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Helicobacter pylori controls NLRP3
expression by regulating hsa-miR-223-3p
and IL-10 in cultured and primary
human immune cells

Suneesh Kumar Pachathundikandi and Steffen Backert

Abstract

Inflammasome-mediated production of mature IL-1b and IL-18 cytokines represents an important innate immune

response against infecting pathogens. Helicobacter pylori, one of the most successful and persistent human pathogens,

induces severe inflammation leading to gastritis and more serious gastric diseases. H. pylori modulates different immune

responses for its survival and inflammasome signaling is manipulated by the cag pathogenicity island (cagPAI), urease and

VacA cytotoxin. Here we report that H. pylori regulates NLRP3 expression, an inflammasome forming regulator, in

infected THP-1 monocytes. This response was independent of the major H. pylori pathogenicity-associated factors CagA,

VacA, Cgt, FlaA and cagPAI. Two NLRP3 expression controlling factors, the NLRP3 mRNA targeting microRNA hsa-miR-

223-3p and cytokine IL-10, were found to work in tandem for its regulation. H. pylori infection also induced copious

amount of pro-IL-1b in THP-1 monocytes/macrophages but secreted a very low amount of mature IL-1b. Moreover,

secreted IL-10 correlated with the down-regulation of nigericin-induced NLRP3 inflammasome activation of LPS-primed

THP-1 monocytes and human PBMCs from volunteers. However, H. pylori-treated PBMCs secreted significantly more

mature IL-1b throughout the infection period, which suggests a different mode of activation. Taken together, this study

demonstrates targeting of inflammasome-forming NLRP3, an important innate immunity component, and crucial manipu-

lation of pro- and anti-inflammatory cytokines in H. pylori infection.
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Introduction

Helicobacter pylori is a Gram-negative bacterium
colonizing half of the human world population,
associated with different gastric pathologies such as gas-
tritis, peptic ulcer, gastric cancer and mucosa associated
lymphoid tissue lymphoma. The World Health
Organization (WHO) classifiedH. pylori as a type-I car-
cinogen. The long history of coexistence with mankind
had influenced the H. pylori genome to encode features
for adaptation to multiple host characteristics.1 High
recombination and mutation rates in the bacterium,
along with natural transformation potency, influenced
this adaptation process during evolution. A plethora of
H. pylori and host factors orchestrate the survival at one
of the most hostile environments for microbes, the gas-
tric mucosa.2 Highly virulent H. pylori strains acquired
a 40-kb pathogenicity island (cagPAI), which encodes a

type IV secretion system to deliver the CagA effector
protein into host cells for various signal transduction
events.3 The urease enzyme activity helps in the survival
of H. pylori by metabolizing urea to release ammonia
for neutralizing the surrounding acidic environment. In
addition, H. pylori produces the vacuolating toxin A
(VacA), exerting different toxicity effects both in epithe-
lial and immune cells. Moreover, H. pylori uses highly
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motile flagella for crossing the mucus layer during infec-
tion, and adhesion proteins such as BabA, SabA, AlpA/
B, OipA, HopQ and others ensure adhering to the epi-
thelial cell surface. With the help of these and other
pathogenicity factors H. pylori colonizes for almost
the entire life span of its human host, if not eradicated
by antibiotic therapy.4–6Most of the individuals harbor-
ingH. pylori produce asymptomatic gastritis, about 10–
20% of infected people have a lifetime risk of developing
peptic ulcer disease and 1–2% risk of developing distal
gastric cancer.7 In contrast, persistent infection of H.
pylori has also been found to be beneficial for the
human host by suppressing other illnesses, including
asthma, allergies and inflammatory bowel disease.8–11

Host gene polymorphisms play a crucial role in produ-
cing different associated pathologies of H. pylori infec-
tion. Among these, a specific IL-1b gene polymorphism
has prominence and was directly related to gastric
cancer development.12 IL-1b is well-known to act as
an inhibitor of acid secretion and leads to gastric atro-
phy, which ultimately ends in metaplasia and gastric
cancer.13 In addition, IL-1b was reported to directly
induce proliferation of gastric carcinoma cells.14

Therefore, the production of IL-1b is implicated as
one of the key host factors for H. pylori-associated gas-
tric cancer progression.

Many studies proved that the production of mature
forms of IL-1b and IL-18 is mediated through multi-
meric protein complexes called ‘inflammasomes’.15

Nod-like receptors (NLRs), including NLR family,
pyrin domain containing 1 (NLRP1), NLRP3 and
card domain containing 4 (NLRC4), form the well-stu-
died group of canonical inflammasomes. Absent in mel-
anoma 2 and pyrin/TRIM20 were also identified to
assemble inflammasomes during microbial infec-
tions.16,17 NLR members like NLRP6, NLRP7 and
NLRP12 have also been recently implicated in inflam-
masome formation.18 The NLRP3 inflammasome is the
most studied complex and found to require two major
signals for its activation. The first signal usually comes
through the detection of PAMPs by toll-like receptors
(TLRs) and NF-kB activation to induce the gene
expression of NLRP3 and Pro-IL-1b.19 Activation
occurs through a second signal induced by various
microbial, crystalline, metabolic molecules (e.g. nigeri-
cin, urate, silica, ATP) or reactive oxygen species.
However, mechanistically all seems to be converged
on the effect of K+ efflux and decides the final activa-
tion step.20 Once activated, NLRP3 molecules form a
ring-like structure, which allows the adaptor protein
called apoptosis associated speck-like protein polymer-
ization through their pyrin domain interaction and
finally recruits zymogen pro-caspase-1 and undergoes
auto-activation. Activated caspase-1 then cleaves the
pro-forms of IL-1b and IL-18 to generate their
mature forms. However, recent advances in this field
showed that caspase-4/5 (caspase-11 in mouse) and

