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Background: Dectin-1 is a phagocytic receptor important for host immune responses to fungal infections.
Results:Dectin-1 signaling directs LC3 to phagosomes leading to increased MHC class II recruitment and increased presenta-
tion of fungal-derived antigens.
Conclusion: Dectin-1 signaling enhances the efficiency of MHC class II presentation of fungal-derived antigens.
Significance: Dectin-1 signaling can influence how phagosomal contents are handled.

Dectin-1 is a pattern recognition receptor that is important
for innate immune responses against fungi in humans andmice.
Dectin-1 binds to �-glucans in fungal cell walls and triggers
phagocytosis, production of reactive oxygen by theNADPHoxi-
dase, and inflammatory cytokine production which all contrib-
ute to host immune responses against fungi. Although the
autophagy pathway was originally characterized for its role in
the formation of double-membrane compartments engulfing
cytosolic organelles and debris, recent studies have suggested
that components of the autophagy pathwaymay also participate
in traditional phagocytosis. In this study, we show that Dectin-1
signaling in macrophages and bone marrow-derived dendritic
cells triggers formation of LC3II, a major component of the
autophagy machinery. Further, Dectin-1 directs the recruit-
ment of LC3II to phagosomes, and this requires Syk, activation
of reactive oxygen production by the NADPH oxidase, and
ATG5. Using LC3-deficient dendritic cells we show that
whereas LC3 recruitment to phagosomes is not important for
triggering phagocytosis, killing or Dectin-1-mediated inflam-
matory cytokine production, it facilitates recruitment of MHC
class II molecules to phagosomes and promotes presentation of
fungal-derived antigens to CD4 T cells.

Dectin-1 is an innate immune receptor that recognizes
�-glucan in fungal cell walls (1, 2). Mice and humans lacking
Dectin-1 are more susceptible to a wide variety of fungal infec-
tions. Dectin-1 is a C-type lectin receptor that is primarily
expressed bymyeloid cells such asmacrophages, dendritic cells,
and neutrophils. Upon ligation, Dectin-1 triggers phagocytosis,
activates reactive oxygen production by the NADPH oxidase,
and stimulates production of inflammatory cytokines and
chemokines. In addition to its role in innate antimicrobial

responses to fungi, Dectin-1 also influences adaptive immune
responses through stimulating production of IL-1�, IL-6, and
IL-23 which play important roles polarizing Th17 T cells (3, 4).
Autophagy is a cellular process in which cytosolic material is

engulfed in double membrane vesicles called autophagosomes,
degraded, and recycled for energy. The signaling pathway that
triggers autophagy is highly conserved and has been widely
studied in organisms ranging from yeast to mammals (5, 6).
Two essential components of the autophagy pathway that are
important for this paper are autophagy-related protein (ATG)2
5 and light chain (LC)3. ATG5 is an upstream signaling com-
ponent that is part of a complex that directs lipidation of cyto-
solic LC3I to form membrane-bound LC3II which decorates
newly forming autophagosomes.
In innate immunity, autophagy has been shown to be impor-

tant for host defense against intracellular bacteria including
group A Streptococcus (7) andMycobacterium tuberculosis (8).
In addition to orchestrating engulfment of intracellular organ-
isms, it is becoming increasingly clear that components of the
autophagy pathway regulate aspects of host defense not directly
related to autophagy. For example, ATG5 complexes have been
reported to directly bind and negatively regulate RIG-I and
IPS-1, signaling proteins important for defense against viruses
(9). Also, ATG5 has been implicated in recruiting interferon-
inducible GTPases to Toxoplasma gondii parasitophorous vac-
uoles that are important for destruction of this membrane (10,
11).
Recent findings have begun to suggest that proteins that play

