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Fungal recognition is mediated by the association of
dectin-1 and galectin-3 in macrophages
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Dectin-1, the major #-glucan receptor in leukocytes, triggers an ef-
fective immune response upon fungal recognition. Here we use
sortase-mediated transpeptidation, a technique that allows place-
ment of a variety of probes on a polypeptide backbone, to monitor
the behavior of labeled functional dectin-1 in live cells with and
without fungal challenge. Installation of probes on dectin-1 by sor-
tagging permitted highly specific visualization of functional protein
on the cell surface and its subsequent internalization upon ligand
presentation. Retrieval of sortagged dectin-1 expressed in macro-
phages uncovered a unique interaction between dectin-1 and
galectin-3 that functions in the proinflammatory response of mac-
rophages to pathogenic fungi. When macrophages expressing dec-
tin-1 are exposed to Candida albicans mutants with increased
exposure of p-glucan, the loss of galectin-3 dramatically accentu-
ates the failure to trigger an appropriate TNF-a response.

pattern-recognition receptors | sortase A | polysaccharide

Dectin-l, a C-type lectin, is the major receptor on macro-
phages for p-1,3-glucan, a polymer of glucose present in the
fungal cell wall that stimulates phagocytosis and production of
inflammatory cytokines (1, 2). Dectin-1 contains a single extra-
cellular carbohydrate-recognition domain, an immunoreceptor
tyrosine activation-like motif in its cytoplasmic tail (3), and is
N-glycosylated, a modification that contributes to its surface ex-
pression and function (4). The cellular responses observed upon
activation of dectin-1 include phagocytosis and an oxidative burst,
as well as the production of eicosanoids, inflammatory cytokines,
and chemokines (1, 5).

The specificity of dectin-1 for the fungal polysaccharide
B-glucan is firmly established by in vitro experiments (1, 6-9), but
most aspects of dectin-1 signaling in vivo remain obscure. Dectin-
1-mediated responses may require collaboration with Toll-like
receptors (TLR) (10-12), tetraspanins (13-15), and the DC-SIGN
receptor (5). Establishing the association of dectin-1 with potential
partners has been hindered by technical difficulties common to
membrane proteins that must traffic to the surface of the cell to
perform their function. Standard methods to label and visualize
dectin-1 on the surface of live cells involve the use of fluorophore-
conjugated antibodies or tags added to the protein (5, 14, 16, 17).
Such fusions of membrane proteins with GFP or epitope tags can
render the protein inactive, unable to transit through the secretory
pathway to the surface, or affect cellular activation or antigen
trafficking behavior upon binding to the molecule in question.

To avoid these obstacles we applied sortase-mediated trans-
peptidation (sortagging) (18), which selectively labels dectin-1 on
living cells, a procedure that permitted the identification of a key
partner in fungal recognition. Sortagging allows efficient and se-
lective labeling of dectin-1 with affinity probes or fluorophores.
This site-specific labeling allowed us to monitor the behavior of
functional dectin-1 on the surface of living cells with and without
a fungal challenge. Using sortagged dectin-1 we uncovered an
association of dectin-1 with galectin-3, a pattern recognition re-
ceptor (PRR) that recognizes carbohydrates uniquely present in
the cell wall of Candida albicans (19), triggering a pathogen-
specific response (20). This dectin-1/galectin-3 association mod-
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ulates the induction of TNF-a such that a reduction in galectin-3
levels lowers the induction of TNF-a. The dectin-1/galectin-3
interaction sheds light on fungal recognition and the mechanism
by which the innate immune system discriminates nonpathogenic
from pathogenic fungi.

Results

Dectin-1 Expressed on Mammalian Cells Can Be Labeled Through
Sortagging Without Affecting Its Functionality. Murine dectin-1
equipped with an LPETG motif followed by an HA epitope tag at
its C terminus is properly transported to the cell membrane and
retains its function. Cells stably expressing tagged dectin-1 on the
cell surface are capable of binding zymosan (SI Results and Fig.
S1).To determine whether sortase A could act on tagged dectin-1
on intact cells, we incubated HEK 293T and RAW 264.7 cells
that stably express dectin-1 with sortase A together with a bio-
tinylated probe (18). The intact cells were then lysed, the lysates
separated by SDS/PAGE, and biotinylated products revealed
on blots with streptavidin-HRP. Dectin-1 was labeled selectively,
because there were no other biotinylated polypeptides that orig-
inated either from cell surface or cytosolic proteins. When these
lysates were subjected to immunoblotting to detect HA-tagged
materials not cleaved by sortase, HA-tagged dectin-1 was present
in all samples, both before and after incubation with sortase A
and the biotinylated probe (Fig. 14). Any cell-internal dectin-1
would be inaccessible to sortase and so retain its HA tag. Even if
all dectin-1 were surface exposed, the sortase reaction may not
proceed quantitatively, also accounting for the presence of HA-
positive dectin-1. Cells that were first lysed, sortagged, and only
then subjected to streptavidin-HRP immunoblotting also showed
the presence of labeled dectin-1 (Fig. 14).

