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β-Glucans possess broad immunomodulatory properties,
including activation of innate immune functions such as
oxidative burst activity. The differential roles of complement
receptor type 3 (CR3) and Dectin-1, the known β-glucan
receptors, and their associated signaling pathways in the gen-
eration of oxidative burst induced by different physical forms
of Saccharomyces cerevisiae-derived β-glucan were examined
in human peripheral blood mononuclear cells (PBMC). In
this study whole glucan particle (WGP) or immobilized
soluble β-glucan (ISG) was used to represent the phagocytiz-
able or the nonphagocytizable form of a fungus, respectively.
Oxidative burst as measured by the formation of superoxide
(SO) was detected in PBMC in response to WGP and ISG.
SO induction with WGP was concluded to be Dectin-1-
mediated and required Src family kinases, phosphatidylinosi-
tol-3 kinase and protein kinase B/Akt. In contrast, the SO
induction generated by ISG was CR3-mediated and required
focal adhesion kinase, spleen tyrosine kinase, phosphatidyli-
nositol-3 kinase, Akt, p38 mitogen activated protein kinase,
phospholipase C and protein kinase C. The study results
support the hypothesis that human PBMC, specifically mono-
cytes, utilize distinct receptors and overlapping, but distinct,
signaling pathways for the oxidative burst in response to chal-
lenge by different physical forms of β-glucan.
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Introduction

β-Glucans are conserved microbial structures found in unicellu-
lar and multicellular pathogens, but not found in mammalian
cells, and thus are considered pathogen-associated molecular
patterns (PAMP) (Mogensen 2009). They possess broad immu-
nomodulatory properties, including activation of innate
immune functions such as oxidative burst activity. Fungal
β-glucans are a diverse class of long-chain glucose polymers
consisting of a backbone of glucose residues linked by
β-(1,3)-glycosidic bonds with attached side-chain glucose resi-
dues joined to the backbone chain by β-(1,6) linkages
(Thompson et al. 2010). A number of studies indicate that
β-glucan is a key recognition element for phagocytes mediating
immune responses to fungal pathogens, such as Pneumocystis
carinii and Candida albicans (Brown et al. 2003; Steele et al.
2003; Gantner et al. 2005; Willment et al. 2005).
In general, phagocytes engulf unicellular pathogens and

destroy them within phagolysosomes by undergoing an oxidative
burst. In an oxidative burst response, first the rate of oxygen con-
sumption increases extensively. Subsequently, oxygen is reduced
to superoxide (SO) anion and several other reactive oxygen inter-
mediates by a plasma-membrane-bound nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidase enzyme. Oxidative
burst also occurs when phagocytes attempt to engulf multicellu-
lar pathogens and fail. This results in the release of oxidative pro-
ducts into the environment, a process referred to as “frustrated
phagocytosis” (Henson 1971; Lavigne et al. 2006). Previous
studies have demonstrated that purified β-glucan can induce
phagocytosis-dependent or frustrated-phagocytosis-dependent
oxidative burst in phagocytes from different species, including
human neutrophils and rat macrophages (Michalek et al. 1998;
Brown 2005; Brown 2006; Lavigne et al. 2006; Thompson et al.
2010).
Cell surface receptors on innate immune cells which recognize

β-glucan, including Dectin-1 and complement receptor type 3
(CR3), have been the subject of detailed reviews (Brown 2005;
Goodridge, Wolf et al. 2009; Marakalala et al. 2011; Geijtenbeek
and Gringhuis 2009; Netea and Maródi 2010; Brown and
Williams 2009). Dectin-1 signaling has been characterized in
great molecular detail. Significant parallels have been drawn
between classical immunoreceptor- and Dectin-1-mediated sig-
naling due to the presence of the cytoplasmic immunoreceptor
tyrosine-based activation motif. Signaling through Dectin-1 after
β-glucan ligation has been shown to result in activation of
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Src family kinases (SFKs), spleen tyrosine kinase (Syk),
phosphatidylinositol-3 kinase (PI3K), Akt, mitogen activated
protein kinase (MAPK) and phospholipase C (PLC). These
studies have also shown that the signaling molecules involved
depend on the functional response being evaluated in a given
cell type (Gantner et al. 2003; Herre et al. 2004; Rogers et al.
2005; Underhill et al. 2005; Dennehy et al. 2008; Goodridge,
Shimada et al. 2009; Shah et al. 2009; Xu, Huo et al. 2009).
Although CR3-mediated signaling pathways in response to
various I-domain ligands have been the focus of intense investi-
gation, β-glucan-mediated CR3-signaling pathways downstream
of lectin domain ligation are less characterized. Syk, PI3K and
p38 MAPK activation has been shown in human neutrophils
following β-glucan ligation of CR3 (Berton and Lowell 1999,
Lavigne et al. 2006; Li et al. 2006; Mócsai et al. 2006).
Previous studies elucidating relevant β-glucan receptors, sig-

naling pathways and cellular responses have used soluble as
well as particulate β-glucan preparations from various sources.
Some of these β-glucans contained impurities such as mannans
and mannoproteins (Goldman et al. 1994). The lack of purified
and well-characterized β-glucan has contributed to the difficul-
ties deciphering the mechanism of β-glucan-induced responses.
The majority of studies of the oxidative burst response induced
by β-glucans via Dectin-1 or CR3 have used zymosan or intact
yeast which contain β-glucan along with impurities like
mannans, chitosan and other cell wall components (Goldman
et al. 1994; Thornton et al. 1996; Gantner et al. 2003; Underhill
et al. 2005; Lee et al. 2007). Furthermore, few studies have
evaluated the mechanism of purified β-glucan-induced oxida-
tive burst in human peripheral blood mononuclear cells
(PBMC). In the present study we tested the hypothesis that
different forms of β-glucans will engage different phagocyte
receptors, and consequently will activate different signaling
pathways to generate oxidative burst in PBMC. We used puri-
fied β-glucan particles or soluble β-glucan presented on a
surface to represent forms of fungi that are phagocytizable or
that induce frustrated phagocytosis, respectively. This study
demonstrates that different physical forms of β-glucan can
induce oxidative burst in PBMC by utilizing different receptors
and signaling molecules.

Results
Detection of oxidative burst in response to both physical
forms of β-glucan
We used two different physical forms of yeast Saccharomyces
cerevisiae β-glucan represented by whole glucan particle (WGP)
and immobilized soluble β-glucan (ISG) to stimulate human
PBMC and measure oxidative burst. WGP induced a dose-
dependent SO production rate ranging from 2 to 15 nmol with a
maximal response at concentrations >480 μg/mL (Figure 1A).
For ISG-induced bursts, the range of SO production was 0.6–8
nmol, with a maximal response occurring at plate-coating con-
centrations >12.5 μg/mL (Figure 1B). As given in Table I, the
percentage of contaminants, including mannans and proteins in
the β-glucan used is extremely small. Regardless, we tested
whether mannan is a likely contributor to the oxidative burst re-
sponse as it is a mannose containing PAMP. Yeast mannan when
tested at concentrations 3.1–12.5 μg/mL, which is �3–10-fold

Fig. 1. Oxidative burst response of human PBMC to WGP and ISG. SO
production by human PBMC exposed to increasing concentrations of WGP
(A), or ISG (B) at 37°C for 120 min was measured as described in the Materials
and methods section. The response of PBMC at each concentration is
represented as rate of SO production (nmol of SO/106 cells/120 min). Values
plotted in the graph are mean values ± SD (standard deviation) from triplicate
wells in one experiment using one donor; these results are representative of at
least two independent experiments from different donors.