a role in autophagy (double membrane engulfment of intracel-
lular material) may also play significant roles in phagocytosis
(single membrane engulfment of extracellular material). These
studies showed that TLR2, Fc� receptors, and TIM4 can stim-
ulate recruitment of LC3 to phagosomes (12–14). For example,
Sanjuan et al. showed that LC3 can be recruited tomacrophage
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phagosomes containing beads coated with the TLR2 ligand,
PAM3CSK4 (12). Similarly, Huang et al. showed that Fc� recep-
tor stimulation triggers recruitment of LC3 to phagosomes and
further showed that in neutrophils this signal requires reactive
oxygen (ROS) production by the phagocyte NADPH oxidase
(13). The importance of LC3 recruitment to these phagosomes
is not yet clear. Sanjuan et al. showed thatmacrophages lacking
the upstream signaling component ATG7 are less efficient at
killing yeast. Also, Lee et al. showed that ATG5-deficient den-
dritic cells have a reduced ability to process antigens delivered
on beads coated with LPS (15). However, the specific role of
LC3 recruitment to phagosomes has not been directly assessed.
It is not yet known whether signaling through Dectin-1 can

trigger recruitment of LC3 to phagosomes or how such recruit-
ment would be important for Dectin-1-mediated host
responses. In this study, we show that Dectin-1 signaling trig-
gers recruitment of LC3 to phagosomes. LC3 recruitment
requires activation of Syk, reactive oxygen production by the
NADPH oxidase, and the presence of ATG5. Further, using
antigen-presenting cells lacking LC3 we directly show that LC3
promotes efficient MHC class II antigen presentation through
facilitating recruitment of MHC class II molecules to Dectin-1
phagosomes. These data demonstrate that in addition to the
previously recognized roles for Dectin-1 in host defense, the
receptor also directs intracellular processing and presentation
of fungal antigens through a mechanism facilitated by a com-
ponent of the autophagy pathway.

EXPERIMENTAL PROCEDURES

Reagents—Unless noted, all reagents were from Sigma. Sac-
charomyces cerevisiae-expressing ovalbumin under a galactose-
inducible promoter (16) was kindly provided by Dr. van Haan
(VU University, Amsterdam, The Netherlands). Candida albi-
cans was from the American Type Culture Collection (ATCC
90028). Other reagents include lipopolysaccharide (Invivogen),
�-glucan particles (WellmuneWGP; Biothera) (17), anti-LC3II
antibody (immunoblotting, MBL International clone 115;
immunofluorescence, MBL International clone 153), anti-
ATG5 antibody (ABCam clone AB54033), anti-GAPDH anti-
body (Santa Cruz clone 6C5), phycoerythrin-conjugated
anti-CD69 (Jackson Laboratory), streptavidin beads (Dyna-
beads; Invitrogen), Ova-peptide SIINFEKL (Anaspec), Ova-
peptide 323–339 (Anaspec), and anti-MHCII antibody
(eBioscience clone M5/114.15.2).
ShRNA Knockdown—ATG5 shRNA (sense, ACCAGATA-

ACTTTCTTCATATT; antisense, AATATGAAGAAAGT-
TATCTGGG) (12) was cloned into the pMSCV-LMP vector
(Open Biosystem) and expressed stably in RAW264.7 cells
expressing streptavidin-binding peptide-tagged Dectin-1 (18).
Cell Culture—RAW246.7 Cells expressing streptavidin-

binding peptide-tagged Dectin-1 were cultured in RPMI 1640
medium (CellGrow) with 10% FCS, 10% penicillin/streptomy-
cin, and 10% L-glutamine. Bonemarrow-derived dendritic cells
(BMDC) were derived from primary mouse bone marrow cul-
tured in RPMI 1640 medium as described above together with
10 ng/ml mGM-CSF (PeproTech) for 7 days. Wild type BMDC
were derived fromC57BL/6mice (JacksonLaboratory), Dectin-
1�/� BMDC were from CLEC7-deficient mice (19) (gift from