Dectin-1 analyzed by immunoblotting presents itself as a dou-
blet. Murine dectin-1 is glycosylated (4) and phosphorylated,
modifications that could yield multiple electrophoretically distinct
species. We sortagged dectin-1 in stably transduced HEK 293T
cells with a biotinylated probe and subjected the cell lysates to
digestion with the glycosidases N-Glycosidase F (PNGase F) or
endoglycosidase H (EndoH), as well as with calf intestinal alkaline
phosphatase (CIP). PNGase F hydrolyzes all types of N-glycans,
whereas EndoH is specific for high mannose-type N-linked gly-
cans. The presence of high mannose-type N-linked glycans is
usually diagnostic of localization to the endoplasmic reticulum
(ER) and/or cis Golgi. After PNGase F treatment, a single bio-
tinylated polypeptide remained; samples treated with either
EndoH or CIP still presented as two distinct polypeptides (Fig.
1B), which must therefore be the result of differential carbohy-
drate modifications. The exclusive presence of EndoH-resistant,
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Fig. 1. Sortagged dectin-1 with a biotinylated probe is functional. (4) Stably transduced HEK 293T and RAW 264.7 cells were incubated with sortase A together
with a biotinylated probe. Cell lysates from the sortagged cells were analyzed by immunoblotting. The only detectable biotinylated species has the molecular
characteristics of dectin-1 (Biotin). HA immunoblotting showed persistence of HA-tagged dectin-1 (HA tag) in all samples. 1: Intact cells were lysed after sor-
tagging. 2: Cells were first lysed, and lysates were subsequently sortagged. (B) Stably transduced HEK 293T cells expressing tagged dectin (293dectin) were
sortagged with a biotinylated probe, lysed, and treated with PNGase F, EndoH, or CIP. Streptavidin-HRP immunobloting reveals deglycosylated dectin-1 ex-
clusively when treated with PNGase F (Biotin). Anti-HA blotting shows deglycosylation of dectin-1 when treated with either PNGase F or EndoH (HA tag). HEK
293T cells transfected with similarly tagged CD74 was the positive control (293CD74). (C) A mixed population of stably transduced HEK 293T cells expressing
tagged dectin-1 and control HEK 293T cells transfected with GFP were incubated with sortase A and the Alexa Fluor 647 (red) probe, then incubated with Alexa
Fluor 555 (orange)-labeled particles of zymosan (10 particles per cell, 30 min). Red-labeled sortagged dectin-1 recognized p-glucan and bound Alexa Fluor 555-
labeled zymosan particles (arrowheads). Control GFP+ cells without sortase A treatment and incubated with the fluorophore showed no red fluorescence.

biotinylated dectin-1 when intact cells were labeled indicates that
sortase A installed the biotinylated probe only on dectin-1 that had
undergone complex glycan modification before transit to the
cell surface.

To investigate whether sortagged dectin-1 is functional on live
cells, we installed an Alexa Fluor 647 probe on dectin-1 and de-
termined whether the tagged protein retained its ability to bind
zymosan. The specificity of sortagging was evaluated by labeling
a mixture of dectin-1-expressing HEK 293T cells and control
HEK 293T cells transfected with a plasmid encoding GFP.
Treatment of the cells with sortase A installed the fluorophore
only on the surface of cells that did not express GFP; none of the
GFP+ cells was labeled. Furthermore, only those cells that dis-
played the Alexa 647 fluorophore bound zymosan (Fig. 1C).

We conclude that a fraction of dectin-1 is accessible at the cell
surface and amenable to sortagging. This labeling is highly se-
lective: no biotinylated materials are detected on empty vector
controls, and the only biotinylated species detectable in cells
expressing dectin-1 has the molecular characteristics of dectin-1.
Moreover, surface-disposed sortagged dectin-1 retains its function.