Table I. Analytical characterization of a representative lot of WGP and ISG

Parameters WGP ISG

Puritya

Residual protein 2.8%b ≤ 0.2% (value lower than LOQ)c

% Mannans (mannose)d 0.5% ≤ 0.6% (value lower than LOQ)
% Glycogene 0.6% ≤ 5% (value lower than LOQ)
% Chitin (glucosamine)f 4% 0.4%

Linkageg

% 1,3-linked glucose units 77.2 85.9
% 1,3-/1,6-linked glucose units 5.1 3.7
% 1,6-linked glucose units 7.1 2.0

aExpressed as % of total hexose.
bNot more than 2.8% protein as determined by multiplying 6.25 by the % N
found by elemental analysis.
cDetection by Bradford protein assay.
dHydrolysis with trifluoroacetic acid to monosaccharides followed by
high-performance anion exchange chromatography with pulsed amperometric
detection.
eDigestion by amyloglucosidase and detection of liberated glucose by an
enzymatic glucose detection assay.
fHydrolysis with sulfuric acid followed by reaction with acetyl acetone and
Ehrlich’s reagent and detection spectrophotometrically.
gPartially methylated alditol acetate method using gas chromatography with
flame ionization detection.
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higher than the allowed limit of mannan content at the highest
concentration of ISG (0.6% of 150 μg/mL β-glucan is 0.9 μg/mL),
failed to induce any oxidative burst response (Supplementary data,
Figure S1). The difference in the production of SO induced by
ISG and WGP raised the question of whether there were qualita-
tive differences in the β-glucan-stimulated signaling pathway that
depend on the physical form of the ligand being recognized by
specific receptors.

Role of monocytes within the PBMC population in generating
the oxidative burst
The monocyte sub-population of human PBMC has been exten-
sively studied as the producer of reactive oxygen species (ROS)
as a consequence of phagocytosis, or stimulation with a variety of
agents including immune complexes, chemotactic peptides and
protein kinase activators (Bonvini et al. 1984; Kharazmi et al.
1989; Trial et al. 1995). To investigate the role of monocytes in
oxidatively responding to either WGP or ISG, monocytes were
depleted from PBMC by using CD14 magnetic microbeads
(Figure 2A) and the monocyte-depleted PBMC were subsequently

assayed for an oxidative burst response. The cells were judged
viable by a trypan blue exclusion test (data not shown). As shown
in Figure 2B and C, monocyte removal reduced the rate of SO pro-
duction in both WGP- and ISG-stimulated PBMC by 75–100%,
implicating monocytes within the PBMC population as the
primary cells responsible for the oxidative burst response.

Different receptors mediate the oxidative bursts induced
by WGP and ISG in human PBMC
After the level of expression of Dectin-1 and CR3 on the mono-
cytes was determined (Figure 3), the β-glucan-induced oxida-
tive burst activity was measured with and without blocking
these receptors using receptor-specific monoclonal antibodies.
The Dectin-1 receptor was blocked using GE2, the monoclonal
antibody that has been previously demonstrated to inhibit
Dectin-1 mediated functions (Willment et al. 2005). The CR3
receptor was blocked using a combination of antibodies to both
the CD11b and CD18 subunits as it was more effective in com-
parison with blocking the CD11b chain alone (data not shown).
Moreover, even though CD11b has been shown to compose the

Fig. 2. Inhibition of WGP and ISG-induced oxidative burst after depletion of monocytes from human PBMC. Human PBMC were depleted of monocytes using
CD14 microbeads as described in the Materials and Methods section. The cells were checked for monocyte depletion by staining before and after with CD14-specific
antibody. The plot shows the side scatter area (SSC-A) versus the fluorescein isothiocyanate (FITC) staining of CD14. (A) Complete and monocyte-depleted PBMC
were subsequently stimulated with the indicated concentrations of WGP (B) or ISG (C) at 37°C for 120 min and SO production was measured. The response of
PBMC to β-glucan is represented as rate of SO production (nmol of SO/106 cells/120 min). As 50–80% of the oxidative burst induced by PMAwas also affected by
monocyte depletion, the cells were judged viable; viability was also verified by a trypan blue exclusion test (data not shown). Values plotted on the graph are mean
values ± SD from duplicate wells in one experiment using one donor; these results are representative of at least two independent experiments from different donors.
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ligand-binding domains, the CD18 chain has been shown to be
critical to signaling events (Ross et al. 1985; Xia and Ross
1999). IB4 antibody was used to block CD18 (β-chain), while
LM2/1 and VIM12 antibodies were used to block the I-domain
and the lectin domain of CD11b (α-chain), respectively. PBMC
pretreated with blocking antibodies or isotype controls were
incubated with either WGP (240 and 960 μg/mL) or ISG (6.25
and 25 μg/mL) and production of SO was measured. Blocking
the Dectin-1 receptor (Figure 4A) resulted in 40% inhibition of
the WGP-induced oxidative burst, while CR3 blocking anti-
bodies did not affect the activity (Figure 4B). In contrast to the
WGP-induced activity, the ISG-induced oxidative burst was un-
affected by Dectin-1 blocking antibodies (Figure 4C); however,
the anti-CR3 antibodies (Figure 4D) inhibited the response by
70–80%. Treatment of the cells with the nonspecific isotype
controls did not show similar inhibition of the oxidative burst
activity of the cells. Similar results were also obtained in isolated
monocytes enriched from the PBMC population (Supplementary
data, Figure S2). These results show that Dectin-1 is involved in
WGP-induced oxidative burst, while CR3 plays an important
role in ISG-induced oxidative burst activity in human PBMC.
After confirming that the role of CR3 and Dectin-1 in WGP- and
ISG-mediated oxidative burst is the same in both PBMC and

Fig. 3. Verification of Dectin-1 and CR3 expression on human monocytes from
PBMC. The expression of Dectin-1 and CR3 on human monocytes was
evaluated by staining for Dectin-1 using GE2 as the primary antibody followed
by phycoerythrin (PE)-labeled goat anti-mouse secondary antibody and for
CR3 using ICRF44-PE/Cy5 antibody. Human PBMC (1 × 106) were incubated
with the staining antibodies or relevant isotype controls for 30 min on ice,
followed by two washes with immunofluorescence buffer and then data
acquisition by flow cytometry. The histograms show expression of Dectin-1 or
CR3 (solid lines) in comparison with isotype control (shaded gray) on CD14+
monocytes in PBMC. Log scale of fluorescence intensity is shown on the
x-axis. Data shown here are representative of two independent experiments.

Fig. 4. The effect of receptor blocking on the WGP- and ISG-induced oxidative burst in human PBMC. The rate of SO production in human PBMC treated with
Dectin-1 or CR3 blocking antibodies in response to stimulation with WGP (A and B, respectively) or ISG (C and D, respectively) was determined. Human PBMC
were pretreated with either anti-Dectin-1 (GE2 at 10 μg/mL), anti-CR3 antibodies (LM2/1 at 10 μg/mL, VIM12 at 10 μg/mL and IB4 at 5 μg/mL) or equivalent
isotype controls for 30 min at 4°C. Cells were subsequently stimulated with 0, 240 or 960 μg/mL of WGP or 0, 6.25 or 25 μg/mL ISG for 120 min at 37°C. The
response of PBMC at each tested concentration of glucan is represented as rate of SO production (nmol of SO/106 cells/120 min). As a viability and specificity
control, cells were stimulated with PMA. The oxidative burst activity induced by PMAwas not inhibited by any of the blocking antibodies indicating that the
inhibition effect was specific to the β-glucans (data not shown). Values plotted in the graph are mean values ± SD from triplicate wells in one experiment using one
donor; these results are representative of at least two independent experiments from different donors.
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isolated monocytes, we did all the subsequent signaling studies
in PBMC. The signaling studies were not performed with iso-
lated monocytes in order to avoid nonspecific activation of cells
caused by manipulation of cells using magnetic beads (positive
and negative selection).
While the interaction of pure β-1,3-oligosaccharide sequence

with Dectin-1 has been investigated (Palma, et al. 2006), its
interaction with CR3 is less known. Retention of the activity of
ISG enriched for the 1,3-linked glucose units confirmed the
specificity of the interaction with CR3 (Supplementary data,
Figure S3).

