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Abstract: Previously, we demonstrated that Agrocybe aegerita lectin (AAL), a galectin isolated from edible mush-
room Agrocybe aegerita, exerts potent anti-tumor activity, while the mechanisms by which AAL suppresses tumor
growth are yet to be elucidated. Here, we conducted studies with focus for its impact on the cecal ligation and
puncture (CLP)-induced innate immune response. Administration of AAL significantly exacerbated the severity of
CLP-induced septic shock as manifested the increased lethality. AAL promoted inflammatory cytokine production
by preferentially regulating macrophage activation and recruitment. Mechanistic studies revealed that AAL likely
targets macrophages through receptor Mincle to activate Syk/Card9 signaling, which then couples to the Nirp3
inflammasome assembly. It was further noted that AAL markedly promotes H3K4 di- and trimethylation, by which
it enhances Hmgb1 expression. Specifically, AAL induced macrophages secretion of copious amount of Hmgb1 as
manifested the Hmgb1 cytoplasmic translocation along with the detection of extracellular Hmgb1. AAL also stimu-
lated a significant increase for nuclear Hmgb1, which then formed a complex with RelA, and thereby enhancing NF-
KB transcriptional activity. Together, our data suggest that AAL may possess important pharmaceutical properties in
the regulation of innate immune response.
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Introduction Agrocybe aegerita lectin (AAL) is isolated from

the edible mushroom Agrocybe aegerita, and

Macrophage plays an important role both in
innate and adaptive immune responses. During
the course of pro-inflammatory response mac-
rophage may exert dual functions depending on
their phenotypes. Particularly, M1 macrophage
serves as a potent mediator for the initiation
and progression of inflammatory response by
producing large amounts of pro-inflammatory
cytokines [1, 2], and TNF-« is a typical macro-
phage-derived Th1 cytokine with potent inflam-
matory properties [3]. In contrast, M2 macro-
phage secretes copious amount of Th2
cytokines such as IL-10 to limit the intensity of
immune response for prevention of overactive
and related tissue or organ damage [4-6].

belongs to the galactose lectin family with a
unique carbohydrate recognition domain [7].
Previously, we demonstrated that AAL possess-
es potent anti-tumor activity in various cancer
cells [8, 9]. However, the mechanisms by which
AAL suppresses tumor growth are yet to be elu-
cidated. Here, we conducted studies with focus
for its impact on the induction of pro-inflamma-
tory response in macrophages by employing a
sepsis model induced by cecal ligation and
puncture (CLP). In line with its anti-tumor prop-
erty, administration of AAL promoted CLP-
induced lethality. Particularly, AAL stimulates
macrophages secretion of copious amount of
inflammatory cytokines, while it does not have
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a perceptible impact on dendritic cells (DCs).
AAL interacts with inducible C-type lectin
(Mincle) to activate the Syk/Card9 signaling,
which then couples with NIrp3 inflammasome
to induce pro-inflammatory response. Speci-
fically, AAL impacts H3K4 di-/trimethylation to
modulate Hmgb1 subcellular location, and by
which it activates NF-kB to initiate the tran-
scription of inflammatory cytokines.

Materials and methods
AAL purification

Dry agrocybe aegerita fruiting bodies were
crushed into powder and then subjected to AAL
purification as previously reported [9]. The puri-
fied AAL was dialyzed in PBS overnight and
then passed through polymyxin B columns
(Sigma, Louis, MO, USA) to remove potentially
contaminated endotoxin [10]. The concentra-
tion for endotoxin in harvested AAL was < 60
pg/ug protein, and LD50 to mice was 15.85
mg/kg by intraperitoneal injection.

Induction of septic shock

Male C57BL/6 mice (7wk old, 25-30 g) were
purchased from the Animal Experimental
Center of Hubei province (Wuhan, China). The
mice were housed in a specific pathogen-free
(SPF) facility with free access to sterile acidified
water and irradiated food. After a minimum one
week of acclimation, the mice were subjected
to CLP induction (see below) along with intra-
peritoneal administration of AAL (10 mg/kg) or
PBS (control vehicle) 12 h before and right after
surgery, respectively. Mice undergone sham
surgeries were served as controls. All studies
were conducted according to the NIH guide-
lines and approved by the Institutional Animal
Care and Use Committee at the Tongji Hospital,
Huazhong University of Science and Technology.