caspase-8 were also capable of the cleavage in a
NLRP3-dependent mechanism.21,22

Activated caspase-1 and caspase-4/5/11 cleave
gasdermin-D, which leads to an inflammatory cell
death called ‘pyroptosis’.23 Pyroptosis helps to restrict
the growth of intracellular bacteria and is released pre-
maturely, which exposes them to immune attack or
naı̈ve cells.24 Massive production of mature IL-1b at
the site of acute infection will also lead to pro-inflam-
matory tissue damage and aggravated disease condi-
tions. However, pathogens causing chronic infections
should manage this activation in a specific way to
ensure their survival. The regulation of NLRP3 inflam-
masome in microbial infections is an upcoming area
and lacks major studies. Earlier studies using a mouse
model of H. pylori infection reported the activation of
NLRP3 inflammasome to secrete mature IL-1b and
IL-18.10,25,26 However, a recent study using the mouse
model of chronic H. pylori infection identified mucin-1
as a regulator of NLRP3 expression and mature IL-1b
production.27 The above facts led us to study the
NLRP3 expression regulation in H. pylori infected
THP-1 monocytic leukemia cell lines, which is the
most commonly used model cell line for inflammasome
activation studies, as well as human PBMCs. Here we
report a novel mechanism of a miRNA (hsa-miR-223-
3p) and an anti-inflammatory cytokine (IL-10)-
mediated regulation of inflammasome-forming
NLRP3 expression and activation in cultured and pri-
mary human immune cells during H. pylori infection.

Materials and methods

Bacterial strains and cell line cultures

TheH. pylorimutants �cagA, �vacA, �cgt, �flaA and
�cagPAI were generated from wild type (wt) strain P12
by insertion of a chloramphenicol or kanamycin resist-
ance gene cassette, respectively.28,29 AllH. pylori strains
were grown on horse serum agar plates supplemented
with vancomycin (10 mg/ml), nystatin (1 mg/ml) and tri-
methoprim (5mg/ml), and, if required, with chloram-
phenicol (4 mg/ml) or kanamycin (8mg/ml), at 37�C
for 2 d in an anaerobic jar containing a campygen gas
mix (Oxoid, Wesel, Germany).30,31 H. pylori grown on
agar plates was harvested and re-suspended in PBS (pH
7.4), using a sterile cotton swab (Carl Roth, Karlsruhe,
Germany). The bacterial concentration was measured
as OD at 550 nm using an Eppendorf spectrophotom-
eter. The eukaryotic cells grown in medium without
antibiotics and antimycotics were infected with H.
pylori at a multiplicity of infection of 50 or 100.32,33

The mock control cells were incubated with an equal
amount of PBS.

THP-1 (ATCC-TIB-202) monocytic leukemia cell
line was cultured in RPMI-1640 medium supplemented
with 10% (vol/vol) heat-inactivated FBS (Invitrogen,
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Darmstadt, Germany) and 1% antibiotic and antimy-
cotic solution (Sigma-Aldrich, Hamburg, Germany) in
a humidified incubator at 37�C with 5% CO2.

34,35 The
cells were washed with PBS (pH 7.4), and the required
number of cells re-suspended in antibiotic- and antimy-
cotic-free medium before seeding in to the culture plates
for infection or treating with Escherichia coli LPS
(500 ng/ml) (Sigma-Aldrich) for 6 h or 24 h and niger-
icin (10mM) (Invivogen, Toulouse, France) for the last
30min or 1 h in a humidified incubator at 37�C with
5% CO2.

THP-1 monocytes were differentiated with 40 nM
phorbol 12-myristate-13-acetate (PMA) in complete
RPMI-1640 medium and cultured for 72 h with daily
replenishment of fresh medium in a humidified incuba-
tor at 37�C with 5% CO2. Next, the differentiated cells
were rested in culture medium without PMA for 48 h to
attain morphological and functional status of macro-
phage.36 These cells were washed with PBS, pH 7.4, and
cultured in antibiotic- and antimycotic-free medium in
a humidified incubator at 37�C with 5% CO2 before H.
pylori infection.

AGS (ATCC-CRL-1739) gastric adenocarcinoma
cell line was cultured in RPMI-1640 medium as previ-
ously described.37,38 After adherent growth in culture
flasks, the cells were washed with PBS (pH 7.4), and
treated with trypsin-EDTA solution (Sigma-Aldrich)
for 5min and the reaction was stopped by adding
fresh 10% FBS containing RPMI-1640 medium. The
cell suspension prepared in 10% FBS containing
RPMI-1640 medium was used for seeding cells in to
culture plates and cultured in a humidified incubator
at 37�C with 5% CO2. The cells grown to 70–80%
confluency in wells were used for transfection with plas-
mids and RNA, which is followed infection in anti-
biotic- and antimycotic-free medium.

