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phagosomal maturation has not been explored.

maturation.
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(Bacl(ground: Dectin-1 is able to recognize and phagocytose the fungal carbohydrate, 3-1,3-glucan, but its contribution to

Results: Dectin-1-dependent Syk activation promotes phagolysosomal fusion and acidification.
Conclusion: Dectin-1-dependent Syk-activation permits egress of early phagosomes to mature phagolysosomes.
Significance: The surface recognition receptor, Dectin-1 shapes anti-fungal responses by controlling fungal phagosome
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Elimination of fungal pathogens by phagocytes requires pha-
gosome maturation, a process that involves the recruitment and
fusion of intracellular proteins. The role of Dectin-1, a 3-1,3-
glucan receptor, critical for fungal recognition and triggering of
Th17 responses, to phagosomal maturation has not been
defined. We show that GFP-Dectin-1 translocates to the fungal
phagosome, but its signal decays after 2 h. Inhibition of acidifi-
cation results in retention of GFP-Dectin-1 to phagosome mem-
branes highlighting the requirement for an acidic pH. Following
B-1,3-glucan recognition, GFP-Dectin-1 undergoes tyrosine
phosphorylation by Src kinases with subsequent Syk activation.
Our results demonstrate that Syk is activated independently of
intraphagosomal pH. Inhibition of Src or Syk results in pro-
longed retention of GFP-Dectin-1 to the phagosome signifyinga
link between Syk and intraphagosomal pH. 3-1,3-glucan phago-
somes expressing a signaling incompetent Dectin-1 failed to
mature as demonstrated by prolonged Dectin-1 retention, pres-
ence of Rab5B, failure to acquire LAMP-1 and inability to acid-
ify. Phagosomes containing Candida albicans also require Dec-
tin-1-dependent Syk activation for phagosomal maturation.
Taken together, these results support a model where Dectin-1
not only controls internalization of -1,3-glucan containing
cargo and triggers proinflammatory cytokines, but also acts as a
master regulator for subsequent phagolysosomal maturation
through Syk activation.
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There has been an unprecedented increase in the number of
invasive fungal infections owing to the availability of more
potent chemotherapeutic and biologic agents (1-4). Addition-
ally, specific genetic polymorphisms result in increased suscep-
tibility to fungal infections (5). Our ability to define the critical
molecular events required for innate immune cells to recog-
nize, phagocytose, and elicit an adaptive immune response is
essential to develop strategies for induction of sterilizing
immunity (6, 7).

B-1,3-Glucan is a dominant fungal cell wall component of
multiple fungal species including the major fungal pathogens
Candida albicans, Aspergillus fumigatus, and Pneumocystis
jirovecii (8, 9) and is detected by the type II lectin receptor,
Dectin-1 (8, 10), on phagocytic innate immune cells. Dectin-1
recognition of 8-1,3-glucan is critical in mounting anti-fungal
immunity as patients with Dectin-1 deficiencies suffer from
recurrent mucocutaneous candidiasis (11, 12). Mice lacking
Dectin-1 also show defective ability to clear candidal infections
(13, 14).

Upon ligation, the intracellular domain of Dectin-1 is phos-
phorylated by Src kinases resulting in activation of spleen tyro-
sine kinase (Syk)® and an intracellular signaling cascade result-
ing in proinflammatory cytokine production capable of
polarizing Th17 cells, essential for anti-fungal immunity (15—
22). Dectin-1 also triggers phagocytosis, and in innate immune
cells places cargo in membrane-delineated compartments
termed phagosomes. Maturation of these compartments
occurs as a result of intracellular protein recruitment and vesic-
ular fusion through protein chaperones such as Rab GTPase
family members, or direct fusion with lysosomes. Recent obser-
vations from bacterial and fungal model systems demonstrate
that specific signaling cascades as well as cross-presentation are

3 The abbreviations used are: Syk, spleen tyrosine kinase; PRR, pattern-recog-
nition receptor; CDI, 1,1'-carbonyldiimidazole; LAMP, lysosome-associ-
ated membrane protein.

JOURNAL OF BIOLOGICAL CHEMISTRY 16043



Dectin-1 Controls Fungal Phagosome Maturation

influenced by phagosome maturation (23, 24). Intraphago-
somal sampling by pattern-recognition receptors (PRR) can
result in unique signaling cascades (23, 25, 26). To date, it is not
known whether Dectin-1 plays a role in 3-1,3-glucan or fungal
phagosome maturation.

In this study, we explore the contribution of Dectin-1 and
subsequent Syk signaling to phagosomal maturation. To reduce
the complexity of fungal cell wall ligands, we used a fungal-like
platform that displays monodispersed, purified -1,3-glucan
on a polystyrene platform (B-1,3-glucan beads) (27). Our
results show that Dectin-1 translocates to 8-1,3-glucan-con-
taining phagosomes and is retained to the phagosomal mem-
brane in a pH-dependent process. Through the use of chem-
ical inhibitors or a signaling incompetent mutant of Dectin-1
incapable of activating Syk, we demonstrate that Dectin-1-de-
pendent Syk activation is critical for acidification of 8-1,3-
glucan-containing phagosomes. Furthermore, we show that
Dectin-1-dependent Syk signaling is required not only for pha-
gosomal pH control but also for egress of phagosomes from an
early phagosomal stage into mature phagolysosomes. These
data indicate that in addition to triggering phagocytosis and the
elaboration of pro-inflammatory cytokines, Dectin-1 controls
the transition of nascent phagosomes to mature phagolyso-
somes through a Syk-dependent mechanism.