Septic shock was induced by cecal-ligation and
puncture (CLP) as previously described [11].
Briefly, the mice were anesthetized with pento-
barbiturate (80 pg/kg) and the abdomen was
opened through a 1-cm incision. The cecum
was isolated and ligated with a 4-0 silk suture
at 1/2 and punctured at two distinct areas with
a 21-gauge needle. After removing the needle,
a small amount (droplet) of feces was extruded
from both holes. The abdomen was closed in
two layers with a 6-0 silk suture. Sham mice
were undergone similar surgery processes but
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without CLP. In general, 10 mice from each
group were employed for monitoring mortality
up to 7 days after CLP induction, while addition-
al 5 mice from each group were sacrificed 48 h
after CLP to collect heart, liver, lung, kidney,
spleen and blood.

Culture of bone marrow-derived macrophages
(BMDMs) and RAW 264.7 cells

BMDMs were isolated as previously described
with minor modifications [11]. Briefly, bone
marrow cells were isolated from femurs of
C57BL/6 mice and cultured in the presence of
M-CSF (20 ng/ml, eBioscience, San Diego, CA,
USA). The supernatant containing non-adher-
ent cells was discarded at day 3 and replaced
by fresh media containing M-CSF. Adherent
BMDMs were harvested at day 7 for experimen-
tal purpose. RAW 264.7 cells and BMDMs were
incubated for 12 h with Laminarin (100 pg/ml,
an inhibitor for Dectin-1, Sigma, Louis, MO,
USA) and/or TJ-M2010-5 (10 uM, an inhibitor
for MyD88, provided by Dr. Ping Zhou, Institute
of Organ Transplantation, Tongji Hospital) along
with AAL (O, 5, 10, 20, 40, 80 ug/ml) in the
presence or absence of ATP (4 mM) for 30 min,
or incubated with 40 ug/ml AAL as above with
different time (0, 2, 6, 12, 24, 48 h), followed by
flow cytometry analysis of F4/80* cells.

Histological analysis

The harvested hearts, livers, lungs and kidneys
were fixed in 4% paraformaldehyde, embedded
in paraffin and then subjected to histological
analysis as reported [12]. Pathological changes
in tissue sections (3 sections each mouse, 3
mice each group) were assessed by two pathol-
ogists in a blinded fashion at 200x magnifica-
tion. Inset pictures are shown in 800x ma-
gnification.

ELISA

Cytokine levels in the serum and culture super-
natant were determined by sandwich ELISA
specific for TNF-«, IL-6 and IL-1B using paired
capture and detection Abs in ELISA kits (eBio-
science, San Diego, CA, USA or BD Biosciences,
San Jose, CA, USA) as previously described
[13].

Flow cytometry

Single-cell suspensions were prepared from
spleens of mice 48 h after CLP as previously
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Figure 1. Survival rates and organ damages in CLP-induced septic shock. A. Administration of AAL exacerbated
CLP-induced septic shock. Log-rank (Mantel-Cox) test was employed for data analysis. ***P < 0.001 as compared
with the value in PBS treated micw. B. H&E staining analysis of heart, liver, lung and kidney sections derived from
animals 48 h after CLP induction. Inset pictures were employed to show higher magnification of images for the

indicated area.

described [14]. The isolated cells were washed
twice in RPMI 1640 (HyClone, Logan, UT, USA)
containing 10% FCS (HyClone, Logan, UT, USA),
and then incubated at 4°C for 30 min with spe-
cific antibodies (PE-conjugated anti-F4/80,
APC-conjugated anti-CD11b, Biolegend, San
Diego, CA, USA; APC-conjugated anti-CD11c,
FITC-conjugated anti-CD86, PE-conjugated an-
ti-CD80, PE-conjugated anti-MHC-II, BD Bios-
ciences San Jose, CA, USA), After washes the
cells were analyzed using a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA)
[15] and all data were analyzed using the
FlowJo software (Tree Star Inc, Ashland, USA)
as instructed.