Peripheral blood mononuclear cells (PBMC) isolation

PBMCs were isolated from venous blood of normal
healthy and H. pylori-negative donors with written
informed consent following approval by the local
Friedrich Alexander University Erlangen-Nuremberg,
Germany ethics committee (number: 36_12 B). Ficoll
Paque (GE Life Sciences, Freiburg, Germany) density
gradient centrifugation of venous blood was the method
used (as per the protocol of the manufacturer) for iso-
lation. The cells were gently treated with red blood cell
lysis buffer (Sigma-Aldrich) for 1min and washed with
PBS (pH 7.4), and the required number of cells re-sus-
pended in antibiotic- and antimycotic-free RPMI-1640
medium supplemented with 10% (vol/vol) heat-inacti-
vated FBS before seeding in to culture plates for infec-
tion or treating with E. coli LPS (500 ng/ml) (Sigma-
Aldrich) for 6 h or 24 h and nigericin (10mM)
(Invivogen) for the last 30min and cultured in a humi-
dified incubator at 37�C with 5% CO2.

19

mRNA, miRNA extraction and quantitative real-time
PCR (RT-PCR)

H. pylori-infected and mock control THP-1 monocytes
for the indicated time periods were harvested by centri-
fugation at 150 g for 5min at 4�C. The supernatants
were removed carefully and the cell pellet was washed
with PBS before adding lysis buffer of the RNeasy Mini
Kit (Qiagen, Hilden, Germany). Then, total RNA was
extracted by the protocol provided by the manufacturer
(Qiagen) and used to prepare cDNA by Reverse
Transcriptase-PCR reagents (Invitrogen). The
Taqman gene expression assay kit (Applied
Biosystems, Foster City, CA, USA) was used for the
analysis of mRNA expression and reactions were per-
formed in Applied Biosystems sequence detection
system 5700 as previously described.34 miRNA from
infected and mock control THP-1 monocytes were
extracted using the miRNeasy mini kit (Qiagen). The
extracted RNAs were used for cDNA synthesis using
miScript II RT kit (Qiagen). miScript Primer assay kit
and Quantitect SYBR Green PCR master mix were
used for setting up reactions in a Bio-Rad MyiQ Real
Time PCR detection system for the analysis of miRNA
expression by 2–��Ct method.34

3’UTR Renilla luciferase assay

The AGS cells were grown to 70–80% confluency in
100 ml medium (96-well plate) and used for transfecting
plasmids and/or miRNA followed by infection with H.
pylori. One hundred ng pLigtswitch-3’UTR (expressing
Renilla luciferase) control and pLigtswitch-NLRP3-
3’UTR (Active Motif, Brabant Wallon, Belgium),
alone or with 30 nM of anti-hsa-miR-223-3p RNA or
with 30 nM of hsa-miR-223-3p RNA mimic (Qiagen)
were transfected or co-transfected to the AGS cells
using Lipofectamine 3000 transfection reagent in
Opti-MEM serum-free media as per the manufacturers
protocol (Thermo Fisher Scientific, Waltham, MA,
USA). After transfection, cells were infected with H.
pylori for 6 h in antibiotic- and antimycotic-free
medium. Thereafter, the luciferase activity was
measured in triplicate by adding 100 ml of assay buffer
prepared as per the protocol of Lightswitch Luciferase
assay kit (Active Motif) to the wells directly and kept at
25�C for 30min in dark before reading in an Orion
Microplate Luminometer (Titertek Berthold,
Pforzheim, Germany). The values were expressed as
luminescence ratio of the relative light activity.

Recombinant human IL-10 activity assay

To test the inhibitory activity of IL-10 on NLRP3 and
pro-IL-1b expression in PMA-differentiated THP-1
macrophages, the cells were induced with different con-
centrations (500–2000 pg/ml) of recombinant human
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(rh)-IL-10 (R&D Systems, Minneapolis, MN, USA) for
15min before infecting with H. pylori or maintained as
uninfected and incubated for 6 h in a humidified incu-
bator at 37�C with 5% CO2. After treatment, the cells
were lysed in 2� SDS buffer and boiled for 5min and
later analyzed by Western blotting, as described below.

Immunoprecipitation

The infected and mock control whole-cell extracts were
prepared using lysis buffer containing pan-protease
inhibitors (Roche, Mannheim, Germany). Then the
whole-cell extracts were pre-cleared with Protein-G
sepharose beads (Amersham Pharmacia, Munich,
Germany) for 2 h at 4�C and beads were removed by
centrifugation at 2400 g for 5min at 4�C. The Abs
against human NLRP3 (Santa Cruz Biotech, Santa
Cruz, CA, USA) were added to pre-cleared lysate and
incubated for 16 h at 4�C in a rotatory shaker at low
speed. The immune complexes were precipitated using
protein-G sepharose beads by incubating for 4 h at 4�C
and centrifugation at 2400 g for 5min at 4�C.39,40 The
protein-G sepharose bead-bound immune complexes
were washed three times with PBS (pH 7.4) and then
added 2� SDS lysis buffer and boiled for 5min before
using for SDS-PAGE and Western blot analysis. A por-
tion of the remaining lysate mixed with equal amount
of 2� SDS lysis buffer and boiled for 5min, which is
used for detection of loading control GAPDH protein.