Role of NADPH oxidase as the central mechanism of
β-glucan-mediated oxidative burst in human PBMC
Next, we confirmed that the enzyme responsible for WGP- and
ISG-induced oxidative burst in human PBMC was NADPH
oxidase. The cells were assessed for the oxidative burst activity
in response to these β-glucans in the presence of an NADPH
oxidase specific inhibitor, diphenyleneiodonium (DPI). As
shown in Figure 5, both the WGP- and ISG-induced oxidative
burst rates were greatly reduced with 10 μM DPI, indicating
that the oxidative burst induced by either form of β-glucan in
human PBMC was NADPH oxidase-mediated.

Roles of actin polymerization and focal adhesion kinase in
WGP- and ISG-induced oxidative burst in human PBMC
As Dectin-1 can function as a phagocytic receptor and CR3 is
critical to phagocytosis and adhesion, we evaluated the import-
ance of these cellular processes for the oxidative burst response.
We therefore investigated the effect of inhibition of actin

polymerization and focal adhesion kinase (FAK), the indirect
measures of phagocytosis and adhesion, on WGP- and ISG-
induced oxidative burst. Cytochalasin D, a toxin known to
inhibit actin polymerization, was used to evaluate the role of
actin remodeling; AG-17, a selective inhibitor of Pyk-2, the focal
adhesion kinase protein present in monocytes, was used to assess
the role of focal adhesion complexes in generation of oxidative
burst (Bonvini et al. 1984; Kharazmi et al. 1989; Trial et al.
1995; Williams and Ridley 2000).
WGP-induced oxidative burst was not inhibited by 1 μM cyto-

chalasin D (Figure 6A) and only slightly reduced by 10 μM of
the Pyk-2 inhibitor, AG-17 (Figure 6B). In contrast, ISG-induced
oxidative burst was completely abrogated by cytochalasin D
(Figure 6A) and reduced by 75% with AG-17 (Figure 6B).
AG-82, an inhibitor selective to FAK, the focal adhesion kinase
considered to be absent in monocytes, did not affect the oxidative
burst response (data not shown) (Li et al. 1998; Fuortes et al.
1999; Williams and Ridley 2000; Liu et al. 2004). These results
collectively indicate that the WGP-induced respiratory burst in

Fig. 5. Inhibition of WGP and ISG-induced oxidative burst by inhibitor of
NADPH oxidase, DPI. Human PBMC pretreated with the NADPH oxidase
inhibitor DPI (1 and 10 μM) at 4°C for 30 min, were stimulated with 240 μg/
mLWGP or 25 μg/mL ISG at 37°C for 120 min and SO production was
measured. The response of PBMC at each concentration of β-glucan is
represented as rate of SO production (nmol of SO/106 cells/120 min). As the
oxidative burst induced by PMAwas also affected by DPI, a trypan blue
exclusion test was performed to ensure that the cells were viable (data not
shown). Values plotted in the graph are mean values ± SD from duplicate wells
in one experiment using one donor; these results are representative of at least
two independent experiments from different donors.

Fig. 6. The effect of cytochalasin D and FAK inhibitor on WGP- and
ISG-induced oxidative burst. Human PBMC pretreated with (A) the actin
polymerization inhibitor, cytochalasin D (1 μM), or (B) Pyk-2 focal adhesion
kinase inhibitor, AG-17 (10 μM), or appropriate vehicle at 4°C for 30 min were
stimulated with 240 μg/mLWGP or 25 μg/mL ISG at 37°C for 120 min and
SO production was measured. The response of PBMC at each tested
concentration of glucan is represented as rate of SO production (nmol of
SO/106 cells/120 min). As viability control, cells were also stimulated with
PMA. The oxidative burst induced by PMAwas unaffected by the inhibitors at
the concentration used (data not shown). Values plotted in the graph are mean
values ± SD from duplicate wells in one experiment using one donor; these
results are representative of at least two independent experiments from
different donors.
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human PBMC does not require actin or focal adhesion kinase
dependent processes, while they are necessary for ISG-induced
activity.

Roles of SFK and Syk in WGP- and ISG-induced oxidative
burst in human PBMC
We next evaluated the role of SFK and Syk in WGP- and
ISG-induced oxidative burst in human PBMC. For inhibition of
SFK, the cells were pretreated with PP2, the Src kinase select-
ive inhibitor, or PP3, the inactive analog of PP2, as the negative
control. BAY61-3606, the pharmacological inhibitor shown to
inhibit Syk kinase was used to assess the role of Syk kinase in
β-glucan-induced oxidative burst response (Yamamoto et al.
2003) (Table II).
The results illustrated in Figure 7A demonstrate that 10 μM

PP2 completely inhibited both the WGP- and ISG-induced
oxidative bursts, while the inactive analog, PP3, at the same con-
centration, did not affect the response, indicating that SFK plays
a significant role in the respiratory burst response induced by
both the β-glucans. In contrast, BAY 61-3606 at concentrations
of 1 and 10 μM (concentrations more than 10-fold higher than
the IC50 [half maximal inhibitory concentration] of 10 nM)
did not inhibit WGP-induced oxidative burst activity, while
ISG-induced activity was inhibited by �80% with a concentra-
tion as low as 5 nM (Figure 7B). These results indicate that Syk
is important for only the ISG-induced burst. It is important to
note that Piceatannol (from two vendors), the commonly used
Syk inhibitor in the literature, could not be used in these studies
as it induced oxidative burst by itself when added to the cells.

Roles of PI3K, Akt and p38 MAPK in WGP- and ISG-induced
oxidative burst in human PBMC
To investigate the role of the PI3K/Akt signaling pathway,
PBMC were assessed for oxidative burst after treatment with 5
and 50 μM LY294002, the PI3K inhibitor, or after treatment
with 50 μM LY303511, the inactive analog of LY294002. 5 and
10 μM Akt inhibitor IV, which selectively inhibits a kinase up-
stream of Akt and downstream of PI3K, was used to evaluate
the involvement of Akt. The role of p38 MAPK was evaluated
by using 1 or 10 μM of the inhibitor SB202190 and comparing
the results with that of 10 μM SB 202474, the inactive analog
of SB202190. The results presented in Figure 8A and B show
that �70% of WGP-induced oxidative burst was inhibited by
50 μM LY294002, while �85% inhibition was achieved by the

inhibitor Akt IV at 10 μM. Both the PI3K and Akt inhibitors
were able to completely abrogate the ISG-induced oxidative
burst. In contrast, the p38 MAPK selective inhibitor, SB202190,

Fig. 7. The effect of inhibitors of SFK and Syk kinase on WGP- and
ISG-induced oxidative burst. Human PBMC pretreated with (A) SFK inhibitor,
PP2 (10 μM), PP3, inactive analog of PP2 (10 μM), (B) Syk kinase inhibitor,
BAY61-3606 (1, and 10 μM for WGP experiments, and 2.5 and 5 nM for ISG
experiments) or appropriate vehicle at 4°C for 30 min were stimulated with 240
μg/mLWGP or 25 μg/mL ISG at 37°C for 120 min and SO production was
measured. The response of PBMC at each tested concentration of β-glucan is
represented as rate of SO production (nmol of SO/106 cells/120 min). As
viability control, cells were stimulated with PMA. The oxidative burst induced
by PMAwas unaffected by the inhibitors at the concentration used (data not
shown). Values plotted in the graph are mean values ± SD from duplicate wells
in one experiment using one donor; these results are representative of at least
two independent experiments from different donors.

Table II. List of pharmacologic inhibitors and their molecular targets

Inhibitor target Compounds Source

Actin polymerization Cytochalasin D Biomol (Philadelphia, PA)
Focal adhesion tyrosine kinases, PYK-2 and FAK AG-17 and AG-82 Calbiochem (Gibbstown, NJ)
NADPH oxidase DPI Sigma-Aldrich (St. Louis, MO)
Src PP2 and PP3 Calbiochem
Syk BAY61-3606 Calbiochem

Piceatannol Sigma-Aldrich, Calbiochem
PI3K LY 294002 and LY 303511 Calbiochem
Akt Akt IV inhibitor Calbiochem
p38 MAPK SB 202190 and SB202474 Calbiochem
Protein kinase C Staurosporine Calbiochem
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at the concentrations tested resulted in no inhibition of the
WGP-induced oxidative burst, while caused an �40% reduction
of ISG-induced activity (Figure 8C). These findings show that
PI3K/Akt signaling molecules are essential for both WGP- and
ISG-induced oxidative burst, while p38 MAPK plays a role in
the induction of oxidative burst only by ISG.