Western blotting analysis

Culture supernatants were collected and mixed
with a 1/10-fold volume of 100% trichloroace-
tic acid to precipitate proteins at -20°C for at
least 30 min, and the precipitated proteins
were washed once with 400pl cold acetone.
Tissue or cells were homogenized in the RIPA
lysis buffer (Beyotime, Shanghai, China) using a
BBX24 Bullet Blender homogenizer (Next
Advance Inc., Averill Park, NY, USA). Nuclear
proteins (NE) were extracted using the NE-PER
Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific, Lafayette, CO, USA). The
prepared proteins were subjected to Western
blotting with primary antibodies against Hmgb1
(Epitomics, California, USA), Dectin-1 (Thermo
Scientific, MA, USA), RelA, NIrp3 (R&D Systems,
Minneapolis, MN, USA), di-/tri-methy H3K4,
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p-Syk (Cell Signaling Technology, Danvers, MA,
USA), p20, pro-Caspase-1, pro-1L-13, Mincle,
Syk, Card9, TLR2 and B-actin (Santa Cruz, CA,
USA) as previously described [16].

Immunoprecipitation assay

Immunoprecipitation was performed using a
Dynabeads® Protein G Immunoprecipitation
Kit (Invitrogen, Carlsbad, USA) according to the
manufacturer’s instruction. Cellular extracts
were first incubated with an Hmgb1 antibody
(Epitomics, California, USA), and the protein
complexes were then collected by using the
Dynabeads. An anti-rabbit HRP-conjugated sec-
ondary antibody specific for IgG light chain
(Boster, Wuhan, China) was used to avoid the
detection of similar-sized IgG heavy chain on
Western blots.

Confocal microscopy

Cells were plated and cultured overnight on
glass slides. After fixation in 4% paraformalde-
hyde for 30 min and blocking with 10% FBS in
PBS, the cells were permeabilized with Triton
X-100 and incubated with an Hmgb1 antibody
(Epitomics, California, USA). After incubation
with an Alexa 594-conjugated secondary anti-
body (Invitrogen, Carlsbad, USA) for 1 h, the
cells were further counterstained with DAPI
(Invitrogen, Carlsbad, USA). Images were taken
using a fluorescent confocal microscope (Carl
Zeiss LSM 710) in scanning sequential mode
and processed using the ZEN 2009 software
(Carl Zeiss, Germany).

Am J Transl Res 2015;7(10):1812-1825
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Figure 2. Serum cytokine levels in animals after CLP induction and the impact of AAL on macrophage recruitment. A.
Serum levels for TNF-a, IL-6 and IL-13 48 h after CLP induction. B. Flow cytometry analysis of splenic macrophages.
Spleens were collected 48 h after CLP induction and then subjected to flow cytometry analysis. The cells were first
gated for CD11b followed by analysis of F4/80* cells. Left: a representative data for flow cytometry; right: a bar
graphic figure showing the data with 5 replications. All data were expressed as mean + SEM and analyzed by two-
way ANOVA followed by Bonferroni test. *P < 0.05, **P < 0.01, ***P < 0.001 as compared with the values in PBS

group.

RNA interference Electrophoretic mobility shift assay (EMSA)
Small-interfering RNA (siRNA) duplexes for BMDM-derived nuclear proteins were employed
silencing Mincle were designed using the RNAI for EMSA using the LightShift Chemiluminescent
Designer and synthesized by Ribobio (Gu- EMSA Kit (Thermo Scientific, Lafayette, CO,
angzhou, Guangdong, China). The sequences USA) and established techniques [17]. Biotin-
for Mincle siRNA were as follows: siRNA: 5-GCC labeled double-stranded oligonucleotides con-
GAU UGG UCU UCU GAAdTdT-3'. A scramble taining the NF-kB p65 binding site were used as
siRNA (5-CUA CAA GAA CGC UGA AAUITdT-37) a probe (forward: Biotin-5’-AGT TGA GGG GAC
was served as a control. siRNA Transfection TTT CCC AGG C-3/, reverse: Biotin-5-GCC TGG
was performed with Lipofectamine RNAi Max GAA AGT CCC CTC AAC T-3’; Beyotime, Wuhan,
(Invitrogen, Carlsbad, USA) according to the China). A mixture of unlabeled probes was used
established techniques [17]. as a negative control.
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Figure 3. The impact of AAL stimulation on RAW264.7 cells. A. Analysis of optimal dose for AAL stimulation. RAW
264.7 cells were stimulated with different concentrations of AAL (O, 5, 10, 20, 40, 80 pg/ml) for 24 h, followed by
analysis of TNF-¢, IL-6 and IL-13 production. AAL at 40 ug/ml was noted to be the optimal concentration. B. Analysis
of the optimal time for AAL stimulation. RAW 264.7 cells were stimulated with 40 ug/ml AAL for different time (O,
2,6, 12, 24, 48 h), followed by analysis of TNF-«, IL-6 and IL-1f3 production. AAL stimulation for 12 h was noted to
be the optimal time. C. Blockade of Dectin-1 and MyD88 did not affect AAL-induced cytokine secretion. RAW cells
were pretreated for 30 min with Laminarin (100 pg/ml), an inhibitor for Dectin-1, and/or TJ-M2010-5 (10 uM), a
blockade for MyD88, followed by AAL (40 ug/ml) stimulation for 12 h. ***P < 0.001 as compared with the values in
the control group. Four samples were analyzed in each study group, and the data were analyzed by two-way ANOVA
followed by Bonferroni test and expressed as mean + SEM.

