neutrophils results in the release of
anti-inflammatory and reparative cytokines such as trans-
forming growth factor-�1. These clearance and resolution
phases help to limit the degree of tissue injury.

Galectin-3 has recently been demonstrated to have an-
timicrobial activity toward the pathogenic fungus Candida
albicans.21 This antimicrobial activity may also be relevant
for other pathogens, thus revealing an interesting therapeu-
tic use of this galectin. Sato and colleagues13 demonstrated
that after pneumococcal infection of the lungs, galectin-3
accumulates in the alveolar space, and this correlates with
the onset of neutrophil extravasation. However, although
neutrophils were actively recruited into Escherichia coli
pneumonia-infected lungs, there was no increase in galec-
tin-3 expression. Furthermore galectin-3 was released by
alveolar macrophages on incubation with S. pneumoniae
membrane fraction.13 In addition, lipopolysaccharide ex-
pressed on E. coli has been shown to down-regulate galec-
tin-3 expression.12,22 The relevance of these observations
to the mechanistic role of galectin-3 in the host immune
response to S. pneumoniae infection has not been exam-
ined. We therefore studied pneumococcal pneumonia in
mutant mice lacking the galectin-3 gene and demonstrate
that reconstituting galectin-3 in a deficient mouse can re-
duce the severity of infection.

Materials and Methods

Materials

Tissue culture reagents were purchased from PAA (The
Cell Culture Company, Somerset, UK). Recombinant

mouse and human galectin-3 were prepared using the
baculovirus expression system (Invitrogen, Paisley, UK).
All other reagents were purchased from Sigma-Aldrich
(Poole, UK) unless otherwise stated.

Animals

Generation of galectin-3�/� mice in a 129sv and C57/B6
background by gene targeting technology has been de-
scribed.23 As controls, age- and sex-matched WT litter-
mate mice were used. All procedures were undertaken
with approved license from the Animal Scientific Proce-
dure Division of the Home Office (London, UK).

Bacteria

S. pneumoniae type 3 was used in this study (American
Type Culture Collection, Rockville, MD). After overnight
incubation on 5% sheep blood agar plates (BD Bio-
sciences, Oxford, UK), freshly grown colonies were sus-
pended in heart infusion broth (BD Biosciences) with
10% heat-treated horse serum (HIB-S) (Invitrogen) at an
OD550 of 0.17. The bacterial suspension was diluted 100-
fold with fresh HIB-S and was incubated for 4 hours at
37°C with shaking, corresponding to a point compatible
with logarithmic growth. The suspension was centrifuged
at 3000 rpm for 10 minutes at room temperature. The
supernatant was discarded, and the pellet was resus-
pended with the same volume of phosphate-buffered
saline (PBS). Serial dilutions were used for determination
of exact bacterial concentration. Fluorescein isothiocya-
nate (FITC)-labeled S. pneumoniae were prepared as de-
scribed previously.24

In Vivo Pneumonia Model

Under anesthesia (avertin 10 �l/g body weight), WT or
galectin-3�/� mice were intratracheally inoculated with
1 � 105 colony-forming units (CFU) of S. pneumoniae.
Fifteen hours after bacterial administration, mice were
sacrificed, blood was collected aseptically, and bron-
choalveolar lavage (BAL) was performed with two sepa-
rate aliquots of 400 �l of sterile PBS. Half of the lung was
stored in 2 ml of PBS for bacterial counts. The other half
was fixed in 10% formalin (Sigma-Aldrich), paraffin-em-
bedded, cut into 3-�m-thick sections, and stained with
hematoxylin and eosin (H&E). Blood was inoculated on a
5% sheep blood agar plate (BD Biosciences) and incu-
bated at 37°C overnight. The BAL fluid was centrifuged at
3000 rpm for 10 minutes at 4°C. Protein concentration in
BAL was determined by the BCA protein assay reagent
(Pierce Biotechnology, Northumberland, UK) according
to the manufacturer’s instructions, and cytokines [inter-
leukin (IL)-6 and tumor necrosis factor (TNF)-�] were
measured using the Mouse Inflammation Cytometric
Bead Array kit (BD Biosciences) according to the manu-
facturer’s instructions. The supernatant was stored at
�20°C until further use. The pellet was resuspended in
300 �l of PBS, and total cell number was determined with
a hemocytometer. For neutrophil and macrophage cell
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counts, cytospins were prepared (280 rpm, 3 minutes at
room temperature), and cells were stained with Diff-Quik
to enable the morphological discrimination between
mononuclear cells and polymorphonuclear cells. The
lung was homogenized in 2 ml of PBS, and the homog-
enates were serially diluted 10-fold with PBS, inoculated
on 5% sheep blood agar plates, and incubated at 37°C
overnight. Colonies formed from lung homogenates were
counted, and blood plates were examined for the pres-
ence (sepsis) or absence of colonies. Myeloperoxidase
activity in lung homogenates was assayed using 3,3�,5,5�-
tetramethylbenzidine (Sigma-Aldrich) as a substrate. My-
eloperoxidase activity/mg lung homogenate was deter-
mined. Western blot analysis for galectin-3 was performed
on neat BAL and 1:10 dilution of lung homogenate using
the antibody anti-galectin-3 clone A3A12 (Alexis Bio-
chemicals, San Diego, CA). The galectin-3 ad-back ex-
periment was performed by administration of 5 �g of
recombinant mouse galectin-3 intratracheally at the time
of infection.