Internalization of Dectin-1 upon Zymosan Presentation. Because
sortase A installs a label specifically on surface-exposed dectin-1,
we could follow the location of sortagged dectin-1 after exposure
of cells to zymosan. We first installed an Alexa Fluor 488 probe
on surface-disposed dectin-1 in HEK 293T cells and then exposed
the cells to zymosan for 30 min. Then an Alexa Fluor 647 probe
was installed on the surface to mark any newly surface exposed
dectin-1 that appeared after the first round of sortagging. Cells
were then fixed and examined by fluorescence microscopy. The
fluorophore installed first showed the presence of dectin-1, either
bound to zymosan particles on the surface or internalized.
However, dectin-1 sortagged in a second round of labeling with
the Alexa Fluor 647 was found only on the cell surface (Fig. 24).

These data establish that, upon contact with zymosan, dectin-1
is internalized. As expected, regardless of zymosan-induced in-
ternalization, dectin-1 continues to emerge at the cell surface via
the biosynthetic pathway. To follow dectin-1 internalization in
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time, a biotinylated probe was installed on dectin-1 in intact HEK
293T cells. Cells were then incubated with cycloheximide to arrest
protein synthesis, and the culture was divided in two. One sample
received zymosan, the other served as a control, and both were
then sampled at different time points. Two different fractions of
dectin-1 were assayed: dectin-1 located on the cell surface as
inferred from the presence of the biotin label, and intracellular
dectin-1 visualized by means of the HA tag. In the presence of
zymosan, the rate of internalization and degradation of bio-
tinylated dectin-1 on the cell surface increases dramatically after
1 h of incubation (Fig. 2B). The half-life of surface-located
dectin-1, estimated to be between 8 h and 12 h in the absence of
zymosan, decreases to <2 h in the presence of zymosan. The rate
of degradation of intracellular HA-tagged dectin-1 was higher
than that of biotinylated dectin-1, always showing a rapid decrease
after 1 h of incubation, regardless of the presence of zymosan (Fig.
2B). This observation suggests that a significant fraction of newly
synthesized dectin-1 fails to mature and is degraded instead.

Dectin-1 Associates with Galectin-3 in Macrophages. The installation
of a biotinylated probe on surface-exposed dectin-1 and its sub-
sequent retrieval with streptavidin beads uncovered an associa-
tion between dectin-1 and galectin-3 in RAW 264.7 macrophages
(SI Results and Fig. S2). We further analyzed the interaction
between dectin-1 and galectin-3 in RAW 264.7 macrophages by
coimmunoprecipitation. Cell lysates from RAW 264.7 cells stably
expressing HA-tagged dectin-1 (and not exposed to sortase, in
this case) were immunoprecipitated with an anti-galectin-3 an-
tibody. Western blot analysis using anti-HA antibodies revealed
HA-tagged dectin-1, confirming the interaction between galectin-
3 and dectin-1 (Fig. 34). We also assayed the effect of zymosan
presentation on this association. Intact RAW 264.7 cells with
stable HA-tagged dectin-1 expression were incubated with zy-
mosan particles for 30 min, lysed, and then treated with the anti—
galectin-3 antibody. As expected, the HA-immunoblotting analysis
of the immunoprecipitates showed higher amounts of dectin-1
compared with samples without zymosan presentation. We ob-
tained similar results when we lysed RAW 264.7 cells stably
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Fig. 2. Sortagged dectin-1 visualized on the cell surface or internalized upon zymosan binding. (A) Stably transduced HEK 293T cells were incubated with
sortase A and the Alexa Fluor 488 (green) probe, incubated with Alexa Fluor 555-labeled (orange) zymosan (10 particles per cell, 30 min), and then incubated
with sortase A and the Alexa Fluor 647 (red) probe. Fluorophore-labeled dectin-1 appears bound to Alexa Fluor 555-labeled (orange) zymosan particles
(arrowheads, Alexa 488/555 overlay). Alexa Fluor 647-labeled (red) dectin-1 appears only on the cell surface. Alexa Fluor 488-labeled (green) dectin-1 appears
on the cell surface or internalized (arrowheads) (Alexa 488/647 overlay). (B) A biotinylated probe was installed on dectin-1 in stably transduced HEK 293T cells.
Cells inhibited with cycloheximide (50 pg/mL) were untreated or presented with zymosan. The levels of biotinylated dectin-1 on the cell surface and in-
tracellular HA-tagged dectin-1 were analyzed by immunoblotting at different times. Without zymosan, biotinylated dectin-1 levels on the cell surface de-
crease gradually to near 50% of the initial levels (ZYM-). With zymosan, the levels of biotinylated dectin-1 decrease rapidly after 1 h (ZYM+). The degradation
rate of the intracellular HA-tagged dectin-1 in cytoplasm, cis Golgi, or ER (HA tag, EndoH) was constant (with or without zymosan). Biotin, biotinylated dectin-
1; HA, HA-tagged dectin-1; EndoH, EndoH-treated HA-tagged dectin-1; dect-, control cells with no tagged-dectin-1 expression.