Data analysis Results

All experiments were carried out 3 times with AAL promotes the severity of CLP-induced
replications, and the data were expressed as sepsis

mean * SEM. GraphPad Prism5 (GraphPad

Software, San Diego, CA, USA) was employed We first employed a CLP-induced septic shock
for statistical analysis using Log-rank (Mantel- model to assess the effect of AAL on pro-
Cox) or one-way or two-way ANOVA as reported inflammatory responses. The dose for AAL
[18]. Bonferroni correction for post hoc t test administration was optimized as 10 mg/kg
was performed to compare the differences based on previous studies [8], and administra-
between groups when the first analysis revealed tion of 10 mg/kg AAL did not result in a percep-
significant difference. P values less than 0.05 tible side effect on normal mice but manifest-
were considered statistically significant. ed a significant anti-tumor activity (data not

1816 Am J Transl Res 2015;7(10):1812-1825
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Figure 4. Mincle serves as a potential receptor for AAL signaling in macrophages. BMDMs were employed to charac-
terize the potential receptor for AAL-63 signaling. A. AAL dose-dependently stimulated Mincle expression in BMDMs.
Western blot analysis of AAL-stimulated BMDMs revealed that AAL preferentially stimulated BMDMs expression of
high levels of Mincle. Upper: a representative Western blotting data; lower: a bar graphic figure showing the data
with 4 replications. B. Blockade of Dectin-1 and TLR2 signaling did not attenuate AAL-induced Mincle expression.
Addition of Laminarin and TJ-M20210-5 alone or in combination did not result in a significant change for AAL-induced
Mincle expression. Left: a representative data for Western blot analysis; right: a bar graphic figure showing the data
with 4 replications. C. Blockade of Dectin-1 and TLR2 signaling did not impact AAL-stimulated BMDM activation. BM-
DMs were stimulated with 40ug/ml AAL for 12 h in the presence of Laminarin and TJ-M2010-5 for 12 h, followed by
flow cytometry analysis of F4/80* cells. Left: a representative flow cytometry data; right: a bar graphic figure showing
the data with 4 replications. D. Transfection of a Mincle siRNA significantly repressed Mincle expression in BMDMs.
Left: a representative Western blotting result; right: results with 4 replications. E. Knockdown of Mincle expression
in BMDM s significantly attenuated AAL-induced production of TNF-a, IL-6 and IL-103. The data were expressed as
mean + SEM and analyzed by two-way ANOVA followed by Bonferroni test, **P < 0.01, ***P < 0.001 as compared

with the values in the control group.

shown). As expected, administration of AAL sig-
nificantly promoted CLP-induced lethality (Fi-
gure 1A). Consistently, much higher severity of
pathological changes in the heart (cytolysis of
the myocardium), liver (spotty necrotic scatter-
ing in the hepatic lobule), lung (hyperplasia of
alveolar cells in the alveolar wall) and kidney
(glomerular proliferation of glomerulus) was
noted 48 h following CLP induction as com-
pared with that of PBS treated mice (Figure
1B). Together, those data indicate that adminis-
tration of AAL promotes the severity of CLP-
induced sepsis.