Tissue Culture

Bone marrow-derived macrophages (BMDMs) and bone
marrow-derived neutrophils were prepared from WT and
galectin-3�/� mouse femurs and tibias. BMDMs were
prepared by maturing bone marrow cells in Dulbecco’s
modified Eagle’s medium-F12 containing 10% heat inac-
tivated fetal bovine serum (FBS), 1% penicillin and strep-
tomycin, and 10% L929 conditioned media as a source of
granulocyte-macrophage colony-stimulating factor (GM-
CSF), for 7 to 9 days. L929-conditioned media was pre-
pared by growing L929 cells to confluency and sterile-
filtering the conditioned media before adding to the
Dulbecco’s modified Eagle’s medium-F12.

Bone marrow-derived neutrophils were prepared from
WT and galectin-3�/� mouse femurs and tibias. This
technique has previously been shown to yield greater
than 90% neutrophil purity.25 Furthermore, studies have
reported that mouse bone marrow-derived neutrophils
show very similar morphology and function to neutrophils
isolated from mouse whole blood.26 Bone marrow-de-
rived neutrophils were prepared by Percoll gradient cen-
trifugation as described previously.25 To assess neutro-
phil purity, bone marrow-derived neutrophils were incubated
with 1:200 phycoerythrin (PE)-conjugated LY-6G and
LY-6C (GR-1, clone RB6-8C5) monoclonal antibody (BD
Pharmingen, Oxford, UK) for 30 minutes at 4°C and an-
alyzed by fluorescence-activated cell sorting (FACS)
analysis using a BD FACSCalibur flow cytometer. When
needed, mouse neutrophils were made apoptotic by cul-
turing in suspension at 5 � 106/ml in RPMI supplemented
with 10% heat-inactivated FBS, 1% penicillin and strep-
tomycin, and 1% L-glutamine for the indicated duration.
To measure neutrophil apoptosis, neutrophils were incu-
bated with 1:200 PE-conjugated LY-6G and LY-6C (GR-1,
clone RB6-8C5) monoclonal antibody for 30 minutes at
4°C followed by incubation with 1:500 Annexin-V-FITC
(Roche, Hertfordshire, UK) in Annexin-V bind buffer
(Hanks plus 5 mmol/L CaCl2) for 10 minutes at 4°C.

Samples were treated with 1:10,000 ToPro-3 (Invitrogen)
and immediately analyzed by FACS analysis using a BD
FACSCalibur flow cytometer.

Human peripheral blood neutrophils were prepared as
described previously.27 Apoptotic human neutrophils
were prepared by culturing neutrophils for up to 24 hours
in Iscove’s modified Dulbecco’s medium containing 10%
FBS and treated as indicated. Human neutrophil apopto-
sis was assessed after 18 hours by identifying morpho-
logical changes of Diff-Quik-stained cells followed by cell
counting. Binding of Annexin V was also assessed by
incubating neutrophils with 1:500 Annexin-V-FITC (Roche)
in Annexin-V bind buffer (HANKS plus 5 mmol/L CaCl2) for
10 minutes at 4°C. Samples were treated with 1:10,000
ToPro-3 (Invitrogen) and immediately analyzed by FACS
analysis using a BD FACSCalibur flow cytometer.

Baculovirus Expression System

The Invitrogen baculovirus expression system was used
to produce endotoxin-free recombinant human or mouse
galectin-3. Detailed protocols are given in the Bac-to-Bac
Baculovirus Expression System manual (Invitrogen 10359-
016). Briefly, mouse or human galectin-3 was cloned out
of pcDNA 3.1 or pGEM-T Easy vectors, respectively, and
cloned into a pFastBac HT donor plasmid. Recombinant
pFastBac vectors were amplified and transformed into
DH10Bac E. coli containing a baculovirus shuttle vector
(bacmid). Recombinant bacmid containing the galectin-3
sequence was produced on transposition of the pFast-
Bac construct and purified using the S.N.A.P midi-prep
kit (Invitrogen). Recombinant bacmid was transfected
into Sf9 insect cells and amplified using the method given
in the manual. Galectin-3 protein was purified using the
Ni-NTA His bind resin (Novagen, San Diego, CA) accord-
ing to the manufacturer’s instructions. Galectin-3 was
verified using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blotting using 1:2000 anti-
galectin-3 antibody (clone A3A12; Affinity Bioreagents,
Nottingham, UK) (data not shown).

Phagocytosis Assays

Phagocytosis of S. pneumoniae by bone marrow-derived
macrophages or neutrophils was performed as follows.
FITC-S. pneumoniae were opsonized with 10% mouse
serum for 1 hour at 37°C. Bone marrow neutrophils were
incubated with a 10:1 ratio of FITC-S. pneumoniae to
neutrophils for the indicated time points. Excess bacteria
were washed off, and neutrophils were incubated with
1:200 PE-conjugated LY-6G and LY-6C (GR-1, clone
RB6-8C5) antibody for 30 minutes. Samples were treated
with 1:10,000 ToPro-3 (Invitrogen) and immediately ana-
lyzed by FACS analysis using a BD FACSCalibur flow
cytometer. In some experiments, bone marrow neutro-
phils were treated with 10 �g/ml of recombinant mouse
galectin-3 for 1 hour at 37°C before phagocytosis. Bone
marrow-derived macrophages were incubated with a
10:1 ratio of FITC-S. pneumoniae to macrophages for the
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indicated duration and analyzed by FACS analysis using
a BD FACSCalibur flow cytometer.