EXPERIMENTAL PROCEDURES

Reagents—All products purchased from Invitrogen (Carls-
bad, CA) or Sigma unless otherwise indicated. Piceatannol (Syk
inhibitor) and PP2 (Src inhibitor) purchased from EMD-Calbi-
ochem (Billerica, MA). Bafilomycin Al (BafA1l) from A.G. Sci-
entific, Inc. (San Diego, CA). PP2, piceatannol and BafA1 used
at 50 uMm, 100 uM and 100 nm, respectively. Antibodies for
LAMP-1, Rab5B, and isotype controls (Santa Cruz Biotechnol-
ogies, Santa Cruz, CA), Dectin-1 (R&D systems, Minneapolis,
MN), anti-phospho SYK antibody (Cell Signaling, Danvers,
MA) and anti-B-actin antibody (Abcam, Cambridge, MA).

Cell Lines and Culture—RAW 264.7 macrophage (RAW)
cells purchased from ATCC (Manassas, VA). RAW cells cul-
tured in Dulbecco’s-modified Eagle’s medium (DMEM) con-
taining 10% FBS (ThermoScientific, Logan, UT), 1% penicillin/
streptomycin, and 1% L-glutamine (complete media). Cells
were grown at 37 °C in a humidified incubator supplemented
with 5% CO.,. For cell lysates and phagosome isolations, RAW
cells were plated into 6-well plates (Corning, Tewksbury, MA).
Puromycin at 5 pug/ml used for selection of transduced cells.
C. albicans, SC5314, a wild-type strain (gift from Dr. Eleftherios
Mylonakis) grown from —80 °C stock overnight in YPD (Beck-
ton-Dickinson, Sparks, MD and Sigma) with 100 pg/ml ampi-
cillin (Sigma) in an orbital shaker at 30 °C. Yeast were heat-
killed at 95 °C for 10 min in 300 ul of PBS, and counted by
hemacytometer.

Cell Lysates—RAW cells grown in 6-well plates were stimu-
lated with ligand, washed (PBS), and lysed in 0.5 ml 1% nonidet
P40 (American Bioanalytical, Natick, MA) containing protease
inhibitors (Roche, Indianapolis, IN) for 1 h nutating at 4 °C.
Following microcentrifugation, samples were prepared for
SDS-PAGE. For anti-phospho-SYK Western blots, 1 mwm
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sodium orthovanadate (New England Biolabs, Ipswich, MA)
was added to cell lysis solution for phosphatase inhibition.

Generation of GFP-Dectin-1AY15 Mutant—Using wild-type
Dectin-1 gene as a template, a tyrosine to phenylalanine substi-
tution at amino acid position 15 within the intracytoplasmic
domain (GFP-Dectin-1AY15) in pMAX vector with GFP fused
at the N terminus (gift from Dr. David Underhill). The intracy-
toplasmic substitution was performed using QuikChangeXL
site-directed mutagenesis (Agilent Technologies, Santa Clara,
CA) with the following primers: 5'-GAG AAT CTG GAT GAA
GAT GGA TTT ACT CAA TTA GAC TTC AGC AC-3’ (for-
ward) and 5'-GTG CTGAAG TCT AAT TGA GTA AAT CCA
TCTTCATCCAGA TTC TC-3' (reverse). The final construct
was confirmed by sequencing.

Lentiviral Transduction—HEK293T cells were used to gen-
erate lentivirus as described (28). GFP-Dectin-1 or GFP-Dec-
tin-1AY15 was subcloned into pHAGE 1, a fourth-generation
lentiviral self-inactivating nonreplicative vector (28) (29). 50 ul
of concentrated viral supernatant was placed onto RAW cells at
37 °C overnight. Transduced cells were selected using 5 pug/ml
puromycin. Expression of both receptor fusions, GFP-Dectin-1
and GFP-Dectin-1AY15, were comparable as measured by flow
cytometry (data not shown).

Generation of B-1,3-Glucan Beads—p-1,3-Glucan beads
were produced as described (27). Briefly, 3 wm amine-termi-
nated polystyrene beads (Polysciences, Warrington, PA) were
washed in DMSO (Sigma) using centrifugal 0.45 um PTFE
membrane filters (Ultrafree brand, Millipore, Billerica, MA).
Amino groups were activated with 0.5 M 1,1’-carbonyldiimida-
zole (CDI, Sigma) at room temperature for 1 h. After rinsing,
beads were resuspended in 10 mm $-1,3-glucan (Wellmune,
Biothera, Eagan, MN) dissolved in DMSO for 1 h. Beads were
stored at 4 °C in PBS. All batches were tested for conjugation
B-1,3-glucan as described (27).

