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Poly-gamma-glutamic acid from Bacillus subtilis
upregulates pro-inflammatory cytokines while inhibiting
NLRP3, NLRC4 and AIM2 inflammasome activation

Huijeong Ahn!, Seung Goo Kang?, Sung-il Yoon?, Pyeung-Hyeun Kim?, Doo Kim' and Geun-Shik Lee!

Poly-gamma-glutamic acid (y-PGA) is a natural, edible and non-toxic polymer synthesized by Bacillus subtilis and
is suggested as a safe biomaterial for the use in hydrogels and vaccine adjuvants. However, the effect of y-PGA

on inflammasome activation has not yet been studied in macrophages. Inflammasomes, which are intracellular
multi-protein complexes, promote acute and chronic inflammation via interleukin-1p or interleukin-18 maturation,
and they are known targets for metabolic syndromes and cancer. In this study, we observed that y-PGA attenuated
NLRP3, NLRC4 and AIM2 inflammasome activation, whereas it upregulated pro-inflammatory cytokine expression
in human and murine macrophages. Although y-PGA had conflicting effects on cytokine production and maturation,
it clearly alleviated the severity of lipopolysaccharide-induced endotoxin shock in an animal model. Thus, we
suggest y-PGA as a candidate to control inflammasome-mediated disorders.

Cellular & Molecular Immunology (2018) 15, 111-119; do0i:10.1038/cmi.2016.13; published online 2 May 2016

Keywords: Cheonggukjang; cytokines; inflammasome; macrophages; poly-gamma-glutamate

INTRODUCTION

Poly-gamma-glutamic acid (y-PGA) is an anionic polypeptide
in which the a-amino and y-carboxyl groups of glutamic acid
are polymerized by a y-amid linkage."? y-PGA is a water-
soluble, mucilaginous and biodegradable compound that is
edible and non-toxic to both humans and the environment.>3
v-PGA has been widely used as a supplement in foods,
cosmetics and drug delivery systems, and its peptides exhibit
many bioactive functions. y-PGA is a mucilaginous compound
that is naturally synthesized by Bacillus subtilis in fermented
soybeans and is present in traditional soy products, including
cheonggukjang in Korea and natto in Japan. These foods are
generally considered to be healthy, as they are rich in vitamins
and other nutrients. The y-PGA concentration in cheongguk-
jang is generally in the range of 13-17%, which is slightly
higher than that of natto by 0.1-0.8%.* There have been several
reports describing the various physiological properties of
v-PGA, which include fibrinolytic, anti-cancer, anti-hyperten-
sive, hypocholestrolemic, anti-oxidative and anti-inflammatory
activities.?

Inflammasomes are multi-molecular complexes that promote
inflammation in response to pathogenic, environmental and
endogenous danger signals, such as microbes, asbestos and uric
acid.*” Inflammasomes, whose principal function is the activation
of caspase-1, also mediate interleukin (IL)-1B maturation.®1°
Following activation, caspase-1 proteolytically cleaves pro-IL-1f
or IL-18 into their biologically active forms. Inflammasomes have
been found to regulate other important aspects of inflammation
and tissue repair, such as pyroptosis, which is a form of cell
death.!! Mutation of just one inflammasome-associated gene has
been shown to induce auto-inflammatory disease.'? To date, there
are several inflammasomes known to contain NOD-like receptors
(NLRs), pyrin and HIN domain-containing proteins, including
NLRP1, NLRP3, NLRC4 and AIM2."3 Collectively, inflamma-
somes have received increased attention as new therapeutic targets
of tumors and metabolic disorders.!*!® In this study, we
investigated the effects of y-PGA on inflammasome activation.
v-PGA attenuated IL-1p and IL-18 secretion, which are readouts
of inflammasome activation, in the presence of NLRP3, NLRC4
and AIM2 triggers.

College of Veterinary Medicine and Institute of Veterinary Science, Kangwon National University, Chuncheon 24341, Gangwon, Republic of Korea;
2Department of Systems Immunology, College of Biomedical Science, Kangwon National University, Chuncheon 24341, Gangwon, Republic of Korea and
3Department of Molecular Bioscience, School of Biomedical Science, Kangwon National University, Chuncheon, Gangwon 24341, Republic of Korea
Correspondence: Dr G-S Lee, DVM, PhD, College of Veterinary Medicine and Institute of Veterinary Science, Kangwon National University, Chuncheon
24341, Gangwon, Republic of Korea.