expressing dectin-1 and subsequently incubated the lysates with
zymosan particles for 30 min. The anti-galectin-3 immunopre-
cipitates from control cells expressing HA-tagged CD74 did not
show any HA-tagged protein when analyzed by immunoblotting
with anti-HA antibodies (Fig. 34), confirming the specificity of
the dectin-1/galectin-3 association.

This specificity of the interaction between dectin-1 and galec-
tin-3 was also confirmed in dectin-1-expressing HEK 293T cells
transfected with a plasmid encoding 3xFLAG-tagged galectin-3.
Using sortase, we labeled surface-exposed dectin-1 in intact cells
with a biotinylated probe to differentiate surface disposed dectin-
1 from the intracellular HA-tagged fraction. Cells were lysed, and
a fraction of the lysate was then incubated with streptavidin beads
to retrieve biotinylated dectin-1. Bound proteins were removed
from beads, separated by SDS gel electrophoresis, and analyzed
by immunoblotting. When we incubated the blot with an anti-
FLAG antibody, we observed a polypeptide of the expected size
for FLAG-tagged galectin-3. We also incubated a part of the cell
lysates with an anti-FLAG antibody and analyzed the immuno-
precipitates by streptavidin or HA-immunoblotting. Both biotin-
labeled and HA-tagged dectin-1 were detected in all cases, con-
firming the interaction of galectin-3 with the fraction of dectin-1
located on the surface as well as the fraction inside the cell.
Neither biotinylated nor HA-tagged CD74, the type II membrane
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protein used for comparison, from control cells interacted with
galectin-3 (Fig. 3B).

Galectin-3 in Association with Dectin-1 Modulates the Induction of
TNF-a Expression. To study the biological consequences of the dec-
tin-1/galectin-3 interaction, we performed siRNA-based knock-
downs of galectin-3 in RAW 264.7 macrophages and determined
the effect of its reduced expression on the proinflammatory re-
sponse after fungal presentation. A comparison of the response to
Saccharomyces cerevisiae and Candida albicans required that both
be in the yeast form. However, C. albicans produces filaments under
the conditions of this assay. For this reason we inactivated fungi with
UV (both C. albicans and S. cerevisiae) because UV-irradiated
Candida cells do not present as filaments and remain in the yeast
form. We first incubated galectin-3—competent RAW 264.7 cells
with UV-treated S. cerevisiae or C. albicans at a ratio of 1:5 and
measured TNF-a mRNA expression after 4 h. There was no sig-
nificant increase in the level of induction of TNF-a expression,
compared with cells without fungal presentation. These cells have
very low expression levels of dectin-1 (Fig. 44), so we next studied
the response in cells that stably express dectin-1. In these cells we
observed a significant increase in TNF-oo mRNA levels after fungal
presentation (P < 0.05). This observation confirms the key role of
dectin-1 in the induction of TNF-a when confronted with either
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S. cerevisiae or C. albicans. We then studied the response in RAW
264.7 cells in which the level of galectin-3 was reduced by an RNA
hairpin directed against galectin-3 mRNA. This hairpin successfully
reduced the level of galectin-3 mRNA (Fig. 44). Cells with and
without the hairpin had similar mRNA levels of TNF-a when they
were incubated with S. cerevisiae. However, when cells were in-
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S. cerevisiae