Surface Fluorescence Labeling of B-1,3-Glucan Beads—5 X
10° B-1,3-glucan beads were fluorescently labeled for imaging
by mixing with 30 ug of N-hydroxysuccinimidyl AF dye (Invit-
rogen) in PBS for 1 h at room temperature. For the described
experiments, AF647 (ex: 650/em: 655) was used.

Immunofluorescence Staining of Phagosomes—For phago-
FACS of purified phagosomes, 1 X 10° phagosomes were
immunostained for 30 min at room temperature using 0.1 ug
anti-LAMP-1 antibody or isotype control and 0.4 ug adsorbed
anti-rabbit IgG AF647 antibody (Jackson Immunoresearch,
West Grove, PA). After washing, phagosomes were assessed
using FACS Calibur (BD Biosciences, San Jose, CA). Flow anal-
ysis performed using FlowJo software (Tree Star Inc., Ashland,
OR). Phagosome index was calculated by determining the per-
cent positive phagosome compared with beads alone multiplied
by the geometric mean fluorescence.

Confocal Microscopy—For visualization of subcellular com-
partments, RAW cells were plated onto 8-chambered slides
(LabTek, ThermoScientific, Rochester, NY). Cells were incu-
bated with AF647-8-1,3-glucan beads for 30 min at 37 °C. For
visualizing acidic compartments, cells were pre-loaded with
lysotracker red (Invitrogen) at 100 nm for 20 min. After wash-
ing, cells were mounted on a Nikon Ti-E inverted microscope
equipped with a CSU-X1 confocal spinning-disk head (Yok-
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ogawa, Sugar Land, TX). A Coherent, 4 Watt laser (Coherent,
Santa Clara, CA) was used as an excitation light source to pro-
duce wavelengths of 488, 568, and 647 nm. To acquire high-
quality fluorescence images, a high-magnification, high-nu-
merical aperture objective was used (Nikon, 1003, 1.49
numerical aperture, oil immersion). A piezo stage (Prior Instru-
ments, Rockland, MA) capable of X, Y, Z movement was used
for z-stack acquisition. A halogen light source and an air con-
denser (0.52 numerical aperture) were used for bright field illu-
mination. A polarizer (Nikon, MEN51941) and Wollaston
prisms (Nikon, MBH76190) were used to acquire differential
interference contrast (DIC) images. Emission light from the
sample was collected after passage through the appropriate
emission filters (Semrock, Rochester, NY). Images were
acquired using an EM-CCD camera (Hamamatsu C9100-13,
Bridgewater, NJ). Image acquisition was performed using
MetaMorph software (Molecular Devices, Downingtown, PA).
Images were then cropped using Adobe Photoshop CS5 (Adobe
Systems, San Jose, CA).

Phagosome Isolation—Phagosome isolation was adopted
from previous protocols (30). RAW cells were incubated with
1-4 X 10° B-1,3-glucan beads for the indicated time, and 0.5 ml
of hypotonic lysis buffer (2 mm MgCl,, 6 mm B-mercaptoetha-
nol, 10 mm HEPES) with protease inhibitor mixture (Roche)
added. Cells were mechanically sheared by aspirating and eject-
ing cells through a 1cc syringe with 4 inch 26G needle (Fisher,
Agawam, MA) for 15 cycles. Hypotonic buffer was adjusted to
isotonicity with 62% (w/v) sucrose solution to 40%. A discon-
tinuous gradient was then constructed in ultracentrifugation
tubes (Beckman Polyallomer, Brea, CA) overlayering 2 ml of
62%, 40% (sample), 30%, 25%, and 10%. Sucrose gradients cen-
trifuged at 24,000 rpm (80,000 X g) for 1 h at 4 °C (Beckman,
SW-28 rotor, L8-M ultracentrifuge, Brea, CA). Following cen-
trifugation, phagosomes were isolated at the interface of the
25%/10% sucrose layers. Phagosomes were counted using a
hemacytometer in preparation for phagoFACS, Western blot
analysis or sorting (BD FACSAria, BD Biosciences).

Western Blot— 0.5—1 X 10° phagosomes or cell lysate in 1X
loading buffer/reducing agent (Invitrogen) were heated to 95 °C
for 5 min and resolved using 12% SDS-PAGE. Following elec-
trophoresis, gels were removed and methanol-activated PVDF
membrane (PerkinElmer, Waltham MA) applied to the gel in
transfer buffer (0.025 m Tris, 0.192 M glycine, 20% methanol).
All buffer components from National Diagnostics (Atlanta,
GA) or Sigma. The gel and PVDF membrane were sandwiched
between transfer sponge/blotting paper and subjected to elec-
trophoretic transfer at 100 volts for 1 h at 4 °C.