G. D. Brown, University of Aberdeen). For generation of
Syk�/� BMDC, fetal liver cells from these mice were used to
generate bone marrow chimeras as described previously (20).
NOX2�/� BMDC were from p91phox-deficient mice (Jackson
Laboratory). Thesemicewere all backcrossed at least eight gen-
erations on a C57BL/6 background. LC3��/� BMDC were
from LC3�-deficient mice (Jackson Laboratory) which were on
a B6;129P2 mixed background and were compared with wild
type cells from littermate controls.
LC3 Immunoblotting—Stimuli were added to the cells and

centrifuged at 500 � g to synchronize particle contact. Inhibi-
tors were added 10 min before stimulation and remained in
culture for the duration of the experiments. To control for spec-
ificity in streptavidin-binding peptide-tagged Dectin-1 cross-
linking experiments, 9.7 mM biotin was added to the streptavi-
din beads to block binding sites before they were added to cells.
Whole cell lysates were made in LDS sample buffer (Invitro-
gen), boiled, and loaded onto 12% SDS-polyacrylamide gels.
Proteins were transferred to PVDF microporous membranes
(Millipore), blocked overnight with 4% BSA at 4 °C, and stained
with the indicated antibodies. Binding was detected by chemi-
luminescence (Thermo Scientific).
Immunofluorescence Microscopy—Cells on coverslips were

fixed in 4% paraformaldehyde in PBS and permeabilized with
either acetone or 0.2%Triton/PBS. Primary antibodies and sec-
ondary antibodies were incubated with coverslips for 1 h each.
Coverslips were mounted on microscope glass slides with Pro-
long Gold antifade reagent (Invitrogen). Images were collected
with a Leica TCS SP spectral confocal microscope.
Antigen Presentation—S. cerevisiae-expressing ovalbumin

was generated by inducing expression with galactose as
described previously (16). Yeast were added to the BMDC and
centrifuged at 500 � g to synchronize contact. Control peptide
antigens were added as indicated. After 8 h, cells were washed,
and new medium was added. OTII T cells were sorted from
spleens of OTII mice (Jackson Laboratory) using CD4� nega-
tive selection (Miltenyi) and AutoMacs Pro (Miltenyi). The
OTI hybridoma cell line B3Z was cultured as above in medium
supplemented with �-mercaptoethanol. T cells were added to
washed BMDC (10:1), and supernatants were collected after
36 h. IL-2 and IL-17 levels were measured by ELISA
(Biolegend).

RESULTS

Fungi and �-Glucan Particles Stimulate LC3 Lipidation in
Macrophages and Dendritic Cells—To determine whether
fungi can trigger LC3 lipidation, we stimulated RAW264.7 cells
(a mouse macrophage cell line) expressing Dectin-1 (18) with
heat-killed S. cerevisiae orC. albicans.We assessed endogenous
LC3II (the lipidated form of LC3) levels by immunoblotting cell
lysates.We observed rapid formation of LC3II within 10min of
stimulation (Fig. 1A). We observed similar formation of LC3II
in primary mouse BMDC stimulated with heat-killed yeasts
(Fig. 1B). Also, we observed similar LC3II formation when cells
were infected with live yeasts (Fig. 1C). To determine whether
fungal cell wall �-glucan is sufficient to trigger LC3 lipidation,
we stimulated cells with �-glucan particles. �-Glucan particles
strongly triggered LC3II formation in macrophages and den-
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dritic cells (Fig. 1D). To explore how this level of LC3II induc-
tion compares with inducers of LC3II published previously, we
compared�-glucanparticleswith lipopolysaccharide (LPS) and
zymosan. �-Glucan particle-triggered LC3II formation was
higher than that induced by LPS and was comparable with
zymosan (Fig. 1E). Consistent with previous studies on the
mechanismof LC3 lipidation, formation of LC3II in response to
�-glucan particles and fungi required ATG5 (Fig. 1, F and G).
Dectin-1 Signaling Is Necessary and Sufficient to Trigger

LC3II Formation—Because �-glucan particles are recognized
by Dectin-1, we examined whether Dectin-1 is necessary for
stimulating LC3II formation.We stimulatedwild type andDec-
tin-1-deficient BMDCwith�-glucan particles and assessed for-
mation of LC3II by immunoblotting (Fig. 2A). LC3II formation
was completely ablated in cells lacking Dectin-1. To investigate
further the role of Dectin-1we used RAW264.7 cells expressing
signaling-deficient mutants of Dectin-1 with either the cyto-
plasmic domain deleted (�38RAW) or with tyrosine 15
mutated (Y15SRAW) (21). The cells were stimulated with
�-glucan, and LC3II formation was assessed by immunoblot-
ting (Fig. 2B). Cells expressing signaling-deficient forms ofDec-
tin-1 failed to stimulate LC3II formation, suggesting that Dec-
tin-1 signaling is necessary for �-glucan-stimulated formation
of LC3II.