E-mail: leegeun@kangwon.ac.kr

Received: 25 September 2015; Revised: 22 January 2016; Accepted: 2 February 2016


http://dx.doi.org/10.1038/cmi.2016.13
mailto:leegeun@kangwon.ac.kr
http://www.nature.com/cmi

¥-PGA has conflicting properties on cytokine production and maturation
H Ahn et al

112

MATERIALS AND METHODS

Cell culture

For bone marrow-derived macrophages (BMDMs), bone
marrow cells were obtained by flushing C57BL/6 mouse
(6-12 weeks old; Narabio Co., Seoul, Republic of Korea) tibia
and femur bones. The cells were then cultured in Dulbecco's
Modified Eagle’s Medium (WELGENE Inc. Gyeongsan-si,
Gyeongsanbuk-do, Republic of Korea) supplemented with
10% fetal bovine serum (FBS; Corning cellgro, Manassas,
VA, USA), a penicillin and streptomycin solution (Corning
cellgro), and L929 cell-conditioned medium containing gran-
ulocyte/macrophage colony-stimulating factor.'® Next, bone
marrow cells were cultured in Petri dishes (SPL Life Science
Co., Phcheon-si, Gyeonggi-do, Republic of Korea) at 37°C in a
5% CO, atmosphere for 7 days. THP-1 cells were obtained
from the Korean Cell Line Bank (KCLB No. 40202; Seoul,
Republic of Korea) and maintained in RPMI 1640 medium
(WELGENE Inc.) containing 10% FBS, and penicillin and
streptomycin solution at 37°C in a 5% CO, atmosphere.
THP-1 cells were differentiated into macrophage-like cells
using phorbol 12-myristate acetate (PMA, 100 nv; Cat. #tlrl-
pma, InvivoGen, San Diego, CA, USA) for 72 h.

Cell treatments

One million cells plated in 12-well plates (SPL Life Science Co.)
were primed with lipopolysaccharide (LPS, 1pg/ml; Sigma-
Aldrich Co., St. Louis, MO, USA) in RPMI 1640 medium
containing 10% FBS and antibiotics for 3 h.}” LPS-primed cells
were subjected to the following activation steps. For NLRP3
inflammasome activation, medium was replaced with RPMI
1640 medium supplemented with ATP (2 mm; InvivoGen) or
nigericin (NG, 40 pm; Tocris Bioscience, Bristol, UK) for 1 h.
To activate the AIM2 or NLRC4 inflammasomes, media were
replaced with 1 pg/ml of double-stranded DNA (dsDNA) with
2 pl/ml of jetPRIME (Polyplus-transfection, New York, NY,
USA) or flagellin (0.5 pg/ml; #tlrl-stfla, InvivoGen) with
Lipofectamine 2000 (10 pl/ml, Invitrogen, Grand Island,
NY, USA) for 1h. To determine the inhibitory effects of
Cheonggukjang extracts on inflammasome activation, L-gluta-
mate (Daejeung Chemicals & Materials Co., Shiheung-city,
Gyeonggi-do, Republic of Korea) and y-PGA (20 mg/ml,
2850kDa, <0.5EU/ml; PHOENYX, Dongbang Co., Seoul,
Republic of Korea) were co-treated with the above activators.
In addition, BMDMs were treated with a Toll-like receptor 4
inhibitor (TAK-242, CLI-095, tlrl-cli95, InvivoGen) to eluci-
date whether y-PGA interacts with Toll-like receptor 4.
Cheonggukjang (1kg) extract was prepared with 1000 ml of
ethanol (99.99% (v/v), Daejeung Chemicals & Materials Co.) at
room temperature overnight. The ethanol extract was filtered
through filter paper (no. 1, Advantec MFS, Inc., Dublin, CA,
USA) and evaporated in vacuo at 55-65°C. The ethanol-free
extract was further filtered through filter paper (no. 2,
Advantec MFS, Inc.) and adjusted to pH 7.4. The solution
was then dried at 105°C and dissolved in distilled water
(100 mg/ml).!® Cellular supernatant (Sup), lysate (Lys) and
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cross-linked pellets (Pellet) with suberic acid bis (Sigma-
Aldrich Co.) were collected for further analyses.