AAL regulates macrophages secretion of
inflammatory cytokines

We next examined the effect of AAL on inflam-
matory cytokine production in serum samples
following 48 h CLP induction by ELISA. In con-
sistent with the above observations, AAL treat-
ed mice manifested significantly higher levels
of TNF-a, IL-6 and IL-13 as compared with that
of PBS-treated control mice (Figure 2A). Since
DCs and macrophages are sentinel cells to
sense tissue/organ infection or injury and are
responsible for the clearance of invaded patho-
gens, splenic cells 48 h after CLP induction
were subjected to flow cytometry analysis to
dissect the impact of AAL on the activity of DCs
and macrophages. To our surprise, we failed to
detect a significant difference for the number
of DCs and their maturation states (CD8O,
CD86 and MHCII expressions) between AAL
and PBS treated mice (Figure S1). However, AAL
treatment not only increased the number of
CD11b* monocytes but also promoted macro-
phage activation as manifested by the higher
number of CD11b*F4/80* macrophages as
compared with that of control animals (Figure
2B). Collectively, our data suggest that AAL pro-
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motes pro-inflammatory response by control-
ling the production of inflammatory cytokines,
which involves the regulation of macrophage
recruitment but not DCs.

Mincle serves as a potential receptor for AAL

We next sought to identify the receptor for AAL
regulation of macrophage function, and an in
vitro system was first established to resemble
the effect of AAL in animals. RAW264.7 cells
were stimulated with different concentration of
AAL (O, 5, 10, 20, 40, 80 ug/ml), and the pro-
duction of TNF-a, IL-1f and IL-6 was assayed at
indicated time point. AAL failed to stimulate
RAW264.7 cells secretion of these cytokines
until its concentration reached 20 pg/ml, and
the production of cytokines manifested a peak
at 40 yg/ml AAL, while higher concentrations of
AAL did not further increase cytokine secretion
(Figure 3A). The highest levels for cytokines
were detected once RAW264.7 cells stimulated
with 40 yg/ml AAL for 12 h, and longer stimula-
tion did not further significantly increase cyto-
kine levels (Figure 3B). Therefore, AAL at 40
pug/ml with 12 h stimulation were selected for
the following experiments.

The major C-type lectin receptors (CLRs)
expressed on macrophages relevant to AAL are
Dectin-1 and macrophage inducible C-type lec-
tin (Mincle) [19, 20], we thus employed
Laminarin, an inhibitor for Dectin-1, to block the
potential signaling between AAL and Dectin-1.
Other than Dectin-1 and Mincle, galectins are
found capable of stimulating NF-kB and MAPK
signaling in macrophages via TLR-2 [21].
Therefore, TJ-M2010-5, an inhibitor for TLR
downstream molecule MyD88 [22], was also
employed for the study. The above cells were
cultured with AAL (40 pg/ml) in the presence of

Am J Transl Res 2015;7(10):1812-1825
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Figure 5. AAL activates Mincle/Syk/Card9 signaling to couple with NIrp3 inflammasome assembly. The above pre-
pared BMDM lysates were next subjected to Western blot analysis of Mincle down-stream molecules Syk and Card9
as well as NIrp3 inflammasome assembly. A. Western blot analysis for the levels of Syk/Card9 signaling in AAL-stim-
ulated BMDMs. Left: a representative Western blot result; right: results with 4 replications. B. Mincle/Syk/Card9
signaling couples to the Nirp3 inflammasome assembly. Left: a representative result for Western blot analysis of
NIrp3, pro-IL-1B, pro-Caspl and cleaved Caspl (p20); right: Bar graphics figures showing the results with 4 replica-
tions. Four samples were analyzed in each study group, and the data were expressed as mean + SEM and analyzed

by two-way ANOVA, ***P < 0.001 compared with the value in control group.

Laminarin and/or TJ-M2010-5 as described.
Interestingly, blockade of Dectin-1 and TLR sig-
naling alone or both did not result in a percep-
tible impact on AAL stimulated cytokine secre-
tion in RAW264.7 cells (Figure 3C). However,
AAL dose-dependently increased Mincle ex-
pression, and in contrast, AAL did not stimulate
a significant change for Dectin-1 and TLR-2
expression (Figure 4A). Particularly, addition of
Laminarin and TJ-M2010-5 alone or in combi-
nation did not alter AAL induced Mincle expres-
sion (Figure 4B). Altogether, these data suggest
that AAL regulates macrophages secretion of
cytokines probably through receptor Mincle.