We next assessed whether Dectin-1 cross-linking is suffi-
cient to trigger LC3II formation using an approach we have
previously employed to specifically cluster Dectin-1 receptors
on a particle (18). We stimulated RAW267.4 cells stably
expressing a streptavidin-binding peptide epitope-tagged Dec-
tin-1 with streptavidin-coated beads. The beads specifically
bind to the receptor via the epitope tag and triggered LC3II
formation to levels similar to that observed using �-glucan par-
ticles (Fig. 2C). LC3II formation induced by the streptavidin-
coated beads was substantially blocked in the presence of bio-
tin, which competes against the epitope tag for binding to the
beads. Previous studies have shown that TLR2 signaling can
trigger LC3II formation (12), and whole yeast activate both
Dectin-1 and TLR2 (22, 23). To assess the net contribution of
Dectin-1 in triggering LC3II formation in response to whole
yeast, we stimulated wild type and Dectin-1-deficient BMDC
with heat-killed yeast. LC3II formation was reduced in Dectin-
1-deficient cells (Fig. 2D). Together, these data demonstrate
that Dectin-1 signaling is necessary and sufficient to trigger
LC3II formation in response to�-glucan and that it contributes
to LC3II formation in response to whole yeast.
Dectin-1 Triggers Recruitment of LC3II to Phagosomes—Pre-

vious studies have shown that TLR signaling can lead to recruit-
ment of LC3II to phagosomes containing TLR ligands (12). We
therefore examined whether Dectin-1 signaling is also capable
of directing LC3II recruitment to phagosomes. We stimulated
macrophages and dendritic cells with �-glucan particles and
evaluated LC3II recruitment to phagosomes by immunofluo-
rescence microscopy (Fig. 3A). We observed strong recruit-
ment of LC3II to phagosomes. LC3II was recruited rapidly dur-
ing internalization where it co-localized with F-actin (Fig. 3A),
after which LC3II was slowly depleted from the phagosomes

FIGURE 1. Fungi and �-glucan particles stimulate LC3 lipidation in macro-
phages and dendritic cells. A and B, RAW 264.7 cells stably expressing Dec-
tin-1 (DecRAW) or BMDC as indicated were stimulated with heat-killed S.
cerevisiae (m.o.i. 10:1) or heat-killed C. albicans (m.o.i. 10:1) for the indicated
times. Cell lysates were prepared, and levels of LC3II protein were determined
by immunoblotting. Levels of GAPDH in the same lysates were determined by
immunoblotting as loading controls. C, DecRAW or BMDC were infected with
live C. albicans (m.o.i. 10:1) for the indicated times. LC3II and GAPDH protein
levels were determined by immunoblotting. D and E, DecRAW or BMDC were
stimulated with �-glucan particles (GP, 100 �g/ml), LPS (100 nM), or zymosan
(ZYM, 100 �g/ml), for the indicated times. LC3II and GAPDH protein levels
were determined by immunoblotting. F, ATG5 and GAPDH levels were deter-
mined by immunoblotting of lysates from cells stably expressing a control
vector (Ctr) or a shRNA targeting ATG5 (KD). G, control and ATG5 knockdown
cells were stimulated with �-glucan particles (100 �g/ml) or heat-killed C.
albicans (m.o.i. 10:1) for the indicated times. Cell lysates were prepared, and
LC3II and GAPDH protein levels were determined by immunoblotting.