Western blot analysis

Proteins were separated on SDS-polyacrylamide gel electro-
phoresis (10 or 16%) under denaturating and reducing condi-
tions, followed by transfer onto a polyvinylidene difluoride
membrane (Pall Co., Port Washington, NY, USA).!® Proteins of
interest were detected with anti-mouse IL-1f (AF-401-NA,
R&D Systems, Minneapolis, MN, USA), anti-human IL-1p
(AF-201-NA, R&D Systems), anti-caspase-1 p20 (06-503, EMD
Millipore Co., Darmstadt, Germany, or #AG-20B-0042, Adipo-
Gen Co., San Diego, CA, USA), anti-ASC (sc-22514, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-caspase-1 (sc-622,
Santa Cruz Biotechnology), anti-TNFa (sc-1351, Santa Cruz
Biotechnology), anti-actin antibodies (sc-1615, Santa Cruz
Biotechnology) or horseradish peroxidase-conjugated second
anti-sera (sc-2020 or sc-2004, Santa Cruz Biotechnology). The
membranes were visualized using Power-Opti ECL solution
(BioNote Co., Hwansung-si, Gyeonggi-do, Republic of Korea)
and a cooled charge-coupled device camera System (AE-9150
EZ-Capture II, ATTO Technology, Tokyo, Japan).

LPS lethality assay

For LPS-induced endotoxin shock, 40 mice (male, C57BL/6,
10 mice per group) obtained from Narabio Co. were divided
into four groups: LPS, LPS+y-PGA (4mg), LPS+y-PGA
(10 mg) and y-PGA (10 mg). Three groups were intraperito-
neally (i.p.) injected with LPS (25 mg/kg). After 1h, four
groups were further i.p. injected with vehicle saline or y-PGA
(4mg per mouse or 10 mg per mouse). The animals were
observed every 8 h for 4 days. All mice were housed at 24 +1°C
under 50% humidity and a 12- h light/dark cycle. All animal
experiments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care
and Use Committee of Kangwon National University (IACUC;
approval no. KW-150313-1).

Cytotoxicity assay

BMDMs (10000 cells per well) were plated in a 96-well plate
(SPL Life Science Co.) and allowed to attach overnight. The
BMDMs were treated with the indicated agents for 1h,
followed by replacement with fresh media (RPMI 1640
medium containing 10% FBS and antibiotics) and further
incubation for 3 h. Triton x-100 (0.01%, Triton) was used to
obtain complete cell death (0% survival rate), whereas the non-
treated group was set as 100%. Cytotoxicity was measured
using a Cell Counting Kit-8 assay (Dojindo Molecular Tech-
nologies, Inc., Rockville, MD, USA) according to the manu-
facturer’s protocol.

Caspase-1 activity assay

For the caspase-1 activity assay, human recombinant caspase-1
(1 unit/rx, #1081, BioVison Inc., Milpitas, CA, USA) was
incubated with YVAD-pNA, a substrate of caspase-1, in the



presence of y-PGA or Z-VAD-FMK (#FMKO001, R&D Systems).
Caspase-1 activity was measured using a caspase-1/ICE colori-
metric assay kit (#K111, BioVison Inc.) according to the
manufacturer’s protocol.