Trichloroacetic acid (TCA) precipitation of culture
supernatants

Culture supernatants of infected, LPS-primed,
LPS-primed nigericin-induced and mock control in
serum-free medium were used for TCA precipitation
and subsequent analysis of the caspase-1 p10 fragment
and mature IL-1b. Briefly, one-tenth the volume of 6.1
N trichloroacetic acid (Sigma-Aldrich) was added to
each culture supernatants and incubated on ice for
1 h. After the incubation, the precipitated proteins
were collected by centrifugation at 16,000 g for 30min
at 4�C. The supernatants were removed and the thin
layer of pellet was washed with ice-cold acetone three
times and finally dissolved in 2�SDS-PAGE buffer
and boiled for 5min and later analyzed by Western
blotting, as described below.

SDS-PAGE and immunoblotting

Infected and non-infected cells were harvested and mixed
with equal amounts of 2� SDS-PAGE buffer and boiled
for 5min. Proteins were separated by SDS-PAGE on 6–
15% polyacrylamide gels and blotted onto PVDF mem-
branes (Immobilon-P; Millipore, Billerica, MA, USA)
and membranes were blocked in TBS-T buffer (140mM
NaCl, 25mMTris-HCl pH 7.4, 0.1%Tween-20) with 5%

skimmed milk for 1 h at 25�C as described.41,42

NLRP3,GAPDH and caspase-1 expression was moni-
tored using Abs from Santa Cruz Biotech or Adipogen
Life Sciences (San Diego, CA, USA). Ab against IL-1b
was purchased from R&D systems. As secondary Abs,
HRP-conjugated anti-rabbit, anti-mouse and anti-goat
polyvalent pig and rabbit immunoglobulin, respectively,
were used (Dako, Hamburg, Germany). Ab detection
was performed with the ECL Plus chemiluminescence
Western Blot system for immunostaining (Amersham
Pharmacia Biotech).43,44

Quantification of cytokines

The supernatants of H. pylori infected and mock con-
trol cells were collected and centrifuged at maximum
speed in a cold centrifuge at 4�C to remove bacteria
before storing at �80�C until assayed. Human IL-1b
and IL-10 concentration in the supernatant were deter-
mined by standard ELISA, with commercially available
assay kits, described by the manufacturer (Becton
Dickinson, Heidelberg, Germany).

Statistical analysis

All experiments were repeated at least three times with
similar results. The data were evaluated using Student’s
t-test with GraphPad statistical software online.
P-Values � 0.05 and � 0.005 were considered as statis-
tically significant.

Results

Time-dependent NLRP3 expression in THP-1
monocytes infected by H. pylori

NLPR3 has been reported to produce six individual
isoforms by alternative splicing.45,46 However, the
exact role of these different isoforms is not yet clear.
In the present study, we analyzed the NLRP3 expres-
sion in the THP-1 monocytes at two different time per-
iods of H. pylori infection (early time point at 6 h and
late time point at 24 h), which was normalized to
GAPDH. We found that H. pylori infection regulated
the expression of NLRP3 gene product. As expected,
NLRP3 mRNA expression by Taqman quantitative
real-time PCR (RT-PCR) was elevated at 6 h by wt
H. pylori and isogenic mutants of major pathogenicity
factors, such as �cagA, �vacA, �cgt (cholesterol-
a-glucosyltransferase), �flaA (flagellin A) and
�cagPAI, when compared with mock control cells
(Figure 1a). However, we were very surprised that the
NLRP3 mRNA levels were significantly down-regu-
lated at 24 h in all the infected (wt and mutants) cells
(Figure 1a). In addition, we employed immunoprecipi-
tation using an Ab raised against amino acids 25–90 of
the N-terminal region of human NLRP3. This Ab
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immunoprecipitated known isoforms of the human
NLRP3. Western blotting of the precipitated proteins
from infected and mock control cells revealed bands of
the different isoforms including isoform 1, 2 and 3 with
predicted molecular masses of 106, 118 and 84 kDa,
respectively (Figure 1b). All isoforms detected in the
blot increased their intensity in the infected cells at
6 h (Figure 1b); however, the protein levels were
found to be decreased at 24 h when compared with
mock control cells (Figure 1b). The data demonstrate
that the NLRP3 mRNA and protein expression are
regulated in H. pylori infected THP-1 monocytes in a
time-dependent fashion.