For detection of specific proteins, PVDF-immobilized gel
transfers were blocked with 5% milk in PBS-0.02% Tween-20
(PBS-T, Sigma). Blots were incubated with primary antibody in
1% milk in PBS-T for 1 h at room temperature unless noted
otherwise. Following washes in PBS-T, rat anti-mouse HRP
secondary (Cell Signaling Technology, Danvers, MA) was
added at 1:20,000 in 1% milk in PBS-T for 1 h at room temper-
ature. Following washes in PBS, the blot was visualized using
Western Lighting Plus ECL chemiluminescent substrate
(PerkinElmer, Waltham, MA) on Kodak BioMax XAR Film
(Sigma). Films were then scanned, cropped and contrast
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adjusted evenly to entire image using Adobe Photoshop CS5
(Adobe Systems, San Jose, CA).

Statistical Significance—Student’s ¢ test with a value of p <
0.05 was used as a measure of statistical significance. Represent-
ative data are expressed as means + S.E.

RESULTS

GFP-Dectin-1 Retention to B-Glucan-containing Phagosomes
Is Dependent on Phagosomal pH—W: e first explored the kinet-
ics of normal Dectin-1 translocation following capture and
phagocytosis of B-1,3-glucan beads. RAW macrophage cells
expressing GFP-Dectin-1 (RAW GFP-Dectin-1) cells show a
loss of phagosomal-associated GFP-Dectin-1 within 90 min
(Fig. 1, panel A). Occasionally, a phagocytic cup was visualized
marking the onset of capture and initiation of phagocytosis (Fig.
1, panel A, asterisk). Since most macrophage phagosomes acid-
ify within this time, we hypothesized that loss of Dectin-1 from
the phagosome was related to intraphagosomal pH. To explore
pH effects, RAW GFP-Dectin-1 were treated with the vacuolar-
type H"-ATPase inhibitor, bafilomycin Al (BafAl). BafAl
treatment had no effect on phagocytosis (data not shown).
BafA1 treated RAW GFP-Dectin-1 had intense and prolonged
retention of GFP-Dectin-1 to 3-1,3-glucan-containing phago-
somes (Fig. 1, panel A, arrowheads). To quantify GFP-Dectin-1
to the phagosomal membrane, RAW GFP-Dectin-1 cells were
incubated with -1,3-glucan beads followed by phagosome iso-
lation. Cytospin and flow analysis of purified phagosomes
revealed minimal debris to suggest isolation of highly purified
phagosomes (data not shown). Phagosomes from BafA1 treated
RAW GFP-Dectin-1 cells had intense retention of GFP-Dec-
tin-1 for up to 3 h by Western blot analysis (Fig. 1, panel B).
Similarly, surface GFP-Dectin-1 recruited to the phagosomal
membrane assessed by flow cytometry (phagoFACS, Fig. 1,
panel C) demonstrates acidification-dependent loss of GFP-
Dectin-1 signal. The calculated phagosomal indices from com-
piled phagoFACS data revealed a significantly impaired decay
rate of GFP-Dectin-1 from BafA1 treated RAW GFP-Dectin-1
cells (Fig. 1, panel D). Having confirmed a direct correlation
between GFP-Dectin-1 phagosomal retention and pH, we next
sought to understand the contribution of Dectin-1 signaling to
intraphagosomal acidification.

Inhibition of Syk-dependent Signaling Results in GFP-Dectin-1
Retention to [B-1,3-Glucan-containing Phagosomes—Since the
dominant intracellular signaling pathway resulting from Dectin-1
ligation is through Src/Syk activation, we sought to determine the
potential contribution of Syk to Dectin-1 phagosomal retention.
RAW GFP-Dectin-1 cells were pre-treated with PP2 (Src inhibi-
tor), or vehicle and exposed to 3-1,3-glucan beads. Phagocytosis
occurred with normal kinetics in both conditions when examined
by light and confocal microscopy (data not shown). More intense
GFP-Dectin-1 retention was visualized to the 3-1,3-glucan-con-
taining phagosomal surface in the PP2 treated cells as compared
with vehicle (Fig. 2, panel A). To quantify GFP-Dectin-1 retention
to the 3-1,3-glucan-containing phagosomes, RAW GFP-Dectin-1
cells were pre-treated with PP2, piceatannol (Syk inhibitor), or
vehicle. Purified 3-1,3-glucan-containing phagosomes were iso-
lated from treated cells and GFP-Dectin-1 assessed by phagoFACS
(Fig. 2, panel B). As compared with vehicle, the phagosome index
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FIGURE 2. Dectin-1 retention to 3-1,3-glucan containing phagosomes is enhanced by Srcand Syk kinase inhibition. Panel A, RAW GFP-Dectin-1 cells were
pre-treated with PP2, or vehicle control for 30 min. AF647-labeled 3-1,3-glucan beads (red) were added at a bead to cell ratio of 5:1 for 30 min and imaged using
confocal microscopy. Bar indicates 5 um. Panel B, RAW GFP Dectin-1 cells pre-treated with piceatannol, PP2, or vehicle control for 30 min then incubated with
B-1,3-glucan particles for 1 h. Following phagosome isolation, recruitment of GFP-Dectin-1 (black line, open histogram) to the phagosome surface was assessed
by phagoFACS and compared with bead-only control (gray shaded histogram). Panel C, phagosomal indices were determined from purified 8-1,3-glucan
phagosome phagoFACS over time comparing PP2, piceatannol, and vehicle-treated RAW GFP-Dectin-1 cells. Data are representative of three independent
experiments. * denotes p < 0.05.