FIGURE 2. Dectin-1 signaling is necessary and sufficient to trigger LC3II
formation. A, wild type (WT) or Dectin-1-deficient BMDC (KO) were stimu-
lated with 100 �g/ml �-glucan particles for the indicated times. Cell lysates
were prepared, and LC3II protein levels were determined by immunoblot-
ting. GAPDH levels of the same lysates were determined by immunoblotting
as loading controls. B, RAW264.7 cells stably expressing Dectin-1 with the
cytoplamic domain deleted (�38RAW) or Dectin-1 with a point mutation at
tyrosine 15 (Y15SRAW) were stimulated with 100 �g/ml �-glucan particles for
the indicated times. Cell lysates were prepared, and LC3II protein levels were
determined by immunoblotting. GAPDH levels of the same lysates were
determined by immunoblotting as loading controls. C, RAW267.4 cells stably
expressing a streptavidin-binding peptide epitope-tagged Dectin-1 were
stimulated for 10 min with 100 �g/ml �-glucan particles (GP), 100 �g/ml
streptavidin-coated beads (St. Beads), or streptavidin-coated beads blocked
with biotin. LC3II and GAPDH protein levels were determined by immuno-
blotting. D, wild type or Dectin-1-deficient BMDC (KO) were stimulated with
heat-killed C. albicans for the indicated times. LC3II protein levels were deter-
mined by immunoblotting. GAPDH levels were determined by immunoblot-
ting as loading controls.
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over a period of 60 min (Fig. 3B). LC3II was not recruited to
phagosomes containing latex beads (Fig. 3C). Recruitment of
LC3II to phagosomes containing �-glucan particles required
ATG5 (Fig. 3D). To confirm in twoways thatDectin-1 signaling
specifically triggers recruitment of LC3II to phagosomes, we
first fed �-glucan particles to Dectin-1-deficient BMDC.
Although these cells bind and internalize �-glucan particles
poorly, we could still find some particles that were internalized.
These phagosomes did not recruit LC3II (Fig. 3E), demonstrat-
ing that Dectin-1 signaling is necessary for LC3II recruitment
to phagosomes containing �-glucan particles. Second, we fed
streptavidin-coated beads to RAW267.4 cells expressing the
streptavidin-binding peptide epitope-tagged Dectin-1 to
directly cluster and activate Dectin-1. Phagosomes containing
these beads strongly recruited LC3II (Fig. 3F). Together these
data demonstrate that Dectin-1 signaling is necessary and suf-
ficient to trigger recruitment of LC3II to phagosomal
membranes.
Dectin-1-triggered Recruitment of LC3II Requires Signaling to

Syk and the NADPHOxidase—We next explored which signal-
ing mechanisms activated by Dectin-1 are required for signal-
ing to LC3II. Dectin-1 signaling activates ROS production by
the NADPH oxidase, and this response requires Syk (21).

Huang et al. have previously shown that Fc� receptors can trig-
ger LC3II recruitment via activation of ROS production (13).
We therefore examined whether NADPH oxidase-mediated
ROS production is required for Dectin-1-triggered LC3II for-
mation. Inhibition of ROS production with the inhibitor diphe-
nyleneiodonium (DPI) blocked formation of LC3II in response
to �-glucan particles in macrophages and dendritic cells (Fig.
4A). Consistent with this observation, BMDC from gp91phox-
deficient mice stimulated with �-glucan particles or heat-killed
yeast also showed reduced LC3II formation compared with
wild type cells (Fig. 4B). Inhibition of ROS production did not
block phagocytosis, but did block recruitment of LC3II to pha-
gosomes containing �-glucan particles (Fig. 4C). Dectin-1 sig-
naling requires tyrosine phosphorylation of a “HemITAM”
motif in its cytoplasmic tail that recruits Syk kinase. We there-
fore examined whether LC3II formation requires activation of
Syk. We first inhibited Syk with the specific inhibitor piceatan-
nol which blocked �-glucan particle-induced LC3II formation
in macrophages and dendritic cells (Fig. 4D). Next, we stimu-
lated wild type and Syk-deficient BMDC with �-glucan parti-
cles or heat-killed yeast (Fig. 4E). LC3II formation in response
to both stimuli was reduced in Syk-deficient cells similar to
ROS inhibition by DPI. Consistent with previous reports (21,