Up-regulated expression of NLRP3 targeting
hsa-miR-223-3p (3’ arm miRNA) during
H. pylori infection

miRNAs are short, endogenous, non-coding RNAs
involved in the post-transcriptional regulation of gene
expression.47 In general, seven conserved nucleotides

(2–8) in a given miRNA determine its function through
a base-pairing region at the 3’UTR of mRNA target.
We screened two different miRNA databases, miRDB
and TargetScan, and found that hsa-miR-223-3p has a
predicted target at the 3’UTR of NLRP3 mRNA with a
high target score (Figure 2; Supplementary Table S1).
Mature miRNA is a double-stranded structure derived
from both arms of the precursor and one arm of the
mature miRNA preferentially accumulates with a small
proportion of the opposite arm, commonly called
miR*.48 In this case, hsa-miR-223-3p forms from the
3’ arm of the precursor accumulates over hsa-miR-223-
5p forms from the 5’ arm. Using RT-PCR, we analyzed
the differential expression of both mature miRNA
levels normalized to RNU6-2 (RNA, U6 small nuclear
2) expression in H. pylori-infected THP-1 monocytes in
comparison with the mock control cells. There was no
change in the levels of hsa-miR-223-5p expression, even
after 24 h of infection; however, the hsa-miR-223-3p
levels were gradually increased from almost twofold
at 6 h to over threefold at 24 h of infection period
(Figure 3). To the best of our knowledge, this is the
first report to show that H. pylori preferentially accu-
mulates an NLRP3-targeting miRNA in a monocytic
cell line until 24 h of infection. This data are well cor-
related with the decreased NLPR3 mRNA and protein
level expression at 24 h of infection, as shown above.

Next, we analyzed the hsa-miR-223-3p expression in
H. pylori-infected AGS gastric epithelial cells and
found it to be gradually up-regulated after 6 h and
24 h (Figure 4a). This shows that H. pylori can up-reg-
ulate mature hsa-miR-223-3p expression in both epithe-
lial and immune cells. To confirm the proposed NLRP3
3’UTR targeting, we transfected AGS cells with plas-
mid pLightswitch-3’UTR expressing a Renilla lucifer-
ase as control vector and NLRP3-3’UTR cloned
(pLightswitch-NLRP3-3’UTR) at the 3’ end of the
Renilla luciferase gene. We have also co-transfected
30 nM (best concentration selected) of anti-hsa-miR-
223-3p (inhibitor) or hsa-miR-223-3p (mimic) along
with control and NLRP3-3’UTR cloned vectors to val-
idate the hsa-miR-223-3p targeting of NLRP3-3’UTR.
The Renilla luciferase activity of infected and mock
control cells was measured using Lightswitch luciferase
assay kit (Active Motif) in a luminometer, as per
the manufacturer’s protocol. The control vector trans-
fected in mock control cells expressed high amounts
of luciferase as expected; however, pLightswitch-
NLRP3-3’UTR transfected mock control cells
expressed significantly lower luciferase activity,
which can be attributed to the increased NLRP3
3’UTR targeting in AGS cell line (data not shown).
The luminescence ratio was calculated using relative
light units from control and NLRP3 3’UTR vector
transfected or co-transfected with inhibitor and
mimic RNAs. The results from anti-hsa-miR-223-3p
co-transfection experiments slightly increased the
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Figure 1. NLRP3 expression in THP-1 monocytes during H.

pylori infection. Inflammasome-forming NLRP3 expression

changes in THP-1 monocytes at early (6 h) and late (24 h) time

points of H. pylori infection. (a) The mRNA level of expression

was analyzed using quantitative Taqman RT-PCR of infected and

mock control cells. Values are expressed as fold changes nor-

malized to GAPDH expression derived from the 2–��Ct method.

(b) Immunoprecipitated NLRP3 proteins from infected and mock

control cells were analyzed by Western blotting. The various

NLRP3 isoforms are indicated. The GAPDH blot served as

loading control. *P� 0.05 and **P� 0.005 were considered as

statistically significant.
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luminescence ratio. However, hsa-miR-223-3p miRNA
mimetic reduced the ratio to almost half in comparison
with vector alone transfected cells infected with H.
pylori (Figure 4b; Supplementary Table S2). This con-
firmed that NLRP3-3’UTR targeting by hsa-miR-223-
3p is increased during H. pylori infection. We therefore
propose that these findings could have major implica-
tions on the functional steadiness, formation and acti-
vation of the NLRP3 inflammasome to produce mature
forms of IL-1b and IL-18 during H. pylori infection.

NLRP3 expression in THP-1 differentiated
macrophages during H. pylori infection

Haneklaus et al. reported that miR-223 expression
decreases as monocytes differentiate into macrophages
and upon accumulation of the NLRP3 protein.49 To
understand the effect on NLRP3 expression in macro-
phages during H. pylori infection, we differentiated
THP-1 monocytes to macrophages by PMA pre-treat-
ment followed by infection for two different time

Figure 2. Prediction of hsa-miR-223-3p targeting of NLRP3 3’UTR with seed sequence base-pairing location and target score using

two different prediction tools. miRDB database and TargetScan are two widely used miRNA target prediction tools. (a) The hsa-miR-

223-3p has an 7mer target seed sequence base pairing region at 406 of the 613 nt length 3’UTR of the NLRP3 transcript variant 4

(NM_001127461.2) predicted by miRDB and a high target score. (b) TargetScan also predicted NLRP3 3’UTR targeting with similar

score. 3’UTR region analysis of the other five reported transcript variants (NM_001243133.1, NM_001079821.2, NM_001127462.2,

NM_004895.4, NM_183395.2) in curated non-redundant NCBI RefSeq database also showed hsa-miR-223-3p target in their

respective 3’ UTR (Supplementary Table S1).
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Figure 3. hsa-miR-223 expression during H. pylori infection of

THP-1 monocytes. The NLRP3 targeting hsa-miR-223-3 p and its

miR* partner hsa-miR-223-5p expression in H. pylori-infected and

mock control cells were analyzed by quantitative real-time PCR

using Qiagen miScript kits and SYBR Green PCR master mix.