RNA extraction and real-time qPCR

For RNA extraction, BMDMs (2.0 x 10° cells per well) were
plated in six-well plates (SPL Life Science Co.) and primed with
LPS (10 ng/ml) in RPMI 1640 medium containing 10% FBS
and antibiotics for 1h. Total RNA was extracted using Trizol
(Invitrogen) and reverse-transcribed to first-stand complemen-
tary DNA using an M-MLV ¢DNA synthesis kit (Enzynomics,
Daejeon, Republic of Korea). Transcription was quantitated
using SYBR Green (TOPreal qPCR 2X PreMIX, Enzynomics)
and an Eco Real-Time PCR system (Illumina, San Diego, CA,
USA). Quantitation was normalized with B-actin (Actb). The
following primers were utilized: IL-1p (Il1b; Genebank ID:
NM_008361) 5-CCC AAG CAA TAC CCA AAG AA-3
and 5-GCT TGT GCT CTG CTIT GTG AG-3'; IL-la
(Illa; NM_010554) 5-CCG ACC TCA TTT TCT TCT
GG-3" and 5-GTG CAC CCG ACT TTG TTC TT-3’; IL-6
(Il NM_031168) 5-CCG GAG AGG AGA CTT CAC
AG-3’ and 5'-TCC ACG ATT TCC CAG AGA AC-3';
Tumor necrosis factor (TNF)-a (Tnfa; NM_013693)
5-ACG GCA TGG ATC TCA AAG AC-3' and
5-GTG GGT GAG GAG CAC GTA GT-3'; NLRP3 (Nlrp3;
NM_145827) 5'-CAG GCG AGA CCT CTG GGA AA-3’
and 5'-CCC AGC AAA CCC ATC CAC TC-3'; IL-10 (1110;
NM_010548) 5'-TGC TAT GCT GCC TGC TCT TA-3’ and
5-TCA TTT CCG ATA AGG CTT GG-3'; IL-1RN (IlIrn,
NM_001039701) 5'- GCC TGA TCA CTC TGG CCA TC-3’
and 5'- AGG CCA GCC AAC AGA CTG AG-3’; and fB-actin
(Actb; NM_007393) 5-AGC CAT GTA CGT AGC CAT
CC-3" and 5'-CTC TCA GCT GTG GTG GTG AA-3".

IL-1p and IL-18 ELISA detection

To quantitate secreted IL-1p or IL-18, BMDM cell culture
supernatants were measured using a mouse IL-1f/IL-1F2
Quantikine ELISA kit (R&D Systems) or a mouse IL-18
platinum ELISA kit (eBioscience, San Diego, CA, USA). The
enzyme-linked immunosorbent assay (ELISA) plates were read
using a microplate reader (Bio-Rad, Hercules, CA, USA).

Statistical analyses

Statistical analyses were performed using one-way analysis of
variance followed by the Tukey’s test for multiple groups, the
Mann—Whitney #-test for two-group comparisons or the
Kaplan—Meier method and log-rank test for survival data using
GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA).
The P-values are indicated in the figures.

RESULTS

Cheonggukjang inhibits inflammasome activation

To elucidate the effect of cheonggukjang (fermented soybean
paste) on inflammasome activation, we treated LPS-primed
BMDMs with cheonggukjang extracts and observed IL-1§3
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secretion as an inflammasome activation readout. As shown
in Figure 1a, the cheonggukjang extracts induced inflammasome
activation, whereas ATP, as an NLRP3 inflammasome activa-
tor, induced IL-1f secretion. The cheonggukjang extract did not
exhibit any cytotoxicity (Figure 1b). We sequentially confirmed
the inhibitory effects of cheonggukjang on inflammasome
activation (Figure 1c). LPS-primed macrophages were treated
with inflammasome activators (ATP and NG for NLRP3,
flagellin for NLRC4 and dsDNA for AIM2) in the presence
of cheonggukjang extract as indicated. We observed IL-1p and
caspase-1 (Caspl) secretion along with Asc pyroptosome
formation, as indicators of inflaimmasome activation. As a
result, cheonggukjang attenuated IL-1p and Caspl secretion, as
well as Asc pyroptosome formation caused by NLRP3, NLRC4
or AIM2 inflammasome activation. These results imply that
cheonggukjang is a potent inflammasome activation inhibitor.