FIGURE 1. Dectin-1 retention to $3-1,3-glucan containing phagosomes is pH-dependent. Panel A, RAW GFP-Dectin-1 cells were pre-incubated BafA1 or
vehicle control for 30 min. B-1,3-glucan particles labeled with AF647 (red) were added at a bead to cell ratio of 5:1 for 90 min. Cells were then imaged using
confocal imaging. Arrowheads denote presence of recruited GFP-Dectin-1 around 3-1,3-glucan-containing phagosomes. Asterisk marks the initial formation of
a phagocytic cup. Bar indicates 5 um. Panel B, B-1,3-glucan particles were incubated with RAW GFP-Dectin-1 for the times indicated in the presence of BafA1
or vehicle control. 1 X 10° purified phagosomes were resolved by SDS-PAGE and blotted for GFP-Dectin-1. Panel C, purified -1-3-glucan phagosomes (5 X
107 from BafA1 or vehicle pre-treated RAW GFP-Dectin-1 were assessed for surface recruitment of GFP-Dectin-1 (black line, open histogram) by phagoFACS and
compared with bead-only control (shaded gray histogram). Panel D, phagosomal indices were determined from purified -1-3-glucan phagosome phagoFACS
over time comparing BafA1 versus vehicle treated RAW GFP-Dectin-1 cells. Data are representative of five independent experiments. * denotes p < 0.05.

MAY 31,2013-VOLUME 288-NUMBER 22  YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 16047



Dectin-1 Controls Fungal Phagosome Maturation

A 0.5 4

19 (hrs)

GFP-Dectin-1

GFP-Dectin-1 AY15

% max ——»

GFP intensity ——>

C 10000
*
*
*
é N —A
e]
£ 1000
(0]
S
o
17
o
- 6—3\'\.
8 100
o
10

15min 30min 1hr 2 hr 6 hr
mm& -

-@-GFP-Dectin-1
—8-GFP-Dectin-1 Y15 low
—A-GFP-Dectin-1 Y15 high

0 100 200 300

Time (minutes)

400
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type, WT) or GFP-Dectin-1AY15F (AY15) cells were incubated with 8-1,3-glucan beads for the indicated time points. Following phagosome purification,
recruitment of GFP-Dectin-1 WT or GFP-Dectin-1 AY15 was assessed by Western blot for Dectin-1 following SDS-PAGE. Panel B, GFP-Dectin-1 or GFP-Dectin-
1AY15F recruited to purified phagosomes at various time points was determined by phagoFACS (black line, open histogram) compared with bead-only control
(gray-shaded histogram). Panel C, phagosomal indices were determined from the GFP-Dectin-1 AY1 5FM9h GFP-Dectin-1 AY15F°%, and GFP-Dectin-1 WT over
time. Data are representative of three independent experiments. * denotes p < 0.05.

molecular approach. A tyrosine to phenylalanine substitution at
amino acid position 15 within the intracellular domain of GFP-
Dectin-1 (AY15) was introduced disrupting Dectin-1-dependent
Sykactivation (15). RAW GFP-Dectin-1AY15 cells were capable of
capturing and completing phagocytosis of 3-1,3-glucan beads and
heat-killed C. albicans though the rate of phagocytosis was mar-
ginally slower as compared with wild-type RAW GFP-Dectin-1
(data not shown). Moreover, non-phagocytic HEK 293 cells trans-
duced with GFP-Dectin-1AY15 became phagocytic for 3-1,3-glu-
can beads (data not shown). Using purified phagosomes, the kinet-
ics of GFP-Dectin-1AY15 at the phagosomal surface revealed
retention of up to 19 h as compared with 2 h with wild-type GFP-
Dectin-1by Western (Fig. 3, panel A). Interestingly, Western anal-
ysis shows a “step-down” pattern of GFP-Dectin-1 content from
0.5 to 2 h and another from 4 to 8 h (Fig. 3, panel A). When exam-
ined by phagoFACS, the distribution of GFP-Dectin-1AY15 posi-
tive phagosomes was not uniform but exhibited a bimodal distri-
bution with a composition of 30% GFP-Dectin-1AY15"¢" and 70%
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GFP-Dectin-1AY15" population (Fig. 3, panel B). This ratio was
unchanged even when lower 3-1,3-glucan bead to cell ratios were
used (data not shown) suggesting a receptor “sink” effect is
unlikely. Phagosome index analysis illustrates a marginal decay
rate of the GFP-Dectin-1AY15"%" decorated phagosomes as com-
pared with a similar decay rate with GFP-Dectin-1 wild type or
GFP-Dectin-1AY15%" (Fig. 3, panel C). After confirming that
Dectin-1-dependent Syk-activation is critical for GFP-Dectin-1
loss from f3-1,3-glucan-containing phagosomes, we next sought to
explore the role of pH on Syk activation.