Values are expressed as fold changes of expression of (a) hsa-

miR-223-3p and (b) hsa-miR-223-5 p normalized to the RNU6-2.

*P� 0.05 and **P� 0.005 were considered as statistically

significant.
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points. Western blot of the cell lysates from control and
infected cells at different time points showed that
NLRP3 isoform 3 (p84) was highly up-regulated at
time points 6 h and 24 h when compared with the
mock control (Figure 5a). However, isoform 1 concen-
tration was not changed significantly after infection
(Figures 5a and 6). The infected macrophages secreted
significantly more mature IL-1b (Figure 5b); however,
the pro-form was highly elevated until the late time
point when compared with the mock control
(Figure 5a).

Very recent studies have identified cytokine IL-10 as
another regulator of NLRP3 and pro-IL1b expression
in human monocytes and mouse bone marrow-derived
macrophages.50–53 H. pylori-infected macrophages
secreted significantly more IL-10 than mock control;
however, it was< 30 pg/ml, even after 24 h of infection.
This low level of IL-10 was not enough to control
NLRP3 expression in macrophages (Figure 5a, c). To
test whether higher concentration of IL-10 can down-
regulate the expression of NLRP3 in macrophages, we
designed an activity assay using different concentra-
tions of exogenously added rhIL-10 for 6 h. The results
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showed that the addition of 500 pg/ml rhIL-10 signifi-
cantly decreased the NLRP3 (isoform 1, p106) concen-
tration in uninfected control cells; however, H. pylori-
infected cells maintained NLRP3 expression.
Moreover, exogenously added rhIL-10 at 2000 pg/ml
was able to down-regulate NLRP3 expression signifi-
cantly in both infected and uninfected cells (Figure 6).
In addition, the pro-IL-1b expression in macrophages
induced by H. pylori was also down-regulated signifi-
cantly at 2000 pg/ml of exogenously added rhIL-10
(Figure 6).

Inflammasome-mediated caspase-1 activation and
mature IL-1� production in THP-1 monocytes

Inflammasome activation and production of mature
IL-1b requires the optimal expression of NLR proteins
like NLRP3, and pro-IL-1b.16 The expressional differ-
ence in any one of the component can affect the typical
activation of caspase-1 and mature IL-1b production.
H. pylori infection highly induced the pro-IL-1b pro-
duction in THP-1 monocytes that was gradually
increased until the late time point (Figure 7a). As out-
lined above, we have shown that NLRP3 targeting hsa-

miR-223-3p concentration was elevated in H. pylori-
infected monocytes and that significantly reduced the
NLRP3 expression in the late time point. Therefore, we
have compared the caspase-1 activation in H. pylori-
infected and LPS-primed and nigericin-induced
THP-1 monocytes at early time point where NLRP3
concentration was high. As shown in Figure 7, cas-
pase-1 activation and subsequent pyroptotic cell
death, analyzed through GAPDH calibration, was
only observed in LPS-primed and nigericin-induced
cells, but not in H. pylori infected, LPS-primed or
LPS-primed and H. pylori-infected cells. H. pylori
infected THP-1 monocytes secreted very low levels of
mature IL-1b secretion during the infection period
(Figure 7b). However, LPS-primed and nigericin-
induced cells sufficiently cleaved pro-caspase-1 and
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pro-IL-1b and secreted copious amounts of caspase-1
p10 fragment and mature IL-1b in the supernatant
(Figure 7b, c).

IL-10 levels and inflammasome activation in THP-1
monocytes and human PBMCs

As described above, and reported by others, cytokine
IL-10 is another regulator of NLRP3 expression in
monocytes and macrophages.50–53 We analyzed this
effect by measuring the levels of IL-10 secretion in
LPS-primed and nigericin-induced THP-1 monocytes
and human PBMCs in relation to secreted mature
IL-1b. As expected, the results showed that IL-10
levels were gradually increased from 6 h of treatment
to 24 h, and the secreted levels of mature IL-1b were
significantly reduced (Figure 8a, b), which could be
correlated with the abovementioned recent findings of
the effect of IL-10 on NLRP3 expression and mature
IL-1b secretion. We noted the correlation of increased
IL-10 levels on regulating the classical activation of
NLRP3-mediated mature IL-1b secretion. To investi-
gate whether H. pylori can induce IL-10 in infected
THP-1 monocytes and PBMCs, we analyzed the secre-
tion of IL-10 by ELISA. Both cell systems produced
copious amount of IL-10 secretion at early and late
stages of infection (Figure 8a). Gurung et al. reported
that reduced mature IL-1b secretion during classical
NLRP3 inflammasome activation was more pro-
nounced in the late time point, owing to the decreased
NLRP3 expression.52 Our findings of increased hsa-
miR-223-3p and gradually increasing IL-10 in these
infected cell systems could be correlated with decreased
expression of NLRP3 at the late time point of H. pylori
infection (24 h). We also noted that H. pylori-infected
THP-1 monocytes secreted very low levels of mature
IL-1b secretion during the entire infection period
(Figure 8b). This was also analyzed in various H.
pylori wt strain-infected THP-1 monocytes and induced
similar amounts (data not shown). In addition, pro-IL-
18 was pre-formed in the THP-1 monocytes and found
to be decreased during the time course of infection with
no detectable secreted IL-18 in the supernatant (data
not shown). However, infected human PBMCs secreted
a moderately high amount of mature IL-1b at 6 h and
was found to be significantly increased after 24 h of
infection (Figure 8b).