To further address the above question, bone-
marrow derived macrophages (BMDMs) were
pre-treated 12 h with AAL in the presence of
Laminarin and/or TJ-M2010-5, followed by flow
cytometry analysis of F4/80 expressions. AAL
was found with high potency to stimulate
BMDM activation as manifested by the signifi-
cant increase of F4/80" cells, irrespective the
presence of Dectin-1 and/or TLR2 inhibitors
(Figure 4C). Given that a Mincle specific blocker
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is currently not available, a Mincle specific
siRNA was then introduced into BMDMs, fol-
lowed by AAL stimulation as above. As expect-
ed, siRNA significantly repressed AAL-induced
Mincle expression as compared with that of
scramble siRNA treated or untreated cells
(Figure 4D). Remarkably, knockdown of Mincle
expression significantly attenuated AAL-indu-
ced secretion of TNF-«, IL-13 and IL-6 (Figure
4E). Collectively, those data support that Mincle
likely serves as a receptor for AAL-mediated
effect on macrophages.

AAL-induced Mincle/Syk/Card9 signaling
couples to the NiIrp3 inflammasome

Based on the above data, we then examined
the impact of AAL on Mincle-mediated Syk/
Card9 signaling. Western blot analysis revealed
that AAL induced Syk activation as manifested
by the increase of phosphorylated Syk (p-Syk)
along with enhanced expression of Card9 in
macrophages (Figure 5A). There is evidence
that Syk signaling could couple to the NIrp3
inflammasome [23, 24], we thus further exam-

Am J Transl Res 2015;7(10):1812-1825
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Figure 6. AAL modulates chromatin structure to regulate Hmgb1 secretion. A. AAL significantly stimulated H3K4 di-/
trimethylation in macrophages. Left: a representative result for Western blotting; right: bar graphic figures showing
the data with 4 replications. B. Cytoplasmic Hmgb1 levels in macrophages following AAL stimulation. Left: a repre-
sentative Western blot result; right: results with 4 replications. C. Nuclear Hmgb1 levels in macrophages following
AAL stimulation. Left: a representative result for Western blotting; right: data obtained with 4 replications. D. Hmgb1
immunostaining in macrophages following AAL stimulation. AAL stimulated a significant Hmgb1 cytoplasmic translo-
cation. E. Western blot analysis of Hmgb1 in AAL-stimulated macrophage culture supernatant. Left: a representative
Western blot result; right: results with 4 replications. Four samples were analyzed in each study group, and the data
were analyzed by two-way ANOVA followed by Bonferroni test and expressed as mean + SEM. **P < 0.01, ***P <

0.001 compared with the value in control group.

ined NIrp3 inflammasome assembly. Indeed,
AAL induced high levels of NIrp3 and pro-IL-13
expression (Figure 5B). In line with this result,
high levels of cleaved Caspase 1 (Caspil, p20)
were detected in the culture supernatants
(Figure 5B). Since NIrp3 inflammasome assem-
bly would process the cleavage of pro-IL-1, sig-
nificant amount of IL-13 was detected in the
supernatants (Figure 3C). Together, these data
indicate that AAL activates Mincle/Syk/Card9
signaling which then couples to the NIrp3
inflammasome to promote pro-inflammatory
response in macrophages by regulating the
secretion of inflammatory cytokines.

AAL modulates Hmgb1 function to regulate
NFKB transcriptional activity

To further address the mechanisms by which
AAL promotes cytokine secretion, we examined
the impact of AAL on histone 3 (H3) methyla-
tion as chromatin signatures generated by epi-
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genetic modification of histone proteins (e.g.,
methylation) play a crucial role for the control of
gene expression [25, 26]. It was interestingly
noted that AAL markedly promoted H3K4 di-
and trimethylation (Figure 6A), which prompted
us to embark on the high mobility group box
protein 1 (Hmgb1), a well-known chromosomal
protein associated with inflammatory response
[27, 28]. Remarkably, AAL stimulation signifi-
cantly increased Hmgb1 levels not only in the
cytoplasm (Figure 6B) but also in the nucleus in
macrophages (Figure 6C).