Phagocytosis of apoptotic human neutrophils by BMDMs
was performed as follows. BMDMs were seeded in 48-
well plates, stained with 1 �g/ml Cell Tracker Orange
(CMTMR, Invitrogen) and incubated with 10:1 ratio of 1
�g/ml Cell Tracker Green (CMFDA, Invitrogen) labeled
day 1 apoptotic human neutrophils for the indicated time
points at 37°C. Excess neutrophils were washed off, and
BMDMs were removed using 5 mmol/L ice-cold ethyl-
enediaminetetraacetic acid with gentle scraping. Per-
centage of phagocytosis was determined by FACS anal-
ysis using a BD FACSCalibur flow cytometer.

Neutrophil Activation Assays

Three assays were used to examine neutrophil activation
in response to galectin-3. On activation, neutrophils re-
lease reactive oxygen species (ROS) and up-regulate
CD11b expression and shed L-selectin (CD62L). Priming
of neutrophils induces shape change without a notice-
able increase in activation. ROS release was assessed
by two methods, cytochrome c reduction, which mea-
sures the O2

� metabolite,28 and dihydrorhodamine
(DHR) fluorescence, which measures the H2O2 metabo-
lite.29 1) Neutrophils isolated from human peripheral
blood were incubated with varying concentrations of re-
combinant human galectin-3 (0.1 to 10 �g/ml) or 1
�mol/L PAF for 15 minutes followed by 15 minutes of
incubation with 0.1 �mol/L fMLP in 1 mg/ml cytochrome c
in Hanks’ media. Color change in supernatants (an indi-
cation of O2

� release) was detected using a scanning
spectrophotometer 500 to 600 nm. Absorbance was con-
verted to concentration using the calculation A � �.l.c. 2)
Neutrophils isolated from human peripheral blood were
incubated with 0.1 mmol/L DHR for 5 minutes at 37°C and
incubated with 1 �mol/L PAF or 10 �g/ml of recombinant
human (Hu) or mouse (Ms) galectin-3 for 15 minutes at
37°C. Cells were incubated with 0.1 �mol/L fMLP or PBS
for 15 minutes and DHR fluorescence was measured as
mean FL-1 fluorescence on the BD FACSCalibur flow
cytometer. 3) Shape change of isolated human neutro-
phils in response to varying concentrations of galectin-3
(0.25, 2.5, 10, and 20 �g/ml) or 1 �mol/L PAF alone was
performed by measuring change in forward scatter by
FACS analysis. 4) CD11b and L-selectin expression on
neutrophils from human whole blood and CD11b expres-
sion on neutrophils from WT and galectin-3�/� mouse
whole blood were measured by FACS analysis. Heparin-
ized human whole blood was incubated with 0.1 �mol/L
fMLP, 100 ng/ml lipopolysaccharide, or varying concen-
trations of galectin-3 (0.25 to 25 �g/ml) for 30 minutes.
Blood was incubated with anti-human CD11b-APC (clone
ICRF44) and anti-human CD62L-PE (clone DREG-56) for
30 minutes at 4°C. Samples were treated with 1 ml of 1�
FACS lysing solution (BD Biosciences) for 5 minutes at
room temperature to lyse the red blood cells. The cell
pellet was washed and resuspended in 300 �l of 1% PFA
in PBS containing 0.1% bovine serum albumin. Samples
were analyzed using a BD FACSCalibur flow cytometer,

and neutrophils were identified by forward and side scat-
ter properties.

Mouse whole blood was collected from the vena cava
of mice anesthetized with avertin. Whole blood was incu-
bated with 1:200 PE-conjugated LY-6G and LY-6C (GR-1,
clone RB6-8C5) antibody and analyzed by FACS analysis
to confirm the neutrophil population in the mouse whole
blood. Mouse whole blood was incubated with 30 �g/ml
of recombinant mouse galectin-3 followed by anti-mouse
CD11b-APC (clone M1/70) (1:66.7) antibody. Samples
(gated on the GR-1-positive population) were analyzed
using a BD FACSCalibur flow cytometer.

Antibacterial Assay

S. pneumoniae was incubated overnight on a blood agar
plate at 37°C. Ten ml of 100% heart infusion broth (BD
Biosciences) was inoculated with one colony of S. pneu-
moniae and incubated overnight at 37°C with gentle
shaking. Cultures were centrifuged at 3000 rpm for 20
minutes, washed with broth, and centrifuged again. The
culture was resuspended in broth to an OD600 � 0.1 and
diluted 1:100. Seventy-five �l of the bacterial reaction mix
was incubated with 75 �l of antibiotic or galectin-3 at
37°C for 2 hours at 800 rpm on the thermomixer. Antibi-
otics used included recombinant mouse galectin-3 (0.3
and 15 �g) and ampicillin (20 �g/ml). A reaction was
prepared for t � 0, which was plated before the 2-hour
incubation. At time 0 and after 2 hours, the reactions were
serially diluted into PBS, and 100 �l of each dilution was
plated onto blood agar plates. Plates were incubated
overnight and colonies counted the next day.

Statistical Analysis

Results are presented as means � SEM. Significance of
the differences between means was assessed using one-
way analysis of variance or two-tailed Student’s t-test.
Values of P � 0.05 were considered significant.