Role of the phosphatidylinositol signal transduction system,
including PLCγ and protein kinase C in WGP- and
ISG-induced oxidative burst in human PBMC
The importance of the phospholipase C-protein kinase C (PLC-
PKC) signaling axis was investigated using U73122 and staur-
osporine, common inhibitors to PLCγ and PKC, respectively.
Figure 9A and B shows that neither U73122 (at up to 1 μM)
nor staurosporine (10 nM) inhibited WGP-induced oxidative
burst activity. In contrast, PLC-PKC signaling proved to be es-
sential for ISG-induced oxidative burst, as the activity was
inhibited by these two compounds (Figure 9).

Discussion

Two different forms of β-glucan, particulate and immobilized
soluble β-glucan, have been shown to induce the oxidative burst
response in mouse and human phagocytic cells (Michalek et al.
1998; Lavigne et al. 2006). These studies, however, did not inter-
rogate the receptors or signaling pathways utilized by these two
different forms of β-glucans. Since CR3 and Dectin-1 are
heavily implicated as β-glucan receptors, the roles of these two
receptors were evaluated in this study using purified and charac-
terized β-glucans WGP and ISG as the ligands and oxidative
burst as the functional cellular readout. Note that, there is no con-
sensus on the ability of CR3 or Dectin-1 to recognize a particular
form of β-glucan. Both Dectin-1 and CR3 have been reported to
bind particulate and immobilized β-glucans (Cain et al. 1987;
Ross et al. 1987; Thornton et al. 1996; Xia and Ross 1999;
Willment et al. 2001; Brown et al. 2002; Willment et al. 2005;
Lavigne et al. 2006; Palma et al. 2006; Adams et al. 2008; Ujita
et al. 2009; van Bruggen et al. 2009). Possible explanations for
the lack of consensus in conclusively determining the receptor
for the various β-glucan forms include: (a) purity of β-glucan
preparations, (b) variations in β-glucan structure, (c) differences
between Dectin-1 and CR3 in humans and mice and (d) differ-
ences between cell types such as monocytes and neutrophils.
Regardless, our results demonstrated that in human mononuclear
cells Dectin-1 was important for oxidative burst induced by
WGP, whereas CR3 was critical to oxidative burst induced by
ISG. Despite the use of different receptors, both β-glucan forms
utilized a final common NADPH oxidase pathway.
Regarding oxidative burst induced by phagocytizable WGP,

our findings are not consistent with others, which demonstrated
zymosan or intact yeast can activate human neutrophils via
CR3 (Cain et al. 1987; van Bruggen et al. 2009). Besides the
obvious differences in cell type and purity of stimulus, it is
possible that (a) anti-Dectin-1 antibody is a more effective
blocking antibody than the CR3-specific antibodies and
(b) laminarin, used as Dectin-1 blocking agent in earlier studies,
is not very effective as laminarin has been shown to bind both
CR3 and Dectin-1 (Ross et al. 1985; Xia and Ross 1999).

Fig. 8. The effect of inhibitors of PI3K, Akt and p38 MAPK in WGP- and
ISG-induced oxidative burst. Human PBMC pretreated with (A) PI3K inhibitor,
LY294002 (5 and 50 μM), or LY303511, the inactive analog of LY294002
(50 μM), or (B) Akt inhibitor, Akt IV (5, and 10 μM) or (C) p38 MAPK
inhibitor, SB202190 (1 and 10 μM), or the inactive analog of SB202190,
SB202474 (10 μM), or appropriate vehicle at 4°C for 30 min were stimulated
with 240 μg/mLWGP or 25 μg/mL ISG at 37°C for 120 min and SO
production was measured. The response of PBMC at each tested concentration
of glucan is represented as rate of SO production (nmol of SO/106 cells/120
min). As viability control, cells were also stimulated with PMA. The oxidative
burst induced by PMAwas unaffected by the inhibitors at the concentration
used (data not shown). Values plotted in the graph are mean values ± SD from
duplicate wells in one experiment using one donor; these results are
representative of at least two independent experiments from different donors.
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Regarding plate-bound β-glucan, Dectin-1 has been shown
to have a role in oxidative burst response only in murine den-
dritic cells (Goodridge et al. 2011). Our results demonstrate that
human monocytes utilize CR3 to produce oxidative burst in re-
sponse to plate-bound β-glucan, and interestingly, ISG-induced

oxidative burst was complement-independent. The differences
in the results of this study compared with those shown in the lit-
erature may be due to differences in species or cell types.
Since other putative β-glucan receptors have been identified,

such as lactosylceramide, CD5 and scavenger receptors, further
investigation on these receptors needs to be done using highly
purified, well-characterized β-glucans in order to delineate their
significance in β-glucan recognition.
The role of CR3 and Dectin-1 in induction of oxidative burst

in response to different forms of β-glucan was further confirmed
by evaluating the molecules that have been previously shown to
be associated with downstream signaling from the respective
receptors. In terms of critical cellular processes including phago-
cytosis and adhesion associated with Dectin-1 and CR3, inhib-
ition of actin polymerization by cytochalasin D did not affect
WGP-induced oxidative burst response; instead, a trend toward
increased oxidative burst response was seen (Figure 6A). This
observation was consistent with earlier published results where
after cytochalasin D treatment a Dectin-1 overexpressing cell line
still bound zymosan without internalization and produced
enhanced levels of cytokine (Brown et al. 2003). This increase in
response could be attributed to cytochalasin D-induced inhib-
ition of Dectin-1 internalization leading to sustained signaling
(Hernanz-Falcón et al. 2009). Consistent with an integrin-
mediated event, ISG-induced oxidative burst was completely
inhibited by blocking either actin polymerization or focal adhe-
sion kinase (Figure 6), suggesting a possible role for cell adhe-
sion to the immobilized β-glucan. It is also possible that in
human PBMC CR3 is merely facilitating adhesion of cells to the
plate allowing β-glucan to interact with other low-affinity
β-glucan receptors.
The results of the signaling inhibitor studies described here

suggest that WGP (Dectin-1)- and ISG (CR3)-induced oxida-
tive burst are the consequence of distinct but overlapping sig-
naling pathways (Figures 7–9). The activity of these signaling
pathways in Dectin-1 and CR3 signaling after β-glucan ligation
has been observed in other model systems albeit with some dif-
ferences. While Syk involvement in Dectin-1 mediated signal-
ing was not observed in our study (Figure 7B), it has been
demonstrated for signaling in primed murine macrophages for
ROS production (Underhill et al. 2005) as well as for phagocyt-
osis in murine fibroblast but not a macrophage-like cell line
(Herre et al. 2004).
The involvement of the PI3K/Akt signaling pathway in both

Dectin-1 and CR3-mediated oxidative burst induction (Figure 8A
and B) is generally consistent with previously published studies
regardless of species differences (Li et al. 2006; Shah et al. 2009).
Some differences from our results describing the role of

p38MAPK in signaling downstream of Dectin-1 have been
reported, where p38MAPK was shown by others to be import-
ant in Dectin-1 signaling in murine bone marrow-derived
macrophages although not in dendritic cells (Goodridge,
Shimada et al. 2009; Xu, Huo et al. 2009). It should be noted
that in these studies zymosan was used as the β-glucan stimu-
lus, and zymosan used in these studies differs greatly in
β-glucan purity from the WGP used in this study.
Our study demonstrates that the PLCγ-PKC pathway is import-

ant for CR3-mediated oxidative burst induction and suggests that
the same pathway has little importance for Dectin-1-mediated