Dectin-1-dependent Syk Phosphorylation Is Independent of
Phagosomal Acidification—Given the dependence of Syk activ-
ity for Dectin-1 retention to $3-1,3-glucan-containing phago-
somes, we next investigated the role of phagosomal acidifica-
tion on Syk phosphorylation. RAW GFP-Dectin-1 and RAW
GFP-Dectin-1AY15 cells were incubated with -1,3-glucan
beads for various time points followed by whole cell lysis and
probed for Syk phosphorylation. Syk was rapidly phosphoryl-
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RAW GFP-Dectin-1 or GFP-Dectin-1AY15F cells were incubated with -1,3-
glucan particles for the times indicated. Cells were lysed using Nonidet P-40 in
the presence of protease and phosphatase inhibitors. Total cell lysates were
resolved on SDS-PAGE and membranes blotted for phosphorylated Syk
(P-Syk, arrowhead). Panel B, RAW GFP-Dectin-1 cells were pre-incubated with
PP2, BafA1 or vehicle control for 30 min. Stimulation was performed using
heat-killed C. albicans (yeast to macrophage ratio of 1:1), 8-1,3-glucan beads
(bead to cell ratio of 5:1) or resting conditions for 20 min. Following lysis, total
cell lysate was resolved by SDS-PAGE and blotted for phosphorylated Syk
(P-Syk, arrowhead). Representative B-actin blots are shown as loading
controls.

ated by GFP-Dectin-1 cells within 30 min of stimulation, which
returned to baseline by 5 h (Fig. 4, panel A, arrowhead). In
contrast, as expected, GFP-Dectin-1AY15 cells were unable to
phosphorylate Syk (Fig. 4, panel A). RAW GFP-Dectin-1 cells
pre-incubated with BafAl and subsequently stimulated with
B-1,3-glucan beads or heat-killed C. albicans revealed no differ-
ence in phosphorylated Syk content compared with vehicle
(Fig. 4, panel B). In contrast, PP2-treated cells resulted in sig-
nificantly reduced phosphorylated Syk species (Fig. 4, panel B).
Despite heat-killed C. albicans possessing a more rich comple-
ment of pattern-associated molecular patterns (PAMPs), the
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degree of Syk phosphorylation was significantly reduced with
PP2 pre-treatment. These data demonstrate that an acidic
intraphagosomal pH environment is not required for Dectin-1-
specific Syk activation.

Phagosomal Maturation of B-1,3-Glucan-containing Phago-
somes Is Arrested with Inhibition of Syk or Src Kinases—We next
explored the role of Dectin-1-dependent Syk activation to
downstream phagosomal maturation including recruitment of
Rab GTPase chaperones and lysosomal fusion. Phagosomes
undergo a series of surface and biochemical changes following
pathogen capture that mark early phagosomal stages such as
recruiting surface Rab5B, followed by late stage markers, such
as recruitment of lysosome-associated membrane protein-1
(LAMP-1) and the progressive development of intraphago-
somal acidic environment. We first examined the effect of Src
kinase inhibition on the ability to recruit LAMP-1. RAW GFP-
Dectin-1 cells were pre-treated with PP2, BafAl, or vehicle.
Purified 3-1,3-glucan-containing phagosomes were immuno-
stained with antibodies to LAMP-1 and assessed by two-color
phagoFACS. B-1,3-Glucan-containing phagosomes from vehi-
cle-treated RAW GFP-Dectin-1 cells are GFP-Dectin-19"" and
LAMP-1"%" marking maturation into a late phagolysosomal
phenotype. BafAl-treated f3-1,3-glucan-containing phago-
somes were GFP-Dectin-1"%¢", and LAMP-1"%" signifying that
lysosomal fusion occurred independent of phagosomal acidifi-
cation. In contrast, PP2-treated cells are unable to recruit
LAMP-1 remaining LAMP-1%"" and strongly GFP-Dectin-1"%¢"
(Fig. 5, panel A). To confirm lysosomal fusion, purified phago-
somes were resolved by SDS-PAGE and probed for LAMP-1. As
compared with vehicle, there was no difference with BafAl
treatment, which had an equivalent amount of LAMP-1. On the
other hand, PP2 and piceatannol treatment both illustrate a
diminished amount of LAMP-1 (Fig. 5, panel B). These results
indicate that Src and Syk activation is required for egress from
an early to late phagolysosomal stage.