FIGURE 3. Dectin-1 triggers recruitment of LC3II to phagosomes. A, RAW264.7 cells stably expressing Dectin-1 (DecRAW) or BMDC were pulsed with
�-glucan particles (25 �g/ml) and chased for 15 min. Cells were stained for LC3II (green) and F-actin (red) and analyzed by immunofluorescence microscopy. B,
BMDC were stimulated with �-glucan particles, chased for the indicated times, and stained as in A. LC3II� phagosomes per number of cells (n �90) were
counted. C, cells were imaged as in A except they were pulsed with 3-�m latex beads. D, cells stably expressing a control vector or an shRNA targeting ATG5
(ATG5 KD) were pulsed for 15 min with �-glucan particles (25 �g/ml). Cells were fixed, permeabilized, and stained for LC3II and F-actin. E, Dectin-1-deficient
BMDC were pulsed with �-glucan particles (25 �g/ml) for 15 min. Cells were stained as indicated and analyzed by immunofluorescence microscopy. F,
RAW267.4 cells stably expressing a streptavidin-binding peptide epitope-tagged Dectin-1 were stimulated for 15 min with streptavidin-coated beads (100
�g/ml) and imaged as in E.
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24), Dectin-1-mediated phagocytosis was not blocked by the
Syk inhibitor or by Syk deficiency, and phagosomes formed
normally (data not shown). However, LC3II was not recruited
to these phagosomes (Fig. 4F). Together these data show that
Dectin-1-triggered formation of LC3II and its recruitment to
phagosomes requires signaling to the NADPH oxidase and Syk.
A recent study byGringhuis et al. suggested that Raf-1 signaling
plays a role parallel to Syk in Dectin-1 activation of inflamma-
tion (25). We investigated the Raf-1 role in Dectin-1-triggered
LC3II formation by stimulating macrophages and BMDC with
�-glucan with or without the Raf-1 inhibitor GW5074 and
assessed LC3II by immunoblotting (Fig. 4G). Levels of LC3II
formationwere not affected by Raf-1 inhibition, suggesting that
the Raf-1 pathway does not play a role.
Dectin-1-triggered Recruitment of LC3II Enhances Efficiency

of Presentation of Fungal Antigens—Even though LC3II has
been a reliable marker for autophagy and the formation of
autophagosomes, its function and role in traditional phagocy-
tosis are not clear. We therefore examined whether LC3II
recruitment to phagosomes is important for downstream
responses to Dectin-1 stimulation using wild type and LC3�-
deficient BMDC (Fig. 5A). Dectin-1 triggers phagocytosis, reac-
tive oxygen production, killing, and cytokine secretion in

response to�-glucan particles, and none of these responses was
altered in LC3�-deficient cells (Fig. 5, B–E). This suggests that
although LC3II is recruited to Dectin-1 phagosomes, it is not
necessary for these well studied Dectin-1-induced responses.
Phagocytosis is important for acquisition, degradation, and

presentation of extracellular antigens. We therefore explored
whether Dectin-1-triggered recruitment of LC3II to phago-
somes affected processing and presentation of fungal antigens.
We pulsed wild type or LC3�-deficient BMDC with yeast
expressing ovalbumin (16) and measured their ability to acti-
vate OTII T cells by measuring IL-2 production, CD69 up-reg-
ulation, and IL-17 production. OTII T cell activation was
significantly reduced when antigen was presented by LC3�-
deficient BMDC compared with wild type cells (Fig. 6, A–C).
The LC3�-deficient cells did not have an inherent defect in
antigen presentation because presentation of soluble ovalbu-
min peptide was not affected. The defect in antigen presenta-
tion was specific to MHCII because cross-presentation of fun-
gal antigens on MHCI was not affected (Fig. 6D).
BecauseMHCII presentation was reduced in LC3�-deficient