Discussion

Inflammasome signaling and activation are important
and crucial events during microbial infections and other
inflammatory processes.54 The activated inflammasome
commonly induces the production of mature caspase-1
and cleavage of pro-IL-1b and pro-IL-18, respectively.
The mature IL-1b and IL-18 forms produced from their
pro-forms play crucial roles in the innate and adaptive

immunity responses. IL-1b is a known pyrogen
involved in the recruitment of leukocytes and the
production of mediators of inflammation and related
immuno-pathologies.13,55 IL-18 does not have pyro-
genic activity; however, it induces the production of
IFN-g and has a role in deciding the fate of activated
T-cell populations depending on the cytokine milieu in
this microenvironment.55 Fever is one of the important
symptoms of enteropathogenic bacteria like
Salmonella, Shigella, Yersinia and cholera infection,
and is known to activate the inflammasome, producing
large amounts of IL-1b. However, lifelong colonization
of H. pylori does not generally produce fever-like
symptoms. We propose that this observation could be
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related to the controlled production of pyrogenic
IL-1b. Previous studies reported the activation of
inflammasome and production of mature IL-1b and
IL-18 in a mouse model of H. pylori infection.10,25,26

Another recent study showed that mucin-1 expression
tightly regulated the NLRP3 inflammasome activation
in a long-term mouse model of H. pylori infection.27

This finding revealed that regulation of inflammasome
activation and pyroptosis is an important strategy of
the gastric pathogen H. pylori that may help the
survival in its niche without much destruction of the
infection site. The reported studies on inflammasome
activation during H. pylori infection were mainly
dependent on NLRP3.10,25,26 Early studies using
human gastric biopsies and recent in vitro studies
using primary cells and cultured cell lines have also
reported the expression and secretion of mature IL-1b
during H. pylori infection.56–58 However, the regulation
of NLRP3 expression during H. pylori infection in cells
of human origin has not been described before. The
results of our study showed that NLRP3 is constitu-
tively expressed in non-infected THP-1 monocytes.
During infection, H. pylori first up-regulated the
expression of NLRP3 at early time point (6 h) and
found to be down-regulated at later time point (24 h).
The isogenic mutants of major pathogenicity-associated
factors in H. pylori such as �cagA, �vacA, �cgt,
�flaA and �cagPAI exhibited a similar pattern of
expression in infected cells. This demonstrates that
these important H. pylori factors are not involved in
this expressional variation of NLPR3. Previous studies
described the cagPAI-dependent activation of NLRP3
inflammasome in infected mouse immune cells.10,25,26

Moreover, there are contradictory reports on the
involvement of VacA on activation of NLRP3 inflam-
masome in mouse immune cells and human
PBMCs.25,26 In our study, �vacA mutant-infected
THP-1 monocytes showed the maximum suppression
in the NLRP3 mRNA expression. In addition, infection
of THP-1 monocytes induced high levels of pro-IL-1b
production and continued until the late time point but
secreted low amounts of mature IL-1b in the
supernatant. Moreover, pro-IL-18 appears to be
constitutively present in monocytes;59 however, H.
pylori-infected THP-1 monocytes did not secrete
mature IL-18 in the supernatant (unpublished data).

Our search for the factors regulating the NLRP3
expression have identified a miRNA, hsa-miR-223-3p.
Analysis of hsa-miR-223-3p expression in THP-1
monocytes showed that hsa-miR-223-3p expression
level was significantly increased after H. pylori infection
in the whole period tested without any change in the
miR* partner, hsa-miR-223-5p. Thus, this is the first
study to show the up-regulation of a miRNA targeting
NLRP3 in monocytes infected with H. pylori. This
increased expression of hsa-miR-223-3p correlates
with decreased NLRP3 expression in H. pylori-infected

THP-1 monocytes. This effect was pronounced at the
late time point of the infection, which was reflected in
the corresponding mRNA and protein levels. This dem-
onstrates that H. pylori induced a miRNA, which tar-
gets a major inflammasome forming protein in
monocytes. Moreover, a very recent study reported
that up-regulated expression of miR-223 in monocytes
controls intestinal inflammation in inflammatory bowel
disease (IBD) through repression of NLRP3 expres-
sion.60 To confirm this finding, we used a Renilla luci-
ferase-expressing vector with the 3’ UTR sequence of
human NLRP3. AGS gastric epithelial cells, which also
exhibited up-regulated hsa-miR-223-3p expression in
H. pylori infection, were transfected with the control
and NLRP3 3’ UTR vectors and luciferase activity
was measured after infection. Co-transfection of anti-
hsa-miR-223-3p RNA and hsa-miR-223-3p mimic
RNA with luciferase vector was applied to further val-
idate NLRP3 3’ UTR targeting. The luminescence ratio
of control vs. target vector-transfected cells have con-
firmed the NLRP3 targeting by hsa-miR-223-3p during
H. pylori infection. In addition, Ma et al. reported simi-
lar increased hsa-miR-223 expression in H. pylori-
infected gastric cancer patients, which was associated
with increased cancer cell proliferation and migration.61

This emphasizes an important role of hsa-miR-223-3p
in regulating the expression of inflammasome forming
NLRP3 and production of mature IL-1b and IL-18 in
H. pylori infection, inflammation resolution or
persistence.