RAW GFP-Dectin-1AY15 cells were incubated with -1,3-
glucan beads and the acidotropic dye, lysotracker, and imaged
by confocal microscopy. All 3-1,3-glucan-containing phago-
somes that were GFP-Dectin-1AY15"¢" had no lysotracker
accumulation suggesting a non-acidic phagosomal pH (Fig. 5,
panel C, arrowhead). In sharp contrast, GFP-Dectin-1AY15/*
phagosomes were brightly lysotracker positive indicating GFP-
Dectin-1 AY15 retention inversely correlates to the pH of an
individual phagosome within the same macrophage. Despite
the suggestion that GFP-Dectin-1AY15"¢" phagosomes were
unable to acidify, we pursued a more rigorous approach to
define the maturity stage of the phagosomes. Following incuba-
tion with -1,3-glucan beads, RAW GFP-Dectin-1AY15 cells
were lysed, phagosomes isolated and then sorted into GFP-
Dectin-1AY15"¢" and GFP-Dectin-1AY15"" populations.
Phagosomal proteins were resolved by SDS-PAGE and probed
for Dectin-1, LAMP-1, and Rab5B. GFP-Dectin-1AY15"¢" pha-
gosomes were positive for GFP-Dectin-1 AY15 and the early
phagosome marker, Rab5B, but not LAMP-1. In contrast, GFP-
Dectin-1AY15"" phagosomes were negative for GFP-Dectin-
1AY15, and Rab5B, but highly enriched for LAMP-1 suggesting
GFP-Dectin-1AY15"#" were unable to proceed with lysosomal
fusion. RAW Dectin-1AY15 confirms that the inability to acti-
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FIGURE 5. Blockade of Syk activation arrests 3-1,3-glucan-containing phagosomes at an early endosomal stage. Panel A, RAW GFP-Dectin-1 cells were
pre-treated with piceatannol, PP2, BafA1, or vehicle for 30 min. 3-1,3-Glucan beads were added for 1 h. Purified phagosomes were immunostained with
anti-LAMP-1. Two-color phagoFACS was performed to determine surface recruitment of GFP-Dectin-1 (x axis) and LAMP-1 (y axis). Panel B,1 X 10° purified
phagosomes from panel A were resolved by SDS-PAGE blotted for LAMP-1. Panel C, RAW GFP-Dectin-1AY15F cells were incubated with 3-1,3-glucan beads
(unlabeled) for 1 h in the presence of lysotracker (red) to visualize intracellular acidified compartments. Arrowheads delineate phagosomes positive for
GFP-Dectin-1AY15F. Bar indicates 5 um. Panel D, RAW GFP-Dectin-1AY15F cells were incubated with 8-1,3-glucan particles for 1 h. Recruitment of GFP-Dectin-
1AY15F to purified phagosomes was determined by phagoFACS. Phagosomes with bright (high) or dim (low) GFP-Dectin-1AY15F fluorescence were sort
purified. Pre-sorted phagosomes (total) and post-sort phagosomes were counted and 0.5 X 10° per lane resolved by SDS-PAGE. Western blotting performed

for GFP-Dectin-1AY15F, LAMP-1, and Rab5B.

vate Syk results in the arrest of B-1,3-glucan-containing phago-
some maturation at an early phagosomal stage even within the
same macrophage.

C. albicans-containing Phagosomes Remain at an Early
Endosomal Stage with Syk Inhibition—Since B-1,3-glucan
beads do not contain the full complement of cell wall-associ-
ated PAMPs found on the surface of C. albicans, we next deter-
mined the effect of Syk activation on maturation of C. albicans-
containing phagosomes. RAW GFP-Dectin-1 cells were
incubated with heat-killed C. albicans (unlabeled, Fig. 6, panel
A, white arrowheads) and pre-treated with piceatannol, BafAl,
PP2, or vehicle. Lysotracker was used to demarcate acidified
phagosomes under live cell confocal microscopy. Vehicle-
treated cells show a striking accumulation of lysotracker within
C. albicans-containing phagosomes indicating the presence of
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an acidic pH (Fig. 6, panel A, top row). In addition, C. albicans-
containing phagosomes in the vehicle-treated group showed
the normal decay of GFP-Dectin-1 signal from the phagosomal
membrane. In contrast, RAW GFP-Dectin-1 cells pre-treated
with BafAl showed no phagosomal accumulation of lyso-
tracker within C. albicans-containing phagosomes, but instead
GFP-Dectin-1 retention to the phagosome membrane
remained intense. Similar to -1,3-glucan-containing phago-
somes, C. albicans-containing phagosomes in Src or Syk inhib-
itor pre-treated cells were devoid of lysotracker, and retained
GFP-Dectin-1 to the phagosomal membrane (Fig. 6, panel A)
suggesting blockade of acidification. To confirm these findings
using a molecular approach, we next explored the ability of
RAW GEFP-Dectin-1AY15 cells to undergo phagosome matu-
ration with C. albicans-containing phagosomes. Heat-killed
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20 min in the presence of lysotracker and imaged using confocal microscopy. Arrowheads denote intracellular C. albicans. Bar indicates 5 um.

C. albicans were incubated with RAW GFP-Dectin-1AY15 in
the presence of lysotracker and imaged by confocal microscopy.
After 20 min, C. albicans-containing phagosomes that were
GFP-Dectin-1AY15"¢" had no accumulation of lysotracker, in
contrast to GFP-Dectin-1AY15", which were strongly lyso-
tracker positive (Fig. 6, panel B). Despite using heat-killed
C. albicans, which displays a more complete array of fungal
ligands that trigger TLRs, these data suggest that Syk activation
isa dominant signal for phagosomal transition from early to late
phagolysosomes.