BMDC, we examined whether LC3 is important for recruit-

FIGURE 4. Dectin-1-triggered recruitment of LC3II requires signaling to
Syk and NADPH oxidase. A, DecRAW or BMDC were stimulated for 30 min
with �-glucan particles (GP) (100 �g/ml) with or without DPI (25 �M). Cell
lysates were prepared and LC3II, and GAPDH protein levels were determined
by immunoblotting. B, wild type (WT) or gp91phox-deficient (NOX2�/�) BMDC
were stimulated for 30 min with GP (100 �g/ml) or heat-killed C. albicans
(m.o.i. 10:1). LC3II and GAPDH protein levels were determined by immuno-
blotting. C, BMDC were pulsed for 15 min with GP (25 �g/ml) in the presence
of DPI (25 �M), stained, and analyzed by immunofluorescence microscopy. D,
DecRAW or BMDC were stimulated as in A with or without piceatannol (Pic, 25
�M). LC3II and GAPDH protein levels were determined by immunoblotting. E,
wild type or Syk-deficient BMDC were stimulated as in B with or without DPI
(25 �M). LC3II and GAPDH protein levels were determined by immunoblot-
ting. F, BMDC were pulsed with GP (25 �g/ml) in the presence of 25 �M picea-
tannol for 15 min, stained, and analyzed by immunofluorescence microscopy.
G, RAW264.7 cells stably expressing Dectin-1 (DecRAW) or BMDC were stimu-
lated with GP (100 �g/ml) for the indicated times with or without the addition
of 1.0 �M Raf-1 inhibitor GW5074. Cell lysates were prepared, and levels of
LC3II and GAPDH were determined by immunoblotting.

FIGURE 5. LC3�-deficiency does not alter many Dectin-1-triggered
responses. A, wild type (WT) or LC3�-deficient BMDC (KO) were stimulated
with �-glucan particles (GP, 100 �g/ml) or zymosan (ZYM, 100 �g/ml), for the
indicated times. Cell lysates were prepared, and LC3II and GAPDH protein
levels were determined by immunoblotting. B, BMDC were pulsed with Alexa
Fluor 647-labeled �-glucan particles (25 �g/ml) for 10 min. Cells were
washed, fixed, and Alexa Fluor 647-positive cells were measured by flow
cytometry. C, wild type or LC3�-deficient BMDC were pulsed with �-glucan
particles or zymosan, and reactive oxygen production was measured by lumi-
nol-enhanced chemiluminescence. RLU, relative light units. D, wild type or
LC3�-deficient BMDC were infected with S. cerevisiae (m.o.i. 10:1), and cells
were washed and lysed in water after the indicated periods. Lysates were
plated, and surviving S. cerevisiae colony-forming units (CFU) were counted. E,
wild type or LC3�-deficient BMDC were stimulated overnight with �-glucan
particles (100 �g/ml), zymosan (100 �g/ml), or heat-killed C. albicans (m.o.i.
10:1). Supernatant TNF-� and IL-6 levels were measured by ELISA. Error bars,
S.D.
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ment of MHCII molecules to phagosomes containing �-glucan
particles by immunofluorescence microscopy. We observed
that LC3II andMHCII co-localized on phagosomes containing
either �-glucan particles or whole yeast (Fig. 6E). We further
observed that in LC3�-deficient BMDC, phagosomes contain-
ing �-glucan particles are significantly less likely to acquire
MHCIImolecules (Fig. 6F). Together the data suggest thatDec-
tin-1-triggered recruitment of LC3II to phagosomes enhances
recruitment ofMHCIImolecules and promotes presentation of
fungal-derived antigens.

DISCUSSION

In this study, we showed that Dectin-1 activation specifically
recruits LC3 to phagosomes containingDectin-1 ligands. Using
a variety of inhibitors and knock-outmice, we showed that LC3
recruitment requires activation of Syk, reactive oxygen produc-

tion by the NADPH oxidase, and the presence of ATG5. Fur-
ther, we directly showed by using antigen-presenting cells lack-
ing LC3 that LC3 recruitment to phagosomes facilitates
subsequent recruitment of MHC class II molecules and effi-
cient MHC class II antigen presentation. These data demon-
strate that in addition to the previously recognized roles for
Dectin-1 in host defense, the receptor also directs intracellular
processing and presentation of fungal antigens through a
mechanism utilizing components of the autophagy machinery.
Previous studies have shown that LC3 was recruited to pha-

gosomes containing TLR, Fc� receptor, and TIM4 ligands (12–
14). Huang et al. showed that Fc� receptor-triggered recruit-
ment of LC3 to phagosomes in neutrophils andmacrophages is
dependent on reactive oxygen production by the NADPH oxi-
dase, but the functional significance of this recruitment is
unclear (13). Although not identical, Fc� receptors and Dec-