P-40 (1), a second incubated with zymosan (10 particles
per cell, 30 min), then lysed (2), and a third group lysed and
then incubated with zymosan (3). Cell extracts were immu-
noprecipitated with anti-galectin-3 antibody (5 pg) and
analyzed by immunoblotting. Left: Inmunoblots of lysate
detecting dectin-1 and control CD74 (HA tag). Right: Im-
munoblot of precipitates from lysates with anti-galectin-3
antibody. (B) HEK 293T cells expressing tagged dectin-1
were transfected with a plasmid encoding 3xFLAG-tagged
galectin-3. One fraction was sortagged, labeling exposed
dectin-1 with a biotinylated probe, lysed with 0.5% Non-
idet P-40, and lysates immunoblotted (Cell Lysates). A se-
cond fraction was immunoprecipitated with magnetic
streptavidin Dynabeads and immunoblotted (Streptavidin
Pull-down). A third fraction incubated with anti-FLAG—
coated magnetic beads was immunoblotted to detect
biotinylated and HA-tagged dectin-1 (anti-FLAG IP). HEK
293T cells cotransfected with tagged CD74 and tagged
galectin-3 were used as a control. dt, cells expressing
tagged dectin-1; ct, control cells expressing tagged CD74.

cubated with C. albicans, there is a nearly fourfold decrease (P <
0.05) compared with galectin-3—competent cells (Fig. 4B). These
data show that galectin-3 functions in concert with dectin-1 to
modulate differentially the response to these two fungi. Signifi-
cantly, the intensity of the response is much greater for the pathogen
C. albicans than the nonpathogen S. cerevisiae.
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Association between dectin-1 and galectin-3 modulates the TNF-a response in RAW 264.7 macrophages. (A) Galectin-3 siRNA knockdown in RAW

264.7 cells. mRNA levels in RAW 264.7 cells (Cells), stably dectin-1-expressing RAW 264.7 cells (Cells+dectin1), and stably dectin-1-expressing cells transduced
with galectin-3 shRNA (Cells+dectin1+shRNAGal3) were determined by quantitative RT-PCR, normalized to GAPDH, and expressed as fold induction. (B)
Macrophages were incubated for 4 h at 37 °C with wild-type S. cerevisiae or C. albicans at a 1:5 (macrophage:yeast) ratio. TNF-a mRNA levels were determined
by quantitative RT-PCR. (C) Cells were incubated for 12 h with S. cerevisiae (wild-type) or gas7A mutant and C. albicans (wild-type) or phr2A/A (= C. albicans
gasT) or kre5A/A mutants at a 1:5 (macrophage:yeast) ratio and TNF-a (supernatants) was measured. Mean values (+ SEM) from three independent
experiments are shown. **P < 0.01; *P < 0.05. n.s., not significant; SC, S. cerevisiae; CA, C. albicans.
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Dectin-1/Galectin-3 Interaction Contributes to TNF-a Induction upon
Recognition of g-glucan. The functional consequences of the dectin-
1/galectin-3 interaction could be muted by masking of the p-glucan
by the outer coat of mannoproteins on yeast cell walls (21).
Therefore, we analyzed the proinflammatory response using mu-
tant yeast strains that unmask the underlying cell wall p-glucan.
The S. cerevisiae gas1 A and C. albicans phr2A/A and kre5A/Astrains
have increased f-glucan exposure on their surface compared
with wild-type cells. The GASI gene encodes a p-glucan trans-
glycosylase required for B-glucan branching and cell wall integrity.
The PHR2 gene is the C. albicans homolog of the S. cerevisiae
GASI gene. KRES, essential for S. cerevisiae viability, is involved in
the initiation of $-1,6-glucan synthesis. RAW 264.7 cells were in-
cubated with wild-type and mutant yeast at a ratio of 1:5, and, after
12 h incubation, levels of TNF-a were quantified. When challenged
with either wild-type or the mutants, macrophages that express
higher levels of dectin-1 produce more TNF-o. When challenged
with wild-type C. albicans, cells that have reduced galectin-3 ex-
pression have a significant decrease (P < 0.05) in TNF-« levels. In
contrast, there was no significant decrease in the TNF-a levels
when cells were exposed to S. cerevisiae cells (Fig. 4C).