Results

Galectin-3 Is a Critical Regulator of the Severity
of an Acute Pneumococcal Infection in the Lung
in Vivo

WT and galectin-3�/� mice were intratracheally inocu-
lated with 1 � 105 CFU S. pneumoniae, and animals were
sacrificed after 15 hours (Figure 1). Initial dosing exper-
iments performed throughout a 24-hour period resulted in
high mortality of the galectin-3-null mice. This was most
likely attributable to the inadequate host response to
pneumococcal infection in the galectin-3-null mouse. A
shorter duration of 6 hours did not prove long enough to
show a prominent difference in the severity of disease
outcome in WT and galectin-3�/� mice. We therefore
monitored pneumonia for 15 hours with 1 � 105 CFU
because this time point and dose achieve measurable
disease with no mortality.
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Figure 1A depicts representative H&E staining of lungs
from WT and galectin-3�/� mice inoculated with S. pneu-
moniae or PBS as a control demonstrating increased cell
infiltrate in the lungs of infected mice. Galectin-3�/� mice
demonstrated more severe pneumonia with increased
lung injury and septicemia. Expression of galectin-3 in
lung homogenates and BAL was increased in WT mice
inoculated with S. pneumoniae compared to PBS controls
(Figure 1B). The concentration of galectin-3 in the BAL
after infection was �50 �g/ml. Overall protein concentra-
tion was significantly higher in BAL fluid from galectin-
3�/� mice compared to WT mice (Figure 1C), indicating
a greater amount of leakage from the vasculature and
therefore a higher degree of tissue injury. One hundred
percent of culture plates inoculated with galectin-3�/�

blood produced colonies indicating that all galectin-3�/�

mice were bacteremic after S. pneumoniae infection com-
pared to 30% of WT mice (Figure 1D). Culture plates of
lung homogenate from galectin-3�/� mice demonstrated
�450-fold greater bacterial load than culture plates inoc-
ulated with WT lung homogenate (8.6 � 108 CFU/ml in
galectin-3�/� compared to 1.9 � 106 CFU/ml in WT)
(Figure 1E) indicating a clearance defect of S. pneu-
moniae in galectin-3�/� mice. Total cell counts were sig-
nificantly reduced in galectin-3�/� mice after pneumo-
coccal pneumonia infection compared to WT (Figure 1F).
In addition, differential cell counts revealed reduced neu-
trophil recruitment in galectin-3�/� mice compared to WT
(Figure 1G). However, myeloperoxidase activity was sim-
ilar in lung homogenates from WT and galectin-3�/� mice
after S. pneumoniae infection (Figure 1H). This would
suggest that neutrophils accumulate in the interstitial lung
tissue during pneumonia in galectin-3�/� mice but are
hindered from transmigrating into the alveolar space in
the absence of galectin-3. Although galectin-3�/� mice
demonstrated reduced macrophage numbers in lavage
fluid compared to WT, this was not significant (Figure 1I).
Increased severity of pneumococcal infection in galectin-
3�/� mice correlates with greater concentrations of IL-6
and TNF-� in BAL compared to WT mice (Figure 1, J and
K). These proinflammatory cytokines can have patholog-
ical consequences on host tissue and may contribute to
increased leakage from the vasculature and sepsis in the
galectin-3-deficient mouse. These results demonstrate
that galectin-3 is a critical molecule regulating the sever-
ity of a pneumococcal pneumonia infection in vivo
through its ability to enhance the clearance of pneumo-
coccal pneumonia and to resolve inflammation.

Expression of Galectin-3 in Macrophages Does
Not Enhance Phagocytosis of S. pneumoniae
but Does Augment Phagocytosis of Apoptotic
Neutrophils

Previous studies have shown that galectin-3�/� macro-
phages exhibit reduced phagocytosis of IgG-opsonized
erythrocytes and apoptotic thymocytes.20 Galectin-3-de-
ficient macrophages demonstrated no phagocytic defect
toward S. pneumoniae compared to WT (Figure 2, A and

Figure 1. Galectin-3 plays a critical role in the clearance of an acute pneu-
mococcal infection. Mice were inoculated intratracheally with 1 � 105 CFU S.
pneumoniae for 15 hours (n � 10 mice in each group). A: H&E staining of
WT and galectin-3�/� lung tissue from control (i and ii) (PBS instilled
intratracheally) and S. pneumoniae pneumonia (iii and iv) (S. pneumoniae
inoculated intratracheally) at 15 hours after instillation. B: Representative
galectin-3 Western blots showing galectin-3 levels in BAL (neat) and homog-
enates (1:10) of WT mice inoculated with S. pneumoniae compared to PBS
control. C–K: WT (white bars) and galectin-3�/� (black bars). C: Protein
concentration was significantly higher in lavage fluid from galectin-3�/�

mice compared with WT (*P � 0.05 compared to WT). D: Blood from
galectin-3�/� and WT mice was plated on blood agar plates and the per-
centage of plates with bacterial growth is expressed as percent bacteremia. E:
Lungs from galectin-3�/� and WT mice were homogenized, serially diluted,
plated on blood agar plates, and bacterial counts determined. Galectin-3�/�

lung homogenate demonstrated higher bacterial counts compared to WT
(*P � 0.05 compared to WT). Total cell recruitment (F) and neutrophil
recruitment (G) into the alveolar space was reduced in galectin-3�/� mice
compared to WT mice after S. pneumoniae infection (*P � 0.05 compared to
WT). H: Myeloperoxidase activity in lung homogenate was similar between
the two groups. I: Macrophage recruitment into the alveolar space of WT and
galectin-3�/� mice was similar. IL-6 (J) and TNF-� (K) concentration in BAL
was determined by CBA and demonstrated to be higher in galectin-3-defi-
cient animals (**P � 0.01 compared to WT and **P � 0.05 compared to WT).
Scale bars � 100 �m.
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B). However, galectin-3�/� BMDMs demonstrated re-
duced phagocytosis of apoptotic human neutrophils (Fig-
ure 2C). Phagocytosis of apoptotic cells is crucial for the
resolution of inflammation by protecting tissues from ex-
cess exposure to inflammatory and immunogenic com-
ponents of dying cells.30 This result may partially explain
our in vivo findings of increased lung damage leading to
septicemia in the galectin-3-deficient mouse. The differ-
ent phagocytic responses toward pneumococcus and
apoptotic cells may be attributable to alternate mecha-
nisms regulating pathogen recognition by macrophages.