As reported by Haneklaus et al.,49 miR-223 expres-
sion decreased in macrophages and led to accumulation
of NLRP3 protein. THP-1 differentiated macrophage
infection with H. pylori specifically up-regulated the
NLRP3 isoform 3 (p84) instead of other isoforms (the
implications of this isoform switching is not clear) and
also maintained the isoform 1 (p106) expression.
However, the result confirms the previous study show-
ing that monocyte-differentiated macrophages reduced
the miR-223 and thereby accumulated the NLRP3
expression. The infection also induced elevated levels
of pro-IL-1b in macrophages; however, that the
amount of secreted mature IL-1b was not correspond-
ingly elevated in the whole period of infection empha-
sizes insufficient or lack of inflammasome activation.

In addition, we tested the inflammasome activation
and subsequent pro-caspase-1 and pro-IL-1b cleavage
in LPS-primed and nigericin-induced THP-1 mono-
cytes and compared this with H. pylori-infected cells
at 6 h, where NLRP3 concentration was up-regulated.
Classically activated (LPS–nigericin) cells have shown
sufficient cleavage of pro-caspase-1 and pro-IL-1b and
the cleaved fragments, caspase-1 p10 and mature IL-1b,
respectively, were secreted in the supernatants in very
high amounts when compared with H. pylori-infected
and mock control cells. Moreover, the loading control
GAPDH was not visible in the Western blot in
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LPS–nigericin treated cells and it is reported to be a
target of activated caspase-1 during pyroptotic cell
death in inflammasome-activated cells.62 These facts,
discussed above, clearly point out the lack of inflamma-
some activation by H. pylori in THP-1 monocytes, even
at high NLRP3 concentration, after 6 h of infection.
Therefore, this study reveals two important aspects of
H. pylori infection: inflammasome activation is com-
promised at early phase of infection and that it was
intensified and assured through the down-regulation
of NLRP3 expression in the late phase of infection.

IL10 polymorphisms were also reported to be
involved in the H. pylori-associated gastric tumorigen-
esis.63 In addition, IL-10 was ascertained in the produc-
tion of regulatory T cells and beneficial effects in
suppressing allergy and asthma in H. pylori-colonized
individuals.8,11,64 IL-10 is a major anti-inflammatory
cytokine known to suppress antigen presentation, cyto-
kine gene expression and mast cell degranulation. All
these effects of IL-10 could be a determining factor for
its known role on controlling allergy, autoimmunity
and inflammation.65 In addition to miRNA, anti-
inflammatory cytokines, like IL-10, were also reported
to regulate NLRP3 expression in human and mouse
monocytes and dendritic cells.51–53 In this study, we
used THP-1 macrophages as a model with which to
analyze the reported effect of IL-10 on NLRP3 expres-
sion. H. pylori-infected THP-1 macrophages secreted
very small amounts of IL-10, which reflected the
increased expression of NLRP3 in both infected and
mock control cells. This could also be due to the lack
of NLRP3 targeting of has-miR-223-3p in this system.
This prompted us to analyze the effect of exogenously
added rhIL-10 on NLRP3 protein expression. As
expected, the levels of NLRP3 were decreased signifi-
cantly in a dose-dependent manner in mock control and
H. pylori-infected cells. However, H. pylori infected
cells required a high amount of rhIL-10 to decrease
the NLRP3 expression vs. mock control cells. This
shows that H. pylori can maintain NLRP3 expression
in THP-1 macrophages at moderately high levels of
rhIL-10. A lesser amount may be required for an auto-
crine effect of endogenously produced IL-10, which
may be the case in THP-1 monocytes and PBMCs, as
described below. H. pylori-infected and LPS-treated
THP1 monocytes and human PBMCs secreted grad-
ually elevated amounts of IL-10 in the whole period
of exposure or infection. The effect of secreted IL-10
on expression of NLRP3 and inflammasome activation
was reflected in the low level of mature IL-1b secretion
seen at the late time point of LPS–nigericin-treated
THP1 monocytes and PBMCs. However, H. pylori-
infected PBMCs secreted significantly elevated levels
of mature IL-1b throughout the infection period,
which suggests a different mode of activation in
mature IL-1b secretion. Taken together, the above
data show suppressive effects of IL-10 and hsa-miR-

223-3p on expression of NLRP3, inflammasome activa-
tion and secretion of mature IL-1b in cells of human
origin. In addition, one critical finding of this study is
the disparity in mature IL-1b secretion by THP1 mono-
cytes/macrophages and PBMCs during H. pylori infec-
tion. Further studies are underway in our laboratory to
disover the disparity in secretion of mature IL-1b in
infected primary and cultured cell lines.
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