Y-PGA inhibits inflammasome activation

To identify which cheonggukjang extract components regulate
inflammasome activation, we focused on y-PGA (Figure 2a),
which has been reported as an immune modulator in
cheonggukjang.?® To elucidate the effect of y-PGA on inflam-
masome activation, increasing y-PGA dosages were applied to
LPS-primed human macrophages (PMA-stimulated THP-1
cells) without any inflammasome activators (Figure 2b). IL-1p
was not secreted from the cells treated with y-PGA, whereas
ATP-induced IL-1P secretion was observed. We further con-
firmed the inhibitory effect of y-PGA on inflammasome
activation by measuring IL-1f secretion following co-treatment
of LPS-primed macrophages with y-PGA and NLRP3
inflammasome triggers (ATP or NG; Figure 2c). ATP- or
NG-mediated IL-1p secretion was attenuated by y-PGA
co-treatment. This result suggests that y-PGA was the compo-
nent responsible for the anti-inflammasome properties of
cheonggukjang. We further confirmed the inhibitory effect of
y-PGA on NLRP3 inflaimmasome activation in LPS-primed
BMDMs (Figure 2d). y-PGA attenuated IL-1f maturation, as
well as IL-1p and Caspl secretion in murine macrophages. In
addition, y-PGA showed no cytotoxic effects on BMDMs
(Figure 2e). Next, we examined the effects of y-PGA on other
inflammasome activators, such as NLRC4 and AIM2. To this
end, we introduced purified flagellin for NLRC4 or dsDNA for
AIM2 into LPS-primed THP-1 cells (Figure 2f) or BMDMs
(Figure 2g) in the presence of increasing dosages of y-PGA
and then monitored IL-1f secretion. Similar to cheonggukjang,
y-PGA inhibited flagellin- or dsDNA-induced IL-1f secretion.
Furthermore, y-PGA attenuated IL-18 maturation similar to
IL-1p  (Supplementary Figure la) and ASC pyroptosis
(Supplementary Figure 1b). Thus, y-PGA from cheonggukjang
can be considered as an NLRP3, NLRC4 and AIM2 inflamma-
some activation inhibitor.

v-PGA does not alter caspase-1 activity, whereas glutamate
does not alter inflammasome activation

On the basis of the inhibitory effects of y-PGA on all three
inflammasomes, we next determined whether y-PGA directly
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Figure 1 Effect of cheonggukjang on inflammasome activation. BMDMs were primed with LPS (1 pg/ml) in RPMI medium containing 10%
FBS and antibiotics for 3 h. (a) Cells were treated with medium containing the indicated percentages of cheonggukjang extracts or ATP
(2mm) and incubated for 1 h. The immunoblot assays were analyzed as indicated. (b) Cytotoxicity was measured after applying the
indicated cheonggukjang dosage to BMDMs for 1 h, which was similar to the inflammasome activation step. Triton (0.01% of Triton
x-100) was used to obtain complete cell death (0% survival rate), whereas the non-treated group was set as 100%. The data represent
the mean+s.d. of three independent experiments, each performed in triplicate. (c) LPS-primed BMDMs were treated with ATP (2 mm),
NG (40 pwm), flagellin (0.5 mg/ml) or dsDNA (1 pg/ml) for 1 h in the presence of the indicated cheonggukjang concentration. Cellular
supernatant (Sup), lysate (Lys) and cross-linked pellets (Pellet) from whole-cell lysates were analyzed with the indicated anti-sera in an
immunoblot assay. All immunoblot data shown are representative of at least two independent experiments. BMDMs, bone marrow-derived
macrophages; FBS, fetal bovine serum; LPS, lipopolysaccharide; NG, nigericin.

modulates Caspl activity (Figure 3a). y-PGA did not alter
human recombinant Caspl activity, suggesting that y-PGA acts
upstream of Caspl. We also investigated the effects of glutamic
acid on inflammasome activation. For this, LPS-primed
BMDMs were treated with 1-glutamic acid and inflammasome
triggers (ATP, NG and flagellin or dsDNA; Figure 3b). Treat-
ment with glutamate did not alter IL-1f secretion due to
inflammasome activation, suggesting that glutamic acid is not
an anti-inflammasome agent.

v-PGA induces expression of inflammatory cytokines via
TLR4 signaling

Emerging literature has suggested that y-PGA derived from
Bacillus  subtilis directly interacts with Toll-like receptor 4
(TLR4) and induces myeloid differentiation factor 88 (MyD88)-
mediated nuclear factor (NF)-kB signaling.?!> In this study, we
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applied y-PGA to BMDMs with/without LPS, and the pro-IL-1f,
TNFa, IL-6, IL-1a, NLRP3, IL-10 and IL-1rn transcript levels were
observed (Figures 4a and b). y-PGA upregulated all cytokines and
NLRP3 in a dose-dependent manner, although the synergy
between y-PGA and LPS could not be confirmed as the cytokine
expression could have been induced by LPS alone. In addition,
v-PGA induced pro-IL-1f and TNFa translation (Figure 4c). The
y-PGA-induced upregulated cytokines were attenuated by the
TLR4 inhibitor TAK-242 (Figures 4d and e). In summary, y-PGA
interacted with TLR4 to mediate production of inflammatory
cytokines and NLRP3 while attenuating inflammasome activation.