Exogenously Added Recombinant Galectin-3
Causes Human and Mouse Neutrophil
Activation

Despite reduced neutrophil transmigration from the lung
interstitia into the alveolar space after S. pneumoniae
infection in galectin-3�/� mice compared to WT, recruit-
ment is not completely abolished. We therefore examined
the effect of galectin-3 on neutrophil function because
neutrophils that are successfully recruited in the galectin-
3-deficient mouse may demonstrate reduced activity.
Mouse neutrophils do not express galectin-3 (our own
observations, data not shown),13 and it is widely believed
that the action of galectin-3 on neutrophils is extracellular
where it oligomerizes on the cell surface to exert its
effects.31

On activation, neutrophils release ROS and up-regu-
late CD11b expression and shed L-selectin (CD62L).
Priming of neutrophils induces shape change without a

noticeable increase in activation. Isolated human neutro-
phils preincubated with recombinant human galectin-3 at
3 and 10 �g/ml followed by fMLP produced significantly
more superoxide as measured by cytochrome c reduc-
tion compared with neutrophils treated with fMLP alone
(Figure 3A). Incubation of neutrophils with galectin-3
alone (3, 10, and 15 �g/ml) also resulted in increased
superoxide release compared to untreated or cells
treated only with PAF (Figure 3A). When treated with
either recombinant mouse (Ms) or human (Hu) galectin-3
(10 �g/ml) followed by fMLP, the level of free radical
generation, measured by DHR activation also exceeded
that of neutrophils treated with fMLP alone (Figure 3B).
This assay also demonstrated that galectin-3 alone (10
�g/ml) is sufficient to elicit ROS release from neutrophils
(Figure 3B). Figure 3C shows representative histogram
overlays of neutrophils. Human neutrophils pretreated
with mouse or human recombinant galectin-3 (solid line)
before fMLP treatment produced more H2O2 compared
to neutrophils treated with fMLP alone (dashed line). At
concentrations less than those that directly activate iso-
lated human neutrophils, galectin-3 alone does not sig-
nificantly alter shape change. Higher concentrations of

Figure 2. Expression of galectin-3 in macrophages does not enhance phago-
cytosis of S. pneumoniae but endogenous galectin-3 augments macrophage
phagocytosis of apoptotic human neutrophils. A: Representative forward
scatter versus FL1 dot blots of WT and galectin-3�/� BMDMs treated for 60
minutes with 10:1 ratio of FITC-S. pneumoniae. Gated on macrophages
according to forward and side scatter properties. Percent in upper right
quadrant indicates macrophages that have phagocytosed FITC-labeled bac-
teria. B: Phagocytosis of a 10:1 ratio of opsonized FITC-S. pneumoniae for up
to 1 hour by WT (�) and galectin-3�/� (f) BMDMs measured using FACS
analysis. Results represent the mean percentage phagocytosis (compared to
WT 60 minutes) (n � 3). C: Phagocytosis of a 10:1 ratio of apoptotic human
neutrophils for up to 45 minutes by WT (�) and galectin-3�/� (f) BMDMs
measured using FACS analysis. Results represent the mean percent phago-
cytosis (n � 3) (***P � 0.0001 compared to WT 45 minutes).

Figure 3. Exogenously added recombinant galectin-3 causes human neutro-
phil activation and the generation of ROS. Free radical generation from
human neutrophils treated with PAF (1 �mol/L) or human galectin-3 (0.1 to
15 �g/ml) for 15 minutes followed by fMLP (0.1 �mol/L) or PBS for 15
minutes was measured by cytochrome c reduction (A) (n � 6) (***P � 0.0001
compared to treatment with fMLP alone, #P � 0.05 and ##P � 0.01 compared
to treatment with PAF alone) and DHR fluorescence using FACS analysis (B
and C) (n � 3) (**P � 0.01 compared to treatment with fMLP alone and ##P �
0.01 compared to treatment with PAF alone). C: Representative histogram
showing DHR fluorescence in response to fMLP pretreated with either 10
�g/ml mouse (i) or human recombinant galectin-3 (ii). D: Percentage of
shape change of human neutrophils treated with galectin-3 (0.25 to 20
�g/ml) or 1 �mol/L PAF for 15 minutes (n � 3) (*P � 0.05 and **P � 0.01
compared with untreated).
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galectin-3 (	2.5 �g/ml) produced a small increase in
shape change but not to the magnitude as that observed
with PAF (Figure 3D), suggesting that the predominant
effect of galectin-3 is on neutrophil activation.

Activation of whole blood human neutrophils with
fMLP, lipopolysaccharide, and galectin-3 caused L-se-
lectin shedding and CD11b up-regulation (Figure 4, A
and B, respectively). A dot blot (Figure 4A, inset) shows
forward and side scatter of human peripheral blood neu-
trophils. Together these experiments show that galectin-3
can cause direct activation of neutrophils in whole blood
and can both directly activate isolated neutrophils and
prime neutrophils to subsequent activation by fMLP.