FIGURE 6. Dectin-1-triggered recruitment of LC3II enhances efficiency of presentation of fungal antigens. A–C, wild type or LC3�-deficient BMDC were
pulsed with heat-killed S. cerevisiae (Yeast) or heat-killed S. cerevisiae expressing ovalbumin (Yeast-Ova) at the indicated m.o.i. or soluble Ova-peptide 323–339
(0.5 �M) for 8 h. Cells were washed, and CD4� T cells from OTII mice were added to the BMDC (10:1). Supernatant IL-2 and IL-17 protein levels were assessed after
36 h by ELISA. Surface expression of CD69 was determined by flow cytometry and depicted as mean fluorescence intensity (MFI). D, wild type or LC3�-deficient
BMDC were pulsed with heat-killed S. cerevisiae or heat-killed S. cerevisiae expressing ovalbumin at the indicated m.o.i. or soluble Ova-peptide SIINFEKL (0.05
�M) for 8 h. Cells were washed and fixed, and B3Z T cells (OTI CD8� T cell hybridoma) were added to the BMDC (10:1). Supernatant IL-2 protein levels were
assessed after 24 h by ELISA. E, BMDC were pulsed for 15 min with �-glucan particles (25 �g) or heat-killed S. cerevisiae-expressing ovalbumin (10:1). Cells well
fixed, permeabilized, and stained with anti-MHCII (green) and anti-LC3II (red), and analyzed by immunofluorescence microscopy. F, wild type or LC3�-deficient
BMDC were pulsed with �-glucan particles (25 �g) for the indicated times. Cells were stained as in E, and MHCII� phagosomes were counted and normalized
to the number of cells counted (n �90). *, p � 0.05; **, p � 0.01. Error bars, S.D.
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tin-1 signaling mechanisms are highly similar, and our study
shows that Dectin-1-triggered LC3 recruitment to phagosomes
is also dependent on activation of the NADPH oxidase and
further shows that Syk is required.We demonstrate that ATG5,
an upstream component of the autophagy pathway, is required,
although it is not clear how much of the classical autophagy
pathway is involved. Green and co-workers showed that TIM4-
triggered LC3 recruitment to phagosomes containing dead
cells and that this requires ATG5, ATG7, and Beclin-1. How-
ever, it does not require the upstream autophagy signaling pro-
tein ULK1 (14). This suggests that even though some upstream
mediators for LC3 recruitment to phagosomes and for canoni-
cal autophagy are the same, some are different. Furthermore,
upstream signalingmolecules of autophagy have been shown to
be involved in processes other than directing LC3II formation
(for example, ATG5 complexes bind and negatively regulate
RIG-I and IPS-1) (9). Thus, using phagocytes deficient in
upstream autophagy signaling proteins may not be sufficient to
examine the specific role of LC3 recruitment to phagosomes.
None of the prior studies reporting LC3 recruitment to other
types of phagosomes has yet specifically examined the effect of
LC3 deficiency on phagocytosis. Using LC3�-deficient den-
dritic cells, we have now shown a specific role for LC3 recruit-
ment to Dectin-1-triggered phagosomes in regulating the effi-
ciency of processing and presenting fungal-derived antigens.
The mechanisms by which LC3 influences the properties of
maturing phagosomes are not yet known. Future studies will
have to establish how LC3 influencesMHCII recruitment. One
possibly significant interaction is the reported association of
LC3 with FYCO1, a RAB7 effector protein that also regulates
microtubule transport (26). It is possible that altered peripheral
transport of LC3-tagged phagosomes influences fusion with
MHCII-positive compartments.
Dectin-1 recruits and activates the NADPH oxidase to pha-

gosomes to facilitate killing of fungi. It recruits signaling adap-
tor molecules such as CARD9 to trigger production of cyto-
kines that influence local inflammatory responses and
polarization of T cell responses. This study now shows that
Dectin-1 also recruits LC3 to phagosomes to influence the effi-
ciency of presentation of fungal-derived antigens. Pattern rec-
ognition receptors coordinate immune responses to be tailored
appropriately to the types of threats that they recognize. Fur-
ther understanding of the mechanisms employed by these
receptors will help us develop better vaccines and therapies for
infectious diseases.
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