v-PGA produces conflicting effects on inflammatory
reactions

Inflammasome activation requires two steps: priming and
activation.”!! During the priming step, TLR stimuli induce
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Figure 2 Effect of y-PGA on inflammasome activation. (a) Chemical structures of y-PGA were drawn using Chemdraw ultra 8.0 (http:/www.
cambridgesoft.com). (b) BMDMs were primed with LPS (1 pg/ml) and then treated with the indicated percentages of y-PGA or ATP. IL-1p
secretion was analyzed by immunoblotting. (c) PMA-treated THP-1 cells were primed with LPS for 3 h and then treated with ATP or NG
with increasing concentrations of y-PGA. (d) LPS-primed BMDMs were treated with ATP and NG for 1 h in the presence of the indicated y-
PGA concentrations. Secreted IL-1p was quantitated by an ELISA-based assay kit and presented with bar graphs. (e) Cytotoxicity was
measured after applying the indicated y-PGA dosage to BMDMs. (f) PMA-treated THP-1 cells were primed with LPS and then treated with
flagellin or dsDNA. (g) LPS-primed BMDMs were treated with flagellin or dsDNA. Secretion of IL-1p was analyzed with immunoblots and
ELISAs as indicated. All immunoblot and ELISA data shown are representative of at least two independent experiments. The bar graphs
represent the mean +s.d. BMDMs, bone marrow-derived macrophages; dsDNA, double-stranded DNA; ELISA, enzyme-linked immunosorbent
assay; IL, interleukin; y-PGA, poly-gamma-glutamic acid; LPS, lipopolysaccharide; NG, nigericin; PMS, phorbol 12-myristate acetate.

cleavage of Caspl. With regards to these two steps, y-PGA
presented conflicting properties on inflammasome activation.
Specifically, y-PGA acted as an inhibitor of activation, whereas

the production of pro-IL-1p and inflammasome components,
such as NLRP3. In the activation step, inflammasome activators
facilitate assembly of inflammasome complexes to induce self-
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Figure 3 Effects of y-PGA on caspase-1 activity and glutamate on inflammasome activation. (a) Human recombinant caspase-1 (Caspl)
activity was measured in the presence of y-PGA or Z-VAD-FMK (Z-VAD, a pan-caspase inhibitor). (b) LPS-primed BMDMs were treated with
ATP, NG, flagellin or dsDNA in the presence of the indicated L-glutamic acid dosages. IL-1p secretion was measured by immunoblotting.
All immunoblot data shown are representative of at least two independent experiments. BMDMs, bone marrow-derived macrophages;
dsDNA, double-stranded DNA; IL, interleukin; y-PGA, poly-gamma-glutamic acid; LPS, lipopolysaccharide; NG, nigericin.

it induced pro-IL-1f production during priming. To determine
the role of y-PGA in inflammasome activation, we primed
BMDMs with y-PGA instead of LPS, followed by treatment
with y-PGA and inflammasome triggers (ATP or NG;
Figure 5a). y-PGA priming was sufficient for inflammasome
activation, whereas y-PGA treatment during the activation step
blocked IL-1p maturation.

During inflammation, production and maturation of pro-
inflammatory cytokines occur at the same time. However, our
results show that y-PGA displayed conflicting properties during
inflammasome priming and activation. Therefore, we evaluated
the role of y-PGA in an animal model in which the priming
and activation steps are indistinguishable. To this end, we
adopted a LPS lethality model, as NLRP3 gene-depleted mice
present lower susceptibility to LPS-induced endotoxin shock
than wild-type mice.?* As shown in Figure 5b, mice treated
with LPS alone presented a 60% survival rate at 96h post
injection, whereas 80 or 100% of y-PGA (4 or 10 mg per
mouse)-treated mice before LPS injection were alive at the
same time point. Thus, y-PGA ameliorated the severity of
LPS-induced endotoxin shock through anti-inflammasome
activity while simultaneously inducing pro-inflammatory cyto-
kine production.