Based on the above observations, we first con-
ducted Hmgbl immunostaining of macro-
phages after AAL stimulation. Remarkably, AAL
stimulated macrophages were characterized by
the significant Hmgb1 cytoplasmic transloca-
tion (Figure 6D) along with active Hmgb1 secre-
tion as manifested by the presence of high lev-
els of Hmgbl in the culture supernatants
(Figure 6E). In line with these results, extracel-
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lular Hmgb1 has been recognized to be a potent
inflammatory mediator [29, 30]. To demon-
strate the impact of AAL-induced nuclear
Hmgb1 on inflammatory response, we conduct-
ed co-immunoprecipitation using an Hmgb1
antibody with AAlL-stimulated whole cell
extracts (WCE) and nuclear extracts (NE). It
was interestingly found that RelA, a well-known
NF-kB subunit essential for the transcription of
infammatory genes, was detected in the
Hmgbl precipitates (Figure 7A). Given that
RelA levels were significantly higher in the pre-
cipitates originated from nuclear extracts as
compared with that of whole cell extracts, and
RelA was almost undetectable in the precipi-
tates derived from unstimulated macrophages,
those data suggest that AAL stimulates Hmgb1
expression and promotes Hmgbl forming a
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complex with RelA in the nucleus. To confirm
this notion, EMSA was employed to assess RelA
DNA binding activity. Significantly higher DNA
binding activity was noted in AAL stimulated
macrophages as compared with that of unstim-
ulated macrophages (Figure 7B). Taken all of
those data together, our results suggest that
AAL not only stimulates Hmgbl secretion to
exacerbate inflammatory response, but also
promotes nuclear Hmgb1 forming a complex
with RelA, and by which it modulates RelA DNA
binding activity to enhance the transcription of
inflammatory genes.

Discussion

It has been well recognized that fungi possess
nutritional and medicinal virtue, and therefore,
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many compounds bearing important pharma-
cological properties have been isolated from
fungi such as polysaccharide-proteins and lec-
tins [31]. In the current report we demonstrated
evidence supporting that AAL, a galectin origi-
nated from edible mushrooms, possesses
potent capacity to exacerbate pro-inflammatory
response in the setting of CLP-induced sepsis.
Of which, Mincle is likely serving as a potential
receptor, and by which AAL activates Syk/
Card9 signaling, which then couples to the
NIrp3 inflammasome. Particularly, AAL on the
one hand stimulates macrophages secretion of
copious amount of Hmgb1 to exacerbate pro-
inflammatory response, it on the other hand
promotes nuclear Hmgb1 to form a complex
with NF-kB subunit RelA, and through which it
enhances NF-kB DNA binding activity to pro-
mote the transcription of pro-inflammatory
genes. Those studies provided novel insight
into the understanding of mechanisms by which
AAL stimulates pro-inflammatory response.

As an integral part of the innate immune sys-
tem, DCs and macrophages are the primary
sentinel cells to sense danger signals from
infection and tissue or organ injuries by con-
stantly sampling the environment [32].
Unexpectedly, we failed to obtain feasible evi-
dence indicating a role for AAL in the regulation
of DC recruitment or maturation. In contrast,
AAL induced significantly higher ratio of CD11b*
macrophages in the spleen along with
enhanced activation as manifested by the high-
er number of CD11b*F4/80" cells. These data
suggest that AAL mediates pro-inflammatory
response is likely by regulating the recruitment
and activation of macrophages rather than
DCs. Indeed, studies in bone marrow-derived
DCs (BMDCs) further confirmed those data
obtained in animals (data not shown).

Galectins, as galactoside-specific lectins, are
associated with components for the extracellu-
lar matrix and counter receptors on the cell sur-
face of mammalian cells [33]. Galectins are
found to be implicated in a wide range of physi-
ological processes such as apoptosis, inflam-
mation, cell adhesion, and others [34].
Particularly, galectin AAL has been recognized
with anti-tumor activity, while its specific recep-
tor on macrophage surface is yet to be charac-
terized. We optimized a culture system that
resembles the conditions in animals. Given that
blockade of Dectin-1 (by Laminarin) and TLR-2
(by TJ-M2010-5), the two receptors with possi-
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bility to interact with AAL, alone or in combina-
tion failed to attenuate the effect of AAL on
macrophages, Mincle might serve as the recep-
tor responsible for AAL signaling. Of note, we
did not include a Mincle inhibitor for the current
studies since its unavailability, and we also
tried to obtain a Mincle knockout model but
without success. We thus employed a Mincle
siRNA and demonstrated that knockdown of
Mincle expression significantly attenuated AAL-
induced cytokine secretion, indicating that
Mincle is likely to be the receptor for AAL
signaling.