Fig. 9. The effect of inhibitors of PLCγ and PKC in WGP- and ISG-induced
oxidative burst. Human PBMC pretreated with (A) PLCγ inhibitor, U73122
(0.1 and 1 μM) or U73343, inactive analog of U73122 (1 μM), or (B) PKC
inhibitor, Staurosporine (5 and 10 nM), or appropriate vehicle at 4°C for 30 min
were stimulated with 240 μg/mLWGP or 25 μg/mL ISG at 37°C for 120 min
and SO production was measured. The response of PBMC at each tested
concentration of glucan is represented as rate of SO production (nmol of
SO/106 cells/120 min). As viability control, cells were also stimulated with
PMA. The oxidative burst induced by PMAwas unaffected by the PLCγ
inhibitors at the concentration used (data not shown). In inhibition studies using
staurosporine, the PMA control was affected; therefore, the viability of the cells
was checked by the trypan blue method (data not shown). Values plotted in the
graph are mean values ± SD from duplicate wells in one experiment using one
donor; these results are representative of at least two independent experiments
from different donors.
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oxidative burst induction (Figure 9). However, Xu, Gunawan
et al. (2009) has been reported that cytokine production by
zymosan stimulation of Dectin-1 on murine bone marrow-derived
dendritic cells does signal via the PLCγ-PKC pathway. These dis-
crepancies could be because the signaling molecules involved in
Dectin-1-mediated functions depend on the nature of the ligand,
the cell type, the species involved and the nature of the response.
In the context of immune recognition and response to

PAMPs, human mononuclear cell oxidative burst induced by
ISG required lower β-glucan concentrations than oxidative
burst induced by WGP. Similar results were shown using rat
macrophages and human neutrophils (Michalek et al. 1998;
Lavigne et al. 2006). The difference in the threshold of immune
activation by WGP and ISG may have biological significance,
because a parallel can be drawn between WGP or ISG and the
phagocytizable yeast form or the nonphagocytizable filament-
ous form of pathogenic dimorphic fungi, respectively.
Human phagocytes have been shown to differentially

respond to the phagocytizable conidial forms versus nonphago-
cytizable filamentous yeast forms of a pathogenic dimorphic
fungus. Some of the examples are: The filamentous form of
Candida albicans has been shown to be more virulent com-
pared with its yeast counterpart and the heightened sensitivity
of immune cells to the hyphal form of fungus is critical to its
elimination (Calderone and Fonzi 2001; Lavigne et al. 2006).
Priming of macrophages by interferon gamma has been shown
to have different killing activity against the phagocytizable and
nonphagocytizable form of Candida albicans (Brummer et al.
1985). In case of Blastomyces dermatidis, human phagocytes
are more efficient in ingesting and killing the conidial form
before it develops into the yeast form and causing blastomyco-
sis (Deppe 1989). More recently, the role of β-glucan in activa-
tion of IL-23/TH-17 axis by the hyphal form of opportunistic
fungi in human versus its pathogenic form was described
(Chamilos et al. 2010).
A greater understanding of the β-glucan recognition and

downstream signaling mechanisms in human PBMC increases
our ability to evaluate the host defense mechanisms evoked by
the different forms of pathogenic and opportunistic fungal infec-
tions and thereby help design better therapeutic fungal targets.
In summary, the present study provides insight into the mo-

lecular mechanisms involved in β-glucan-induced oxidative
burst in human PBMC (Figure 10). We show that different
physical forms of β-glucan stimulate distinct receptors, CR3 or
Dectin-1. We also demonstrate that these receptors use differ-
ent, but overlapping, signaling pathways to ultimately induce
an oxidative burst response by a common NADPH oxidase-
dependent reaction. This study demonstrates the importance of
the manner of presentation of β-glucan to glucan receptor-
bearing immune cells for eliciting a functional response and
highlights the caveats of using the results of a study with one
form of β-glucan to predict the outcomes of other studies using
different physical forms (or sources) of β-glucan.

Materials and methods
β-Glucans used and their characterization
Saccharomyces cerevisiae-derived WGPs and soluble β-glucan
(average MW �150 kDa) were prepared and characterized by

Biothera (Eagan, MN). Preparation of particulate β-glucan has
been described in earlier papers (Li et al. 2007; Goodridge
et al. 2011). Soluble β-glucan was prepared by acid hydrolysis
of WGP and fractionated by preparative gel permeation chro-
matography (GPC). The β-glucans used were characterized ana-
lytically with respect to the parameters listed in Table I. The
β-glucans were determined to be endotoxin-free and then used
in the assay system on the basis of hexose concentration.
Soluble yeast mannan (Sigma-Aldrich, St. Louis, MO) was pre-
pared by dissolving in PBS.
Preparation of soluble β-glucan enriched in β-1,3-glucose-linked

units was done by treating 50 mg of soluble glucan at 5 mg/mL in
a sodium acetate pH = 5 buffer with 9.6 units of 1,6-glucanase
(pustulanase from Prokazyme, Iceland) at 80°C for 25 min. The
resulting solution was dialyzed over a 3K Amicon centrifugal filter
to remove the digested 1,6-linked material and to afford the
1,3-enriched material. This treatment reduced the 1,6-linked
glucose residues from 2.6 to 0.4%. As control, an equal amount of
the enzyme added to dextran solution, an inactive carbohydrate
source was also tested. The lack of activity of this enzyme control
ensured that the response from the soluble β-glucan enriched in
β-1,3-glucose-linked units is not due to the enzyme contaminated
with β-1,3-glucose-linked β-glucan (data not shown).

Study population and PBMC sources
The study was approved by the New England Institutional Review
Board (Wellesley, MA). Blood was collected from healthy male
and female volunteers who had signed an Informed Consent Form
(ICF) prior to blood collection.

PBMC isolation
PBMC were isolated by density gradient centrifugation using
Histopaque 1077 (Sigma-Aldrich). Heparinized whole blood
(10 U/mL) was diluted 1:2 with 1 × Dulbecco’s phosphate-

Fig. 10. Hypothetical model showing the two distinct but overlapping pathways
induced by different structural forms of β-glucan in the production of SO.
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buffered saline (DPBS) without calcium and magnesium
(Mediatech, Inc., Herndon, VA). Aliquots of�20 mL of diluted
cell preparations were transferred to sterile 50 mL conical
tubes. The diluted cell preparation was subsequently under-
layed with 12 mL of Histopaque 1077 and the tubes were cen-
trifuged without applying brakes at 2400 rpm (�800 × g) for
20 min at room temperature. The PBMC were removed using a
sterile transfer pipette and transferred to a sterile 50 mL conical
tube. The cells were washed twice by bringing the volume up
to 50 mL with 1 × DPBS and centrifuging at 1700 rpm
(�500 × g) for 5 min. The cell pellet was resuspended in 10–
20 mL of 1 × DPBS counted with a hemacytometer. In some of
the experiments, the PBMC preparation was further purified by
lysing the red blood cells by osmotic shock.

Monocyte depletion and enrichment
Monocytes were depleted from PBMC using CD14 microbeads
(Miltenyi Biotec, Auburn, CA) according to the manufacturer’s
instructions. Briefly, PBMC were washed and resuspended at 107

cells per 80 μL in cell selection buffer (PBS supplemented with
0.5% bovine serum albumin (BSA) and 2 mM ethylenediamine-
tetraacetic acid (EDTA)). CD14 microbeads was added to PBMC
at 20 μL per 107 PBMC, mixed and incubated at 2–8°C for 15
min. After incubation, the cells were washed once in the selec-
tion buffer, resuspended at up to 108 cells in 500 μL of buffer
and subsequently allowed to pass through a magnetic separation
LS column (Miltenyi Biotec). Eluate containing the monocyte-
depleted fraction was collected and assessed for the extent of
depletion by flow cytometry using a CD14-specific Ab.
For monocyte enrichment, Dynabeads® Untouched™ Human

Monocytes (Invitrogen, Oslo, Norway) was used according to
the manufacturer’s instructions. In short, PBMC were washed
and resuspended at 108 cells per mL in cell selection buffer.
Blocking reagent and antibody mix were subsequently added at
a concentration of 100 μL per 5 × 107 cells and incubated for 20
min at 2–8°C. The cells were washed once and incubated with
500 μL washed Depletion MyOne SA Dynabeads for 15 min at
2–8°C. After incubation, the cells were resuspended thoroughly
and mixed with an additional 5 mL of selection buffer. The tube
containing the cells was placed in the magnet for 2 min, the
supernatant containing the untouched CD14+ cells was collected
and assessed for purity using a CD14-specific Ab.