Galectin-3�/� mouse whole blood shows the same
forward and side scatter properties as WT (data not
shown). WT and galectin-3�/� mouse whole blood was
treated with 30 �g/ml of recombinant mouse galectin-3
and high CD11b expression (CD11bHI) on neutrophils
was assessed by FACS analysis. Samples were gated on
GR-1-positive neutrophils (Figure 4Ci). CD11bHI expres-
sion on neutrophils in galectin-3-treated mouse whole
blood was compared to those of untreated controls. Both
WT and galectin-3�/� neutrophils demonstrated more
than 90% CD11bHI expression when treated with galec-
tin-3 compared to just 20% of untreated neutrophils dem-
onstrating CD11bHI expression (Figure 4C, ii and iii).

Together these data demonstrate that exogenously
added galectin-3 can activate both human and mouse
neutrophils. Furthermore, exogenous galectin-3 increases
CD11b expression on both WT and galectin-3�/� neutro-
phils to similar levels.

Exogenous Galectin-3 Enhances Phagocytosis
of Bacteria by Both WT and Galectin-3�/�

Neutrophils

WT and galectin-3�/� mouse bone marrow neutrophils
were isolated as described previously.25 After an infec-
tion, this fully competent neutrophil reservoir in the bone
marrow is required to rapidly supplement peripheral neu-
trophils at times of increased demand.26 Figure 5A illus-
trates forward and side scatter properties of a bone marrow
neutrophil preparation from WT and galectin-3�/� mice.
The various cell populations observed most likely dem-
onstrate neutrophils that are matured to different ex-
tents. However, when all cell populations are taken into
account (gate R1), the percentage of GR-1-positive
cells is �80%.

Untreated WT and galectin-3�/� GR-1-positive mouse
bone marrow neutrophils incubated with opsonized FITC-
labeled S. pneumoniae showed similar levels of phago-

Figure 4. Exogenously added recombinant galectin-3 causes L-selectin shedding and CD11b up-regulation on human whole blood neutrophils and CD11b
up-regulation on both WT and galectin-3�/� mouse neutrophils. L-selectin shedding (A) and CD11b up-regulation (B) on human neutrophils after a 30-minute
incubation with fMLP (0.1 �mol/L), lipopolysaccharide (100 ng/ml), or human galectin-3 (0.25 to 25 �g/ml) was assessed by FACS analysis (n � 6) (for all
treatments P � 0.01 compared to untreated). A, inset: Representative dot blot showing forward and side scatter properties of human whole blood, gated on
neutrophils. C: i: Representative dot blot showing forward and side scatter properties of WT mouse whole blood gated on GR-1-positive neutrophils. ii and iii:
Mouse whole blood was treated with 30 �g/ml of mouse galectin-3 for 30 minutes and incubated with anti-CD11b-APC and anti-GR-1-PE. Galectin-3-treated WT
(white bars) and galectin-3�/� (black bars) whole blood demonstrated increased CD11b expression (CD11bHI) on GR-1-positive neutrophils as measured by FACS
analysis (n � 3).
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cytosis. However, after a 1-hour incubation with 10 �g/ml
of recombinant mouse galectin-3, both WT and galectin-
3�/� bone marrow neutrophils enhanced their phago-
cytic capability (Figure 5B). This indicates that exoge-
nous galectin-3 can stimulate phagocytosis of S.
pneumoniae by neutrophils from WT and galectin-3�/�

mice.

Neutrophils from WT and Galectin-3�/� Mice
Undergo Apoptosis at the Same Rate in Vitro,
but Exogenous Galectin-3 Prolongs Neutrophil
Survival

Previous reports have demonstrated an important role for
galectin-3 during apoptosis.17–19 We therefore examined
the rate of spontaneous apoptosis of neutrophils from WT
or galectin-3�/� mice in vitro. Figure 6A shows that neu-
trophils from galectin-3�/� mice aged in vitro demon-
strate a similar rate of cell death compared to WT neu-
trophils. However, in keeping with its ability to activate
neutrophils, incubation with galectin-3 delays spontane-
ous apoptosis in human peripheral blood neutrophils
aged for 18 hours in culture assessed by both nuclear
morphology and cell surface changes as measured by

Figure 6. WT and galectin-3�/� mouse neutrophils undergo apoptosis at
similar rates in culture, and galectin-3 protects human neutrophils from
apoptosis. A: Mouse bone marrow neutrophils were cultured for the indi-
cated time points and incubated with PE-conjugated anti-GR-1 antibody
followed by annexin-V-FITC. ToPro-3 was added to each sample before
FACS analysis. Apoptotic and necrotic neutrophils were identified as those
demonstrating GR-1 and annexin-V/ToPro-3 positivity (n � 3). B: Human
peripheral blood neutrophils were cultured for 18 hours in Iscove’s modified
Dulbecco’s medium containing 10% FBS and 30 �g/ml of human recombi-
nant galectin-3 or PBS. Cytospin preparations were prepared, and neutrophil
apoptosis was determined by morphology. Arrows show apoptotic human
neutrophils. Percent apoptosis was calculated from total cell number of five
fields of each slide (n � 3) (**P � 0.01 compared to untreated). C: Human
peripheral blood neutrophils were cultured for 18 hours in Iscove’s modified
Dulbecco’s medium containing 10% FBS and 20 �g/ml of human recombi-
nant galectin-3. Neutrophils were incubated with annexin-V-FITC, and To-
Pro-3 was added to each sample before FACS analysis. Annexin-V-positive
and ToPro-3-negative neutrophils were classed as apoptotic (n � 3) (*P �
0.05 compared to untreated).