DISCUSSION

In this study, we elucidated the effect of y-PGA on inflamma-
some activation. In addition, the effect of cheonggukjang,
a y-PGA-enriched food, was further tested. In our results,
v-PGA and cheonggukjang attenuated NLRP3, NLRC4 and
AIM?2 inflammasome activation. However, y-PGA did not alter
Caspl activity, nor did glutamate (monomer of y-PGA)
affect inflammasome activation. Interestingly, y-PGA has been
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reported as a TLR4 agonist,”®> and it upregulated pro-
inflammatory cytokines and NLRP3 in the current study.
Specifically, y-PGA blocked inflammasome activation while
simultaneously upregulating pro-IL-1p and NLRP3 production,
which are required for inflammasome activation during the
priming step. These conflicting effects of y-PGA on inflamma-
some activation were further assessed both in vitro and in vivo.
In cell culture, y-PGA served as a TLR4 agonist during priming
but as an inhibitor during activation. However, y-PGA reduced
lethality in an LPS-induced inflammation model. In addition,
v-PGA has been shown to ameliorate disease activity indexes in
dextran sodium sulfate-induced mouse colitis models of
inflammatory bowel disease, and NLRP3-deficient mice present
less severe symptoms in a colitis model.?>?® These results show
that y-PGA attenuates the severity of inflammasome-mediated
inflammatory diseases while upregulating production of pro-
inflammatory cytokines.

Until now, y-PGA has been reported to have several
immune-modulating properties. Specifically, y-PGA is known
to induce antigen uptake by antigen-presenting cells (APCs;
dendritic cells and macrophages), cytokine production (IL-1f,
IL-6, IL-12p40 and TNFa) and co-stimulatory molecules
(CD40, CD86 and major histocompatibility complex class I
and II) upregulation, and T-cell stimulatory capacity
enhancement.?? In addition, v-PGA has been shown to increase
IFN-y and antigen-specific antibody production, suggesting
y-PGA conjugation with antigens can induce cellular and
humoral immune responses by acting as an effective vaccine
adjuvant.”? y-PGA also has been shown to have an effect on
T-cell differentiation.?””?8 Kim et al. reported that y-PGA
upregulates the master genes (T-bet and ROR-yt) of Ty1 and
Tp17 cells, whereas it decreases GATA-3-inducing T2 cell
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Figure 4 Effects of y-PGA on inflammatory cytokine and NLRP3 expression levels. BMDMSs (2 x 108 cells per well for gPCR and 1x 106 cells
per well for immunoblotting) were treated with the indicated y-PGA concentrations with/without LPS (10 ng/ml). Pro-IL-1p, TNF«, IL-6, IL-1la,
NLRP3, IL-10 and IL-1rn transcript levels were analyzed using SYBR green-based quantitative real-time PCR (a) and general PCR analyzed by
2% agarose gel electrophoresis (b). The data represent the mean +s.d. of three independent experiments. (c) Effects of y-PGA on pro-IL-1p and
TNFa translational levels in dose- or time-dependent manners were detected by immunoblotting. The effect of a TLR4 signaling inhibitor
(TAK-242) on y-PGA-mediated cytokine induction was elucidated with BMDMs treated with y-PGA (0.4 mg/ml) or LPS (10 ng/ml). Pro-IL-1f and
TNFa were analyzed using SYBR green-based quantitative real-time PCR (d) and general PCR analyzed by 2% agarose gel electrophoresis
(e). All data shown are representative of at least two independent experiments. BMDMs, bone marrow-derived macrophages; IL, interleukin;
y-PGA, poly-gamma-glutamic acid; LPS, lipopolysaccharide; TNFa, tumor necrosis factor-o; TLR4, Toll-like receptor 4.
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Figure 5 Conflicting effects of y-PGA on inflammasome activation. (a) BMDMs were primed with y-PGA (0.8 mg/ml) for 3 h. y-PGA-primed
BMDMs were further treated with ATP or NG in the presence of y-PGA as indicated. IL-1f secretion was detected with an immunoblot
assay. All immunoblot data shown are representative of at least two independent experiments. (b) Mice (n=10, each group)
were intraperitoneally injected with saline or y-PGA 1 h after LPS (25 mg/kg) administration. The survival data were analyzed using the
Kaplan—Meier method and log-rank test. *P<0.05 versus the LPS-treated group. BMDMs, bone marrow-derived macrophages; IL,
interleukin; y-PGA, poly-gamma-glutamic acid; LPS, lipopolysaccharide; NG, nigericin.