Immunofluorescent staining of cells
Freshly purified PBMC were resuspended in 0.1 mL immuno-
fluorescence buffer (Hank’s balanced salt solution containing
1% fetal bovine serum and 0.1% sodium azide) with 5–10 µL of
Fc receptor (FcR) block (Miltenyi Biotec) and incubated at 4°C
for 10 min. After the FcR block step, staining antibodies to
CD14, CR3 or Dectin-1 were added to the cells and incubated at
4°C for 30 min. Monocytes were stained with CD14-Pacific
Orange (BioLegend, San Diego, CA). Dectin-1 was detected on
monocytes and neutrophils by staining with GE2 (AbD Serotec,
Raleigh, NC) as the primary antibody, followed by PE-labeled
goat anti-mouse at 1 μL as the secondary antibody (BioLegend).
CR3 was stained with PE/Cy5 labeled ICRF44 (BioLegend).
After incubation, the cells were washed twice with immunofluor-
escence buffer and analyzed by flow cytometry.

Treatment of cells with receptor-blocking antibodies
For blocking the CR3 receptor, the cells were preincubated with
specific receptor-blocking antibodies or the relevant isotype con-
trols at 4°C for 30–45 min before exposure to WGP or ISG and
measurement of oxidative burst. For CR3 blocking, combination
of antibodies that were used were (i) LM2/1, a mouse anti-human
IgG1 monoclonal antibody to the I domain of CD11b chain of
CR3 (10 μg/mL; Bender MedSystems, Burlingame, CA),
(ii) VIM12, a mouse monoclonal IgG1 anti-human antibody to
the lectin domain of CD11b chain of CR3 (10 μg/mL; Caltag
Laboratories, Burlingame, CA), and (iii) IB4, a mouse mono-
clonal IgG2a anti-human antibody to the CD18 chain of CR3
(10 μg/mL; Ancell, Bayport, MN). The blocking antibody con-
centrations were determined using dose titration (log dilutions)
in the oxidative burst assay. The lowest antibody concentration
where the blocking activity plateaued was chosen as the concen-
tration used in all subsequent blocking experiments. All the
isotype controls, mouse IgG1 (clone P3; eBioscience, San
Diego, CA) and mouse IgG2a (clone eBM2A; eBioscience)
were used at the same concentration as the blocking antibodies.
Dectin-1 blocking antibody GE2 was provided by Dr. Gordon
Brown, University of Aberdeen, UK (Willment et al. 2005).

Treatment of cells with pharmacological inhibitors
of signaling molecules
To inhibit the signaling molecules, the cells were incubated
with the pharmacological inhibitors listed in Table II at the indi-
cated concentrations, or the appropriate vehicle (dimethyl sulf-
oxide in all cases), at 4°C for 30–45 min before exposure to
WGP or ISG and the measurement of oxidative burst.

Oxidative burst assay
WGP (15–1920 μg/mL) and soluble β-glucan (0.7–200 μg/mL)
were prepared at 2-fold out-of-plate serial dilutions in DPBS.
Subsequently, 100 μL of each dilution were added to triplicate
wells of Costar® Universal-Bind™ microtiter plates (Corning,
Lowell, MA). For immobilizing the soluble β-glucan on the
plate, the plate was incubated at 37°C in a humidified incubator
with 5% CO2 for 60 min to allow passive adsorption. After in-
cubation, the plates with the soluble β-glucan were emptied by
flicking and irradiated for 5 min in a UV transilluminator
(120,000 μJ/cm2) to facilitate the covalent binding between the
plate and the β-glucan. The microtiter plates were then blocked
with 0.25% BSA in DPBS for 30 min at room temperature.
Each microtiter plate included positive control wells and nega-
tive control wells to which only DPBS with no β-glucan was
added.
The oxidative burst response was determined by standard

methods (Mayo and Curnutte, 1990) by measuring SO production
through the reduction of cytochrome c. PBMC were resuspended
in Hanks’ balanced salt solution (HBSS)/N-(2-hydroxyethyl)
piperazine-N′-(2-ethanesulfonic acid) (HEPES) buffer with 0.25%
BSA at a concentration of 4 × 106 cells/mL and maintained at 37°
C until added to the plate. A 100 μL aliquot of 200 μM bovine
cytochrome c (Sigma-Aldrich) solution in HBSS/HEPES buffer
previously incubated at 37°C was added to each well.
Approximately 4.0 × 105 cells, in a 100 μL volume, were subse-
quently added to each well of the microtiter plate. The negative
assay control, consisting of cells and cytochrome c, was added in
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the uncoated negative control wells. As a positive assay control,
just before reading the plate, phorbol myristate acetate (PMA) at
100 ng/mL was added as the stimulus to the cells in the uncoated
positive control wells to achieve a final concentration of 50 ng/
mL. Serum was not used in any of the assay buffers as presence of
complement proteins could lead to potential misinterpretation of
the data. The plate was maintained at 37°C, and optical density
(OD) in each well was read at 550 nm every 15 min for 120 min
using a spectrophotometer (Spectramax 250, Molecular Devices,
Sunnyvale, CA).
For all studies using pharmacological inhibitors PMA stimu-

lation served as a viability control, ensuring that any observed
inhibition of oxidative burst was not due to cell death. Inhibitor
concentrations that did not affect the cellular response to PMA
were considered nontoxic. In cases where the inhibitors
affected the cellular response to PMA because the signaling
molecules played a role in PMA-induced response (e.g. PKC),
the viability of the cells was assessed by trypan blue exclusion.

Data analysis and representation
For each concentration of β-glucan, the OD change (Δ OD) was
calculated from the time of minimum response (1 min) to the
time of maximum response (120 min). The rate of SO produc-
tion (nmol of SO/106 cells/120 min) was calculated from the Δ
OD value and the extinction coefficient of cytochrome c
(21.1 × 103/M/cm). The results presented in all figures are rep-
resentative of at least two independent experiments from two
different donors.

Supplementary data

Supplementary data are available online at http://glycob.
oxfordjournals.org/.

Authors’ contributions

L.R.W., M.L.L. and C.M.D. performed all the oxidative burst
assays. M.E.D. and P.M.W. performed the analytical character-
ization of the β-glucans. A.S.C. carried out the purification of
monocytes for some of the experiments. N.B. and J.P.V. partici-
pated in the design and coordination of the study. N.B., J.P.V.,
A.S.C., S.E.N., M.L.P., J.J.D.L. and F.J.L. drafted the manu-
script. All the authors read and approved the final manuscript.

Funding

None.

Acknowledgements

We thank Dr. Gordon Brown (University of Aberdeen, UK) for
the gift of anti-Dectin-1 antibody, GE2.

Conflict of interest

N.B., L.R.W., A.S.H.C., M.E.D., P.M.W., S.E.N. and M.L.P., are
employees of Biothera and are beneficiaries of the Biothera em-
ployee stock plan. C.M.D. and M.L.L. are former employees of

Biothera. J.P.V. is a former employee of Biothera and currently
receives consulting fees from Biothera. J.J.D.L. and F.J.L. have no
competing interests. The authors have no other relevant affiliations
or financial involvement with any organization or entity with a
financial interest in or financial conflict with the subject matter or
materials discussed in the manuscript apart from those disclosed.
Opinions, interpretations, conclusions and recommendations are
those of the authors and are not necessarily endorsed by the US
Army. The mention of trade names, commercial products or orga-
nizations does not imply endorsement by the US Government.