Figure 5. Exogenous galectin-3 enhances phagocytosis of S. pneumoniae by
both WT and galectin-3�/� neutrophils. A: Representative dot blots from WT
and galectin-3�/� mouse bone marrow neutrophil preparations gated on all
populations (R1). Representative histograms demonstrate �80% GR-1 positivity
within the R1 gate. B: WT (white bars) and galectin-3�/� (black bars) bone
marrow neutrophils were prepared as described in the Materials and Meth-
ods. Neutrophils were incubated with 30 �g/ml of recombinant mouse
galectin-3 or PBS (control) for 1 hour at 37°C then incubated with a 10:1 ratio
of opsonized FITC-S. pneumoniae for 1 hour at 37°C. Samples were gated on
GR-1-positive cells and analyzed using a BD FACSCalibur (n � 3) (**P � 0.01
compared to untreated).
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annexin V binding (Figure 6, B and C). The different rates
of apoptosis demonstrated in Figure 6, B and C, reflect
the techniques used to assess neutrophil apoptosis.

In addition to the above findings suggesting that ga-
lectin-3-deficient macrophages are less able to phago-
cytose apoptotic neutrophils than their WT counterparts
(Figure 2C), galectin-3 delays spontaneous human neu-
trophil apoptosis. Thus after S. pneumoniae infection in
vivo, the greater accumulation of apoptotic neutrophils in
the galectin-3�/� mouse may contribute to tissue dam-
age and subsequent bacteremia. These results suggest
that the increased vasculature damage and bacteremia
observed in galectin-3�/� mice is in part attributable to
ineffective clearance of apoptotic cells by galectin-3�/�

macrophages.

Galectin-3 Is Bacteriostatic Toward
S. pneumoniae

Galectin-3 has recently been shown to have antimicrobial
activity toward the pathogenic fungus Candida albicans.21

We therefore investigated whether galectin-3 had a direct
antimicrobial effect on S. pneumoniae. The same strain of
S. pneumoniae used in the in vivo experiments was incu-
bated with varying concentrations of galectin-3 or ampi-
cillin as a positive control as described in the Materials
and Methods. Incubation of 15 �g of galectin-3 with S.
pneumoniae significantly inhibited bacterial growth (Fig-
ure 7A), suggesting that galectin-3 is bacteriostatic to-
ward S. pneumoniae. Growth inhibition of S. pneumoniae
by galectin-3 may further explain our in vivo findings that
galectin-3�/� mice demonstrate more severe S. pneu-
moniae infection. This may have important implications as
to the function of galectin-3 in the lungs of infected mice.

Addition of Recombinant Galectin-3 into the
Lungs of Galectin-3�/� Mice Reduces Severity
of Pneumonia

To expand our in vivo work, we inoculated galectin-3�/�

mice with S. pneumoniae in the presence or absence of 5
�g of galectin-3. Sepsis and protein content in the BAL
were assessed as indicators of lung injury and degree of
pneumonic severity. Inoculation of galectin-3-deficient
mice with S. pneumoniae and galectin-3 reduced the
protein content in lavage indicating reduced lung injury
(Figure 7B). Furthermore, severity of bacteremia was re-
duced in galectin-3-treated mice (Figure 7C) and IL-6
and TNF-� levels in the BAL were reduced in mice
treated with galectin-3 (Figure 7, D and E). These results
reveal the potential therapeutic use of galectin-3 toward
infection.

Discussion

The Gram-positive Streptococcus pneumoniae is the lead-
ing cause of community-acquired pneumonia worldwide,
resulting in high mortality. The increasing prevalence of
antibiotic resistance means that novel treatment strate-

gies to combat pneumonia are urgently required. Previ-
ous studies have demonstrated that galectin-3 is in-
creased in the lung after infection with S. pneumoniae,
and this correlates with the onset of neutrophil extrava-
sation.13 However, the relevance of these observations to
the mechanistic role of galectin-3 in the host immune
response to S. pneumoniae infection has not been exam-
ined. We therefore studied pneumococcal pneumonia in
mutant mice lacking the galectin-3 gene. Our in vivo stud-
ies show that galectin-3�/� mice develop more severe
pneumonia after infection with S. pneumoniae, as demon-
strated by increased septicemia and lung damage com-
pared to WT mice. Neutrophil recruitment to the alveolar
space was reduced in galectin-3�/� mice; however, my-
eloperoxidase activity in lung homogenates was not re-
duced in these mice compared to WT. This would sug-
gest that neutrophils accumulate in the interstitial lung