levels.?” In addition, y-PGA was found to induce IL-12p40,
CD80 and CD86 expression in APCs, resulting in polarization
of native CD4" T cells into Tj,1 cells instead of Ty2 cells.?” Lee
et al. further reported that y-PGA promotes selective differ-
entiation of native CD4" T cells into Ty, cells and suppresses
Ty17 cell differentiation.? It has also been reported that y-PGA
induces anti-tumor immunity.?*?12 Specifically, oral adminis-
tration of high-molecular-mass y-PGA was found to be
associated with smaller tumor sizes following challenge
with tumor cell lines through induction of natural killer (NK)
cell-mediated cytotoxicity and IFN-y secretion.?? y-PGA was
also shown to induce interferon-y, TNFa and IL-12 production
in NK dendritic cells, which are key factors in anti-cancer
immunity.?® In the current study, y-PGA showed anti-
inflammasome activity, which increases its potential as a
promising target for cancer therapy and metabolic
diseases.!*»!* Indeed, treatments targeting IL-1p (IL-1 receptor
antagonist or IL-1f monoclonal antibodies), caspase-1 inhibi-
tors or inflammasome inhibitors have been shown to control
inflammasome-mediated diseases.'> However, these diseases
require continuous treatment because their symptoms manifest
slowly, which furthers the physical and economic burden for
patients. Thus, a therapeutic agent targeting inflammasome
diseases is required to be non-toxic, stable and economically
feasible. In the current study, we provide evidence that y-PGA
is an inflammasome activation inhibitor or an alternative
source for IL-1P-targeted treatments.

In the current study, we tested the effects of glutamate, a
monomer of y-PGA, on inflammasome activation. However,
glutamate showed no inhibitory effect. In a similar study, intact
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v-PGA (>2000kDa) induced TNFa production via TLR4-
MyD88 signaling, whereas low-molecular-mass y-PGA
(<50kDa) digested with y-PGA-degrading enzymes (y-gluta-
myltransferase and glutamyl amidohydrolase) did not produce
the same result.”” High-molecular-weight y-PGA (> 2000 kDa)
induces strong anti-tumor immune responses mediated by NK
cells in a TLR4- and dendritic cell-dependent manner.2b
By contrast, low-molecular-weight y-PGA (<50kDa) induces
Thl differentiation though an antigen-presenting cell-depen-
dent manner.?” Taken together, the structural property of
v-PGA due to its high molecular mass may be responsible for
its ability to induce cytokine production and maturation.

We also observed that y-PGA induced pro-inflammatory
cytokine (IL-la, pro-IL-1p, IL-6 and TNFa) and anti-
inflammatory cytokine (IL-10 and IL-1rn) expression via
TLR4 signaling. It has been previously demonstrated that
y-PGA induces TNFa secretion from BMDMs via TLR4 and
MyDS88 signaling but not TLR2.2! In addition, IFN-y-inducible
protein 10 (IP-10) production, which normally occurs inde-
pendent of MyD88, in response to y-PGA treatment was shown
to be almost completely abolished in TLR4-defective mice.?!
Ligand-dependent activation of TLR4 induces two signaling
pathways: MyD88-dependent and -independent signaling. The
MyD88-dependent pathway involves signal transduction inter-
mediates, such as IL-1R-associated protein kinases and trans-
forming growth factor-activated kinase, resulting in NF-xB
activation and pro-inflammatory cytokine production.’! The
MyD88-independent pathway involves signal transduction inter-
mediates, such as Toll-like receptor adapter molecule (TICAM)1
and TICAM?2, resulting in transcription factor interferon



regulatory factor 3 activation and IFN-B production.”? During
inflammasome activation, cell priming through multiple signaling
receptors, such as TLRs, results in an induction of NLRP3
expression in response to NF-kB, which is a critical checkpoint
for inflammasome activation.*®> Thus, y-PGA mediates NF-xB
signaling, which is sufficient for NLRP3 inflammasome activation.

¥-PGA has received attention as a good biological material
due to its biodegradability, non-toxicity, compatibility and
edibility.” Thus far, the multi-functionalities of y-PGA have
made it a promising biopolymer for use as a health food,
biodegradable thickener, humectant, sustained-release material,
chemical food vehicle, cosmetic, medicine and pharmaceutical,
cryoprotectant, curable biological adhesive, biodegradable fiber,
and biopolymer flocculant.®> On the basis of the current results,
we suggest that y-PGA may induce pro-inflammatory cytokine
expression and inhibit inflammasome activation.
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