Mincle is one of the major receptors to recog-
nize and bind lectin-like carbohydrates on leu-
kocytes. Upon activation by binding to its cog-
nate ligands, Mincle would mediate Syk
phosphorylation, which then promotes Card9
signaling. In line with this notion, AAL induced
Syk phosphorylation along with enhanced
Card9 expression. Another interesting finding is
that AAL activates Syk/Card9 signaling, which
then couples to the NIrp3 inflammasome. The
NIrp3 inflammasome is generally formed after
oligomerization of NIrp3 along with the recruit-
ment of adaptor ASC (apoptosis-associated
Speck-like protein with a caspase-recruitment
domain) and pro-caspase-1 [35, 36], by which it
generates cleaved caspase-1, which then pro-
cesses the cleavage of pro-IL-13 and pro-IL-18
to produce mature IL-13 and IL-18 [37, 38].
Herein, these data support that AAL-induced
Syk/Card9 signaling couples to the NIrp3
inflammasome as manifested by the detection
of enhanced NIrp3 expression and cleaved
Caspl along with increased production of IL-1j3.

It would be corollary to assume that the
enhanced Syk/Card9 signaling along with the
assembly of NIrp3 inflammasome would acti-
vate NF-kB to promote inflammatory response.
To dissect the underlying mechanisms, we
checked the impact of AAL on chromatin struc-
tures. Interestingly, AAL promoted H3K4 di- and
trimethylation, which is actually consistent with
the well demonstrated concept that di/trimeth-
ylation of H3K4 is associated with the forma-
tion of euchromatin for gene transcription [39,
40]. To further get insight into the effect of
chromatin structures on gene transcription, we
examined the effect of AAL on the regulation of
Hmgbl functionality. As a non-specific DNA-
binding architectural protein, Hmgb1 has been
noted to regulate gene transcription by forming
a complex with a particular transcription factor
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[28]. However, Hmgb1l can also be passively
released from damaged cells or actively secret-
ed by innate immune cells such as macro-
phages [41, 42], and extracellular Hmgbl acts
as a potent inflammatory mediator to promote
disease severity during the course of sepsis
[43, 44]. Indeed, AAL induced significantly high-
er levels of Hmgb1 expression in macrophages.
Particularly, AAL induced macrophages secre-
tion of copious amount of Hmgb1 as manifest-
ed the Hmgb1 cytoplasmic translocation along
with the detection of Hmgb1 in culture superna-
tant. AAL also stimulated a significant increase
for nuclear Hmgbl, and analysis of nuclear
Hmgbl immunoprecipitates revealed that it
formed a complex with RelA, and thereby
enhancing NF-kB transcriptional activity as
confirmed by EMSA analysis of DNA binding
capacity. These results allowed us to conclude
that AAL on the one hand stimulates macro-
phages secretion of large amount of Hmgb1 to
exacerbate pro-inflammatory response; it on
the other hand enhances the levels of nuclear
Hmgb1, which then forms a complex with NF-kB
subunit RelA to promote the transcription of
pro-ifnlammatory responsive genes. Of note,
the detailed mechanisms underlying the rela-
tionship between H3K4 methylation states and
Hmgb1 subcellular location are yet to be fully
addressed, which could involve additional epi-
genetic modifications such as acetylation, and
therefore, additional studies would necessary
to fully address this question.

In summary, we provided evidence that AAL
exacerbates pro-inflammatory response in the
setting of CLP-induced sepsis. AAL likely tar-
gets macrophages through the receptor Mincle
to control the production of inflammatory cyto-
kines by regulating Syk/Card9 signaling and
NIrp3 inflammasome assembly, which involve
epigenetic modification of chromatin structure
along with the regulation of Hmgb1 functional-
ity. These data suggest that AAL regulates
immune response by specifically targeting mac-
rophages via receptor Mincle, which may pos-
sess important pharmaceutical properties in
clinical settings.
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Figure S1. Flow
cytometry analy-
sis for the ratio
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three-group mice
48 h after CLP
(n = 5 for each
group).