Figure 7. Galectin-3 is bacteriostatic, and delivery of recombinant galectin-3
into the lungs of galectin-3�/� mice reduces severity of pneumonia. A: S.
pneumoniae cultures were incubated with galectin-3 (0.3 and 15 �g) or
ampicillin (20 �g/ml) for 2 hours, diluted 1:10, and plated onto blood agar
plates. Colonies were counted the following day (n � 3) (*P � 0.05 com-
pared to control). Galectin-3-deficient mice were intratracheally inoculated
with 1 �105 CFU S. pneumoniae in the presence or absence of 5 �g of
recombinant mouse galectin-3 for 15 hours. B: Protein concentration was
significantly higher in lavage fluid from galectin-3�/� (black bars) mice
compared with galectin-3�/� mice treated with galectin-3 (white bars) (*P �
0.05 compared to galectin-3�/�). C: Blood from galectin-3�/� and WT mice
was plated on blood agar plates, and the degree of bacterial presence per
plate was scored according to the arbitrary scale 0 to 5 (0, no bacterial
growth; 5, significant bacterial growth). Galectin-3�/� mice treated with
galectin-3 demonstrated reduced sepsis compared to untreated galectin-3�/�

mice. IL-6 (D) and TNF-� (E) concentration in BAL was determined by CBA
and demonstrated to be lower in galectin-3-treated galectin-3�/� mice (**P �
0.01 compared to galectin-3�/� and *P � 0.05 compared to galectin-3�/�).
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tissue during pneumonia in galectin-3�/� mice but are
hindered from transmigrating into the alveolar space in
the absence of galectin-3.

Galectin-3 is highly expressed and secreted from ac-
tivated macrophages and acts as a powerful proinflam-
matory signal.12 Previous studies have shown that galec-
tin-3 promotes the respiratory burst in neutrophils (and
our observations),11,32 increases CD66 expression on the
surface of neutrophils,33 and binds to CD66a and
CD66b,34 the receptors most likely responsible for induc-
ing neutrophil NADPH oxidase activation. Galectin-3 pro-
motes the adhesion of neutrophils to laminin8 and en-
hances phagocytic activity of opsonized erythrocytes.33

However, the role of galectin-3 with regard to neutrophil
function in response to infection is not well characterized.

Neutrophils play a critical role in the host immune
defense against infection. Neutrophils are recruited early
after infection, and their ability to phagocytose bacteria
and secrete cytotoxic mediators makes them an impor-
tant innate defense mechanism. Therefore, augmenting
their function is critical to their antibacterial properties
after infection. However, their removal from the site of
infection during resolution is equally important because
this limits host cell damage. Neutrophil apoptosis occurs
as part of the normal resolution process, rendering neu-
trophils unresponsive to further stimulation and allowing
noninflammatory recognition by tissue macrophages and
their removal by phagocytosis. Factors that increase neu-
trophil activation and prolong neutrophil survival at sites
of infection will have an important bearing on the host
response to infection.

Here we demonstrate that galectin-3 can directly acti-
vate both human and mouse neutrophils and potentiate
the effect of fMLP. We have revealed that whole blood
neutrophils can be directly activated by concentrations of
galectin-3 lower than those that directly activate isolated
neutrophils. This suggests that in whole blood there may
be factors present in the serum (eg, GM-CSF) functioning
to prime circulating neutrophils.

Although mouse neutrophils express very low levels of
endogenous galectin-3 (our own observations),13 they
can be activated by extracellular galectin-3, which is
up-regulated in the surrounding tissue environment after
infection. However, in galectin-3-null mice this galectin-3
up-regulation does not occur, resulting in reduced neu-
trophil recruitment into the alveolar spaces, activation,
and phagocytosis.

Galectin-3 expression is up-regulated after pneumo-
coccal infection (our own observations),13 and macro-
phages are capable of secreting large amounts of galec-
tin-3.12,13 We show that longevity of human neutrophils is
increased after incubation with exogenous galectin-3,
thus delaying spontaneous apoptosis in vitro. Further-
more, galectin-3�/� macrophages displayed reduced
phagocytosis of apoptotic human neutrophils compared
to WT. The resultant accumulation of apoptotic neutro-
phils in the lungs of galectin-3�/� mice after infection
would cause considerable damage to lung tissue, thus
allowing bacteria to traverse the lung epithelia and enter
the blood stream resulting in septicemia.

During S. pneumoniae infection the galectin-3�/�

mouse mounts a greater Th1 response demonstrated by
increased IL-6 and TNF-� cytokine levels compared to
WT mice or galectin-3�/� mice treated with recombinant
galectin-3. This increased Th1 response may contribute
to lung damage and subsequent septicemia. We have
shown that galectin-3�/� macrophages demonstrate a
deficit in their ability to adopt an anti-inflammatory alter-
native (M2) phenotype.35 We therefore propose that, in
addition to reduced neutrophil activation and apoptotic
neutrophil clearance by macrophages in the galectin-3�/�

mice, these mice are less able to dampen down the exces-
sive inflammation and destructive potential of pneumococ-
cal infection.

We propose that galectin-3 released from resident al-
veolar macrophages in response to pneumococcal pneu-
monia infection can activate neutrophils and enhance
their bacterial killing and phagocytic capability, aiding
pathogen clearance. In addition, we show that galectin-3
may play a further role in host defense by a direct bac-
teriostatic effect on S. pneumoniae. Galectin-3 (15 �g)
dramatically reduced S. pneumoniae growth in vitro. Sato
and colleagues13 demonstrated that the galectin-3 con-
centration in the lung is increased in mice after S. pneu-
moniae infection. We observed very high concentrations
of galectin-3 in lung homogenate and BAL after S. pneu-
moniae infection (concentration in BAL 	50 �g/ml). This
suggests that bacteriostatic concentrations of galectin-3
are achieved in the lung and may play an important role
in the defense against S. pneumoniae infection.

Our study has shown that galectin-3 protects against
pneumococcal pneumonia through a variety of mecha-
nisms including augmentation of neutrophil function and
a direct bacteriostatic role. Strategies designed to aug-
ment galectin-3 expression in the lung may result in the
development of novel treatments for pneumococcal
pneumonia.
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