DISCUSSION

Fungal pathogens are recognized by their complex carbohy-
drate cell walls at the cell surface of innate immune cells by PRR.
Surface membrane PRRs including Toll-like receptor (TLR)-2
(31, 32) and C-type lectins such as Dectin-1 are crucial for the
elaboration of proinflammatory cytokines. However, there is
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mounting evidence that a well-coordinated immune response
requires continued intraphagosomal cargo-specific sampling
(23-26). While Dectin-1 is essential to the recognition of
pathogens, its contribution to intracellular phagosome matura-
tion is not clear. In this study, we assessed the contribution of
GFP-Dectin-1 to 8-1,3-glucan-containing phagosomal matu-
ration in macrophages.

Our experiments demonstrate rapid GFP-Dectin-1 translo-
cation to the phagosome with an off-rate of two hours in con-
trast to previous publications with off-rate of 20 min (33). Sev-
eral unique differences including the nature of the cargo may
account for this observation; our studies utilize highly purified,
homogenous 3-1,3-glucan beads whereas many studies rely on
whole yeast or the crude cell wall extract, zymosan. Interpreta-
tion of data from both yeast and/or zymosan poses considerable
challenges in that there are several receptor/ligands occurring
simultaneously. The loss of phagosomal GFP-Dectin-1 may be
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a result of loss of binding as the grooves on the extracellular
domains are predicted to interact with glucan through hydro-
phobic and hydrogen bonding (34). These may be disrupted in
a mature phagolysosome. Indeed, our data using BafAl dem-
onstrates that retention to the phagosome is pH-dependent.
Yet, further work will be required to address if Dectin-1 loss is a
result of receptor/ligand disruption and/or receptor degrada-
tion in the presence of lysosomal enzymes. Recent work shows
that Dectin-1 does not recycle following translocation from the
plasma surface suggesting the presence of an intracellular sink
(35). Another limitation of our study includes the use of macro-
phage cell lines that may not faithfully reproduce primary
macrophage biology. The generation of a GFP-Dectin-1
knock-in mouse may represent the best future tool to study
phagosome biology in the native state.

Our results establish Syk-dependent control of fungal pha-
gosomal pH including lysosomal fusion. The dominant signal-
ing cascades downstream of Dectin-1-dependent Syk activa-
tion is a complex composed of MALT-1/Bcl-10/Card9
(reviewed in Refs. 36, 37), and which of these is responsible for
lysosomal fusion, VTPase recruitment and the phagosomal
egress from early to mature phagolysosomes remains unclear.
A number of alternate signaling candidates could be directed by
the Dectin-1-Syk axis including Raf-1 (38), NFAT (39), protein
kinase C-6 (40), and the NLRP3 inflammasome (14). Recently,
Dectin-1 has been shown to activate reactive oxygen species
and the autophagic machinery including light chain 3, which
correlate with enhanced MHC II presentation (41). Interest-
ingly, 30% of GFP-Dectin-1AY15 phagosomes undergo phago-
somal arrest suggesting that other Src- or Syk-dependent pro-
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cesses may contribute to the 70% remaining phagosomes,
which mature but remain susceptible to chemical inhibition of
Src or Syk kinases. Complement receptor 3, and CD36 are
potential Src/Syk-dependent receptors shown to bind glucan
and may contribute to phagosomal maturation (8, 42—44). The
difference in the GFP-Dectin-1AY15 bimodal phagosome dis-
tribution awaits further proteosome-based experiments.

Through the use of a uniform monodisperse polystyrene
B-1,3-glucan bead, we have eliminated the potential contribu-
tion of other fungal cell wall ligands. Strikingly, as fungi are
phagocytosed there is considerable change in the gene and pro-
tein expression highlighting the impressive and dynamic rear-
rangement within phagosomes (45, 46). Given the limitation
imposed by antigenic heterogeneity, it will be vital to investigate
the individual contribution(s) and cross talk of other major fun-
gal cell wall components to phagosomal maturation. Interest-
ingly, our experiments using heat-killed C. albicans-containing
phagosomes continue to show limited egress from early endo-
somal stages suggesting that the control exerted by the 8-1,3-
glucan-Dectin-1-Syk axis is likely dominant.

In this study, we sought to determine the role of Dectin-1 in
the fate of phagocytosed B-1,3-glucan cargo. The model we
propose suggests that Dectin-1-dependent Syk activation is
required for subsequent lysosomal fusion and acidification of
the phagosomal compartment (Fig. 7) and without this check-
point phagosomal maturation is arrested at an early stage.
Taken together, our results indicate that Dectin-1 not only cap-
tures and triggers phagocytosis, but also acts as a regulator for
B-1,3-glucan phagosome maturation through a Dectin-1-de-
pendent Syk mechanism.
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