Yeast mutants with more exposed f-glucan showed a much
greater reduction in TNF-«a secretion (P < 0.01) by macrophages
with reduced galectin-3 expression. We observed similar results
when we exposed bone marrow-derived macrophages (BMDMs)
from wild-type mice and dectin-1 knockout (dectin-1KO) mice that
do not express dectin-1 (Fig. 54) to yeast. When challenged with C.
albicans, wild-type BMDMs elicited TNF-o only when exposed to
C. albicans kre5A/A, whereas dectin-1KO BMDMs failed to trigger
a TNF-o response with either wild-type or the mutant. Wild-type
BMDMs with reduced galectin-3 expression showed a significant
reduction in TNF-a secretion (P < 0.01) when exposed to the
C. albicans mutant. We did not detect significant changes in TNF-a
secretion between BMDMs with different levels of expression of
either dectin-1 or galectin-3 when challenged with S. cerevisiae
(Fig. 5B). These data show (i) that the observed proinflammatory
response elicited by C. albicans is dectin-1 dependent and (ii) that
a decrease in galectin-3 expression drastically affects the proin-
flammatory response to C. albicans but not that to S. cerevisiae.

Discussion

Using sortagging we identify an association between dectin-1 and
galectin-3 that is required for the proinflammatory response in
macrophages exposed to fungi. Dectin-1 suitably modified for
sortagging is active in live macrophages; it is inserted into the
plasma membrane, where it recognizes its ligand, p-glucan, and
initiates the signal for an inflammatory response when challenged
with fungi. Cells expressing tagged dectin-1 recognized and bound
zymosan, a particulate preparation of S. cerevisiae cell walls that
contains large amounts of p-glucan. Sortagging showed that a
fraction of dectin-1 exposed at the cell surface is accessible to
sortase-mediated labeling in a specific manner. This finding also
extends previous work in which the efficiency and specificity of the
method were tested in complex protein mixtures, including mix-
tures of soluble proteins, and on live cells (18). We observed these
results in transfected HEK 293T cells, a cell line that does not show
phagocytic activity unless dectin-1 is expressed (22). The ability of
tagged dectin-1 to enable binding and internalization of zymosan
in otherwise nonphagocytic cells is similar to that reported for NIH
3T3 fibroblasts transfected with dectin-1 (7, 16, 23) and suggests
that the tagged protein retains this function as well.

Visualization of dectin-1 on live cells without compromising its
ability to recognize f-glucan—and avoiding the use of antibodies
—was possible with site-specific installation of fluorophores on the
protein. This fluorophore-labeled dectin-1 binds zymosan on the
cell surface and is then internalized. Upon recognition of p-glucan,
levels of surface-derived, biotinylated dectin-1 dropped pre-
cipitously after 1 h of incubation. In the absence of zymosan ex-
posure, dectin-1 was more stable on the cell surface. The fraction
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Fig. 5. Association between dectin-1 and galectin-3 is required for fungal
recognition and TNF-a response in BMDMs. (A) Galectin-3 knockdown in
BMDMs. mRNA levels from BMDMs from wild-type and dectin-1KO mice
were determined by quantitative RT-PCR (normalized to GAPDH, fold in-
duction). (B) BMDMs from wild-type and dectin-1KO mice (Cells) as well as
cells transduced with galectin-3 shRNA (Cells+shRNAGal3) were incubated
with wild-type yeast or with S. cerevisiae gas1A or C. albicans kre5A/A
mutants at a 1:5 (macrophage:yeast) ratio. TNF-a (supernatants) was mea-
sured after 12 h. Data are the mean values (+ SEM) from three independent
experiments. **P < 0.01. n.s., not significant; SC, S. cerevisiae; CA, C. albicans.

of preexisting cell-internal dectin-1 was not affected by zymosan
exposure. The degradation rate of intracellular dectin-1 was faster
than that of the surface-disposed fraction, suggesting that a frac-
tion of newly synthesized, cell-internal dectin-1 fails to mature and
is degraded instead. Such retention may be similar to that reported
for other glycoproteins such as the KIR3DLI1 natural killer cell
receptor, in which only a minor fraction escapes the ER, whereas
the surface-exposed fraction is fully functional (24). The in-
ternalization of dectin-1 upon its interaction with ligand may at-
tenuate pathways involved in induction of the innate immune
response (25). Once dectin-1 is internalized, the route of in-
tracellular processing may well depend on the nature of the ligand.
For example, dectin-1 is directed to lysosomes after uptake of
zymosan but recycled to the membrane when confronted with the
soluble ligand laminarin (16).