Abbreviations

BSA, bovine serum albumin; CR3, complement receptor type 3;
DPBS, Dulbecco’s phosphate-buffered saline; DPI, diphenyle-
neiodonium; EDTA, ethylenediaminetetraacetic acid; FAK, focal
adhesion kinase; GPC, gel permeation chromatography; HBSS,
Hanks’ balanced salt solution; HEPES, N-(2-hydroxyethyl)
piperazine-N′-(2-ethanesulfonic acid); ICF, Informed Consent
Form; ISG, immobilized soluble β-glucan; MAPK, mitogen acti-
vated protein kinase; NADPH, nicotinamide adenine dinucleotide
phosphate; OD, optical density; PBMC, peripheral blood mono-
nuclear cells; PI3K, phosphatidylinositol-3 kinase; PKC, protein
kinase C; PLC, phospholipase C; PMA, phorbol myristate acetate;
ROS, reactive oxygen species; SFK, Src family kinase; SO, super-
oxide; Syk, spleen tyrosine kinase; WGP, whole glucan particle.

References

Adams EL, Rice PJ, Graves B, Ensley HE, Yu H, Brown GD, Gordon S,
Monteiro MA, Papp-Szabo E, Lowman DW, et al. 2008. Differential high-
affinity interaction of Dectin-1 with natural or synthetic glucans is dependent
upon primary structure and is influenced by polymer chain length and side-
chain branching. J Pharmacol Exp Ther. 325(1):115–123.

Berton G, Lowell CA. 1999. Integrin signalling in neutrophils and macro-
phages. Cell Signal. 11(9):621–635.

Bonvini E, Bougnoux P, Stevenson HC, Miller P, Hoffman T. 1984. Activation
of the oxidative burst in human monocytes is associated with inhibition of
methionine-dependent methylation of neutral lipids and phospholipids.
J Clin Invest. 73(6):1629–1637.

Brown GD. 2005. Dectin-1: A signalling non-TLR pattern-recognition receptor.
Nat Rev Immunol. 6(1):33–43.

Brown GD. 2006. Macrophage receptors and innate immunity: Insights from
Dectin-1. Novartis Found Symp. 279:114–123.

Brown GD, Herre J, Williams DL, Willment JA, Marshall AS, Gordon S. 2003.
Dectin-1 mediates the biological effects of β-glucans. J Exp Med. 197
(9):1119–1124.

Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL, Martinez-Pomares
L, Wong SY, Gordon S. 2002. Dectin-1 is a major β-glucan receptor on macro-
phages. J Exp Med. 196(3):407–412.

Brown GD, Williams DL. 2009. 1,3-β-Glucans in innate immunity: Mammalian
systems. In: Bacic A, Fincher GB, Stone BA, editors. Chemistry, Biochemistry,
and Biology of 1-3-β-Glucans and Related Polysaccarides. New York, NY,
USA: Academic Press. P. 579–619.

Brummer E, Morrison CJ, Stevens DA. 1985. Recombinant and natural
gamma-interferon activation of macrophages in vitro: Different dose require-
ments for induction of killing activity against phagocytizable and nonpago-
cytizable fungi. Infect Immun 49(3):724–730.

Cain JA, Newman SL, Ross GD. 1987. Role of complement receptor type three
and serum opsonins in the neutrophil response to yeast. Complement. 4
(2):75–86.

Calderone RA, Fonzi WA. 2001. Virulence factors of Candida albicans. Trends
Microbiol. 9(7):327–335.

Chamilos G, Ganguly D, Lande R, Gregorio J, Meller S, Goldman WE, Gilliet
M, Kontoyiannia DP. 2010. Generation of IL-23 producing dendritic cells
(DCs) by airborne fungi regulates fungal pathogenicity via the induction of T
(H)-17 responses. PLoS One. 5(9):e12955.

Differential regulation of oxidative burst

389

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/24/4/379/1988476 by guest on 20 August 2022

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu005/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu005/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwu005/-/DC1


Deepe GS, Jr 1989. Blastomycosis. In: Immunology of the Fungal Diseases.
Boca Raton, FL, USA: CRC Press. P. 139–163.

Dennehy KM, Ferwerda G, Faro-Trindade I, Pyz E, Willment JA, Taylor PR,
Kerrigan A, Tsoni SV, Gordon S, Meyer-Wentrup F, et al. 2008. Syk kinase
is required for collaborative cytokine production induced through Dectin-1
and Toll-like receptors. Eur J Immunol. 38(2):500–506.

Fuortes M, Melchior M, Han H, Lyon GJ, Nathan C. 1999. Role of the tyrosine
kinase pyk2 in the integrin-dependent activation of human neutrophils by
TNF. J Clin Invest. 104(3):327–335.

Gantner BN, Simmons RM, Canavera SJ, Akira S, Underhill DM. 2003.
Collaborative induction of inflammatory responses by Dectin-1 and Toll-like
receptor 2. J Exp Med. 197(9):1107–1117.

Gantner BN, Simmons RM, Underhill DM. 2005. Dectin-1 mediates macro-
phage recognition of Candida albicans yeast but not filaments. EMBO J. 24
(6):1277–1286.

Geijtenbeek TB, Gringhuis SI. 2009. Signalling through C-type lectin recep-
tors: Shaping immune responses. Nat Rev Immunol. 9(7):465–479.

Goldman R, Ferber E, Meller R, Zor U. 1994. A role for reactive oxygen
species in zymosan and β-glucan induced protein tyrosine phosphorylation
and phospholipase A2 activation in murine macrophages. Biochim Biophys
Acta. 1222(2):265–276.

Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, Wolf AJ, Bose N,
Chan ASH, Magee AS, Danielson ME, et al. 2011. Activation of the innate
immune receptor Dectin-1 upon formation of a ‘phagocytic synapse’.
Nature. 472(7344):471–475.

Goodridge HS, Shimada T, Wolf AJ, Hsu YM, Becker CA, Lin X, Underhill
DM. 2009. Differential use of CARD9 by Dectin-1 in macrophages and den-
dritic cells. J Immunol. 182(2):1146–1154.

Goodridge HS, Wolf AJ, Underhill DM. 2009. β-glucan recognition by the
innate immune system. Immunol Rev. 230(1):38–50.

Henson PM. 1971. Interaction of cells with immune complexes: Adherence,
release of constituents, and tissue injury. J Exp Med. 134(3):114–135.

Hernanz-Falcón P, Joffre O, Williams DL, Reis e Sousa C. 2009. Internalization
of Dectin-1 terminates induction of inflammatory responses. Eur J Immunol.
39(2):507–513.5.

Herre J, Marshall AS, Caron E, Edwards AD, Williams DL, Schweighoffer E,
Tybulewicz V, Reis e Sousa C, Gordon S, Brown GD. 2004. Dectin-1 uses
novel mechanisms for yeast phagocytosis in macrophages. Blood. 104
(13):4038–4045.

Kharazmi A, Nielsen H, Rechnitzer C, Bendtzen K. 1989. Interleukin 6 primes
human neutrophil and monocyte oxidative burst response. Immunol Lett. 21
(2):177–184.

Lavigne LM, Albina JE, Reichner JS. 2006. β-glucan is a fungal determinant
for adhesion-dependent human neutrophil functions. J Immunol. 177
(12):8667–8675.

Lee JS, Nauseef WM, Moeenrezakhanlou A, Sly LM, Noubir S, Leidal KG,
Schlomann JM, Krystal G, Reiner NE. 2007. Monocyte p110α phosphatidy-
linositol 3-kinase regulates phagocytosis, the phagocyte oxidase, and cyto-
kine production. J Leukoc Biol. 81(6):1548–1561.

Li B, Allendorf DJ, Hansen R, Marroquin J, Ding C, Cramer DE, Yan J. 2006.
Yeast β-glucan amplifies phagocyte killing of iC3b-opsonized tumor cells
via complement receptor 3-Syk-phosphatidylinositol 3-kinase pathway.
J Immunol. 177(3):1661–1669.

Li B, Cramer D, Wagner S, Hansen R, King C, Kakar S, Ding C, Yan J. 2007.
Yeast glucan particles activate murine resident macrophages to secrete proin-
flammatory cytokines via MyD88- and Syk kinase-dependent pathways.
Clin Immunol. 124(3):170–181.

Li X, Hunter D, Morris J, Haskill JS, Earp HS. 1998. A calcium-dependent
tyrosine kinase splice variant in human monocytes. Activation by a two-
stage process involving adherence and a subsequent intracellular signal.
J Biol Chem. 273(16):9361–9364.

Liu R, Lioté F, Rose DM, Merz D, Terkeltaub R. 2004. Proline-rich tyrosine
kinase 2 and Src kinase signaling transduce monosodium urate crystal-
induced nitric oxide production and matrix metalloproteinase 3 expression in
chondrocytes. Arthritis Rheum. 50(1):247–258.

Marakalala MJ, Kerrigan AM, Brown GD. 2011. Dectin-1: A role in antifungal
defense and consequences of genetic polymorphisms in humans. Mamm
Genome. 22(1–2):55–65.

Mayo LA, Curnutte JT. 1990. Kinetic microplate assay for superoxide production
by neutrophils and other phagocytic cells.Methods Enzymol. 186:567–575.

Michalek M, Melican D, Brunke-Reese D, Langevin M, Lemerise K, Galbraith
W, Patchen M, Mackin W. 1998. Activation of rat macrophages by

Betafectin® PGG-glucan requires cross-linking of membrane receptors
distinct from complement receptor three (CR3). J Leukoc Biol. 64
(3):337–344.

Mócsai A, Abram CL, Jakus Z, Hu Y, Lanier LL, Lowell CA. 2006. Integrin sig-
naling in neutrophils and macrophages uses adaptors containing immunore-
ceptor tyrosine-based activation motifs. Nat Immunol. 7(12):1326–1333.

Mogensen TH. 2009. Pathogen recognition and inflammatory signaling in
innate immune defenses. Clin Microbiol Rev. 22(2):240–273.

Netea MG, Maródi L. 2010. Innate immune mechanisms for recognition and
uptake of Candida species. Trends Immunol. 31(9):346–353.

Palma AS, Feizi T, Zhang Y, Stoll MS, Lawon AM, Díaz-Rodriguez E,
Campanero-Rhodes MA, Costa J, Gordon S, Brown GD, et al. 2006.
Ligands for the β-glucan receptor, Dectin-1, assigned using “designer”
microarrays of oligosaccharide probes (neoglycolipids) generated from
glucan polysaccharides. J Biol Chem. 281(34):5771–5779.

Rogers NC, Slack EC, Edwards AD, Nolte MA, Schulz O, Schweighoffer E,
Williams DL, Gordon S, Tybulewicz VL, Brown GD, et al. 2005.
Syk-dependent cytokine induction by Dectin-1 reveals a novel pattern recog-
nition pathway for C type lectins. Immunity. 22(6):507–517.

Ross GD, Cain JA, Myones BL, Newman SL, Lachmann PJ. 1987. Specificity
of membrane complement receptor type three (CR3) for β-glucans.
Complement. 4(2):61–74.

Ross GD, Thompson RA, Walport MJ, Springer TA, Watson JV, Ward RH, Lida
J, Newman SL, Harrison RA, Lachmann PJ. 1985. Characterization of
patients with an increased susceptibility to bacterial infections and a genetic
deficiency of leukocyte membrane complement receptor type 3 and the
related membrane antigen LFA-1. Blood. 66(4):882–890.

Shah VB, Ozment-Skelton TR, Williams DL, Keshvara L. 2009. Vav1 and
PI3K are required for phagocytosis of β-glucan and subsequent superoxide
generation by microglia.Mol Immunol. 46(8–9):1845–1853.

Steele C, Marrero L, Swain S, Harmsen AG, Zheng M, Brown GD, Gordon S,
Shellito JE, Kolls JK. 2003. Alveolar macrophage-mediated killing of
Pneumocystis carinii f. sp. muris involves molecular recognition by the
Dectin-1 β-glucan receptor. J Exp Med. 198(11):1677–1688.

Thompson IJ, Oyston PC, Williamson DE. 2010. Potential of the β-glucans to
enhance innate resistance to biological agents. Expert Rev Anti Infect Ther.
8(3):339–352.

Thornton BP, Vetvicka V, Pitman M, Goldman RC, Ross GD. 1996. Analysis of
the sugar specificity and molecular location of the β-glucan-binding lectin
site of complement receptor type 3 (CD11b/CD18). J Immunol. 156
(3):1235–1246.

Trial J, Birdsall HH, Hallum JA, Crane ML, Rodriguez-Barradas MC, de Jong
AL, Krishnan B, Lacke CE, Figdor CG, Rossen RD. 1995. Phenotypic and
functional changes in peripheral blood monocytes during progression of
human immunodeficiency virus infection. Effects of soluble immune com-
plexes, cytokines, subcellular particulates from apoptotic cells, and
HIV-1-encoded proteins on monocytes phagocytic function, oxidative burst,
transendothelial migration, and cell surface phenotype. J Clin Invest. 95
(4):1690–1701.

Ujita M, Nagayama H, Kanie S, Koike S, Ikeyama Y, Ozaki T, Okumura H.
2009. Carbohydrate binding specificity of recombinant human macrophage
β-glucan receptor Dectin-1. Biosci Biotechnol Biochem. 73(1):237–240.

Underhill DM, Rossnagle E, Lowell CA, Simmons RM. 2005. Dectin-1 acti-
vates Syk tyrosine kinase in a dynamic subset of macrophages for reactive
oxygen production. Blood. 106(7):2543–2550.

van Bruggen R, Drewniak A, Jansen M, van Houdt M, Roos D, Chapel H,
Verhoeven AJ, Kulijpers TW. 2009. Complement receptor 3, not Dectin-1, is
the major receptor on human neutrophils for β-glucan-bearing particles. Mol
Immunol. 47(2–3):575–581.

Williams LM, Ridley AJ. 2000. Lipopolysaccharide induces actin reorganiza-
tion and tyrosine phosphorylation of Pyk2 and paxillin in monocytes and
macrophages. J Immunol. 164(4):2028–2036.

Willment JA, Gordon S, Brown GD. 2001. Characterization of the human
β-glucan receptor and its alternatively spliced isoforms. J Biol Chem. 276
(47):43818–43823.

Willment JA, Marshall AS, Reid DM, Williams DL, Wong SY, Gordon S,
Brown GD. 2005. The human β-glucan receptor is widely expressed and
functionally equivalent to murine Dectin-1 on primary cells. Eur J Immunol.
35(5):1539–1547.

Xia Y, Ross GD. 1999. Generation of recombinant fragments of CD11b expres-
sing the functional β-glucan-binding lectin site of CR3 (CD11b/CD18).
J Immunol. 162(12):7285–7293.

N Bose et al.

390

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/24/4/379/1988476 by guest on 20 August 2022



Xu S, Gunawan M, Su IH, Lam KP. 2009. Activated dectin-1 localizes to lipid
raft microdomains for signaling and activation of phagocytosis and cytokine
production in dendritic cells. J Biol Chem. 284(33):22005–22011.

Xu S, Huo J, Lee KG, Kurosaki T, Lam KP. 2009. Phospholipase Cγ2 is critical
for Dectin-1-mediated Ca2+ flux and cytokine production in dendritic cells.
J Biol Chem. 284(11):7038–7046.

Yamamoto N, Takeshita K, Shichijo M, Kokubo T, Sato M, Nakashima K,
Ishimori M, Nagai H, Li YF, Yura T, et al. 2003. The orally available spleen
tyrosine kinase inhibitor 2-[7-(3,4-dimethoxyphenyl)-imidazo[1,2-c]
pyrimidin-5-ylamino]nicotinamide dihydrochloride (BAY 61–3606) blocks
antigen-induced airway inflammation in rodents. J Pharmacol Exp Ther. 306
(3):1174–1181.

Differential regulation of oxidative burst

391

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/24/4/379/1988476 by guest on 20 August 2022