We uncovered a previously undiscovered association between
dectin-1 and galectin-3 in macrophages, which was confirmed by
coimmunoprecipitation in RAW 264.7 cells and also in HEK
293T transfectants expressing both proteins. This association
connects two signature molecules on the surface of fungi, f-glu-
can and oligomannans. Dectin-1 recognizes p-glucan, a carbohy-
drate that accounts for a major fraction of the cell wall of most
fungi, and it is covalently linked to an outer layer of man-
noproteins (1, 8, 9). Galectin-3 has been described as a PRR
that recognizes specific f-1,2 oligomannans from the cell wall of
certain fungi (20, 26). Galectin-3 binds to four Candida species
expressing different combinations of p-1,2 oligomannans but does
not bind S. cerevisiae, which lacks this specific oligosaccharide in
its cell wall. Moreover, galectin-3 binding to C. albicans is fun-
gicidal in a complement-independent fashion (20). There are
specialized PRRs, such as TLRs, DC-SIGN, or the mannose re-
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ceptor, that also recognize exposed cell wall mannose (19, 27-29),
but only galectin-3 discriminates between pathogenic and non-
pathogenic fungi that lack specific p-linked mannosides (20, 30).

Consistent with a role for the association between these mol-
ecules in fungal recognition, we found that galectin-3 modulates
the inflammatory response of macrophages in cooperation with
dectin-1. RAW 264.7 macrophages express galectin-3 but express
little dectin-1 and do not show induction of TNF-a regardless of
fungal presentation. This result shows that the presence of
galectin-3 alone is insufficient to elicit TNF-a production. When
dectin-1 expression is increased, RAW 264.7 macrophages show a
significant TNF-a response upon exposure to either S. cerevisiae
or the pathogen C. albicans, as previously reported (10). There-
fore, dectin-1 must be present for TNF-a induction. If the levels
of galectin-3 are reduced using RNAi, RAW 264.7 macrophages
fail to generate this dectin-1-driven TNF-a response when con-
fronted with the pathogen C. albicans. Thus, both dectin-1 and
galectin-3 must be present for the proinflammatory response.
Remarkably, the loss of galectin-3 does not affect the TNF-a
response to the nonpathogen S. cerevisiae.

The functional significance of the dectin-1/galectin3 association
was further supported using fungal mutants with increased p-glucan
exposure. When RAW 264.7 macrophages or BMDMs expressing
dectin-1 are exposed to C. albicans mutants with increased expo-
sure of B-glucan, the loss of galectin-3 dramatically accentuates the
failure to trigger an appropriate TNF-a response. Dectin-1 requires
the association with galectin-3 to discriminate the nonpathogen
S. cerevisiae from the pathogen C. albicans. The dectin-1/galectin3
association thus plays an important role in the recognition of C.
albicans, distinct from the mode of recognition of S. cerevisiae. Our
functional data provide a clue as to how cells differentiate between
fungi that are pathogens and those that are not.

Our finding of differential recognition of S. cerevisiae and C.
albicans is supported by previous work on galectin-3 knockout
mice. Galectin-3 associates with TLR2 at the cell membrane.
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Jouault et al. (30) reported coprecipitation of galectin-3 and
TLR2 in THP-1 cells. TLR2 recognizes phospholipomannan and
activates inflammatory genes that trigger cytokine production (29,
31). The association with galectin-3 seems to modulate this
TLR2-driven inflammatory response. Macrophages from galec-
tin-3 knockout mice resulted in lower levels of TNF-a in response
to C. albicans compared with cells from wild-type mice, whereas
there was no significant difference in TNF-a induction between
wild-type and mutant when cells were incubated with S. cerevisiae
(30). Galectin-3 seems to display a similar role in association with
TLR2, so it is likely that the association of galectin-3 with dif-
ferent cell surface receptors may well be a mechanism that would
allow the cell to adjust the appropriate inflammatory response
toward a specific fungal challenge, primarily after sensing C.
albicans. The association between galectin-3 and dectin-1 can
thus modulate the proinflammatory response to help distinguish
between pathogenic and nonpathogenic fungi.

Materials and Methods

RAW 264.7 (ATCC TIB-71) and HEK 293T (ATCC CRL-1573) cells were obtained
from the American Type Culture Collection. C57BL/6 mice were obtained
from Charles River. Dectin-17/~ mice were a gift from Stuart M. Levitz
(University of Massachusetts Medical School, Worcester, MA) and Gordon
D. Brown (University of Cape Town, South Africa) (32). BMDMs were dif-
ferentiated from murine monocyte progenitor cells and treated as described
in S/ Materials and Methods. Information on all experimental procedures is
provided in S/ Materials and Methods.
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