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Identification of novel probiotic strains is of great interest in the field of functional foods.
Specific strains of heat-killed bacteria have been reported to exert immunomodulatory effects.
Herein, we investigated the immune-stimulatory function of heat-killed Lactobacillus plantarum
KCTC 13314BP (LBP). Treatment with LBP significantly increased the production of TNF-o
and IL-6 by macrophages. More importantly, LBP was able to enhance the phagocytic activity
of macrophages against bacterial particles. Activation of p38, JNK, ERK, NF-«B, and STAT3
was involved in the immunomodulatory function of LBP. LBP treatment significantly
increased production of TNF-a by bone marrow-derived macrophages and splenocytes,
further confirming the immunostimulatory effect of LBP in primary immune cells.
Interestingly, the immunomodulatory effects of LBP were much stronger than those of
Lactobacillus rhamnosus GG, a well-known probiotic strain. These results indicate that LBP can

be a promising immune-enhancing functional food agent.
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Introduction

Macrophages play a pivotal role in the innate immune
system, by protecting the host against pathogens and
various diseases [1]. Activated macrophages secrete cytokines,
such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-
6) and interleukin-1 (IL-1) to regulate host defense and
inflammation. They can also produce various factors
including enzymes, complement proteins, proteinases
(elastase, collagenase, and wurokinase), and nitrogen/
reactive oxygen species to control tissue homeostasis [1-3].
Macrophages are considered professional phagocytes.
Phagocytosis by macrophages is crucial for controlling
infectious agents in the body and contributes to tissue
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remodeling, immune responses, and inflammation [4].
Phagocytic activation can regulate cell status, and
macrophages can scavenge bacteria, viruses, dead cells,
and tumor cells via phagocytosis [1, 2].

Mitogen-activated protein kinases (MAPKSs) including
extracellular signal-regulated kinases-1/2 (ERK-1/2), p38
MAPKs, and c-Jun N-terminal kinase/stress-activated
protein kinases (JNK/SAPKs) have been known as
signalling pathways which are related to macrophage
activation [5]. Many studies have shown that MAPKs are
up-regulated in RAW264.7 macrophages by various inducers
such as lipocortin 1 (annexin 1), lipopolysaccharides (LPS),
Mycoplasma fermentans, lipoproteins, hyperoxia, and TNF
[6]. ERK1/2 and p38 control the expression of genes



involved in innate immunity. JNK1 can regulate inducible
NO synthase (iNOS) [7]. Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«xB) plays an important
role in macrophage activation via stimulation of cytokine
production [8, 9]. NF-kB can induce the transcription of
genes encoding the cytokines TNF-o, IL-6, IL-1, and
interferon-gamma (IFN-y) and control the acute phase of
the inflammatory response to maintain homeostasis [10].

In recent years, studies have demonstrated that probiotic
microorganisms, which are inactivated by heating, ultraviolet
(UV) light, and sonication, have immunomodulatory
activities in in vitro and in vivo [11]. Probiotics have also
been reported to have bioactivities against atopic diseases
[12, 13], colic [14, 15], diabetes [16, 17], and infections [18,
19]. Lactobacillus is a genus in the group of lactic acid
bacteria (LAB) [20]. Lactobacillus plantarum is commonly
used for fermentation in the dairy industry [21, 22] and has
been reported to have various immunomodulatory effects,
including activation of the Thl immune response [23],
prevention of infections [24], control of allergic diseases
[25], and activation of natural killer (NK) cells [26].

There have been no studies on the bioactivity of
Lactobacillus plantarum KCTC 13314BP (LBP). Thus, in the
current study, we investigated the immunomodulatory
effect of LBP and examined the underlying molecular
mechanisms.

Materials and Methods

Materials

Antibodies for phospho-p38, phospho-ERK, phospho-JNK,
phospho-NF-kB, phospho-STAT3, JNK, and STAT3 were
purchased from Cell Signaling Technology (USA). Antibodies for
ERK, p38, and vinculin were obtained from Santa Cruz
Biotechnology (USA). Lactobacillus plantarum KCTC 13314BP was
isolated from kimchi, which was purchased from a local market.
Lactobacillus plantarum KCTC 13314BP is a strain deposited to the
Korean Collection for Type Cultures (KCTC), and its characteristics
were examined based on 16S rRNA gene sequence and the API 50
CH test. Lactobacillus rhamnosus GG KCTC5033 was purchased
from the KCTC (Korea).

Methods

Preparation of heat-killed Lactobacillus plantarum KCTC
13314BP (LBP) and Lactobacillus rhamnosus GG KCTC5033
(LGG). LBP and LGG were pre-cultured in 10 mL of MRS broth
supplemented with 2% maltose (mMRS) at 30°C for 24 h. Cultures
of LBP and LGG in 5 L of mMRS were prepared by repeating this
cultivation process. After these incubation processes, LBP and
LGG were isolated by centrifugation. Distilled water was added
to isolated LBP and LGG to achieve a moisture content of 90%.
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Then, LBP and LGG were sterilized by heat-treatment at 121°C for
15 min.

Cell culture. RAW264.7 murine macrophage cells were
purchased from the Korean Cell Line Bank. Cells were cultured at
37°C in Dulbecco’s Modified Eagle Medium (DMEM, Welgene,
Korea) supplemented with 10% fetal bovine serum (Gibco, USA)
and 1% penicillin and streptomycin (Corning, USA) in a
humidified chamber with 5% CO,.

Enzyme-linked immunosorbent assay (ELISA). TNF-a and IL-
6 levels in cell culture media were quantified by ELISA following
the manufacturer’s instruction (R&D Systems, USA). Ninety-six-
well microplates were incubated with the capture antibody
overnight at room temperature (RT). The following day, plates
were blocked with 1% BSA in PBS and washed with wash buffer.
Samples and standards were added, followed by a 2 h-incubation.
Plates were washed again, and after addition of detection
antibody, were incubated for an additional 2 h. After washing,
streptavidin-HRP was added for 20 min. After a final wash, the
HRP/substrate reaction was terminated with an equal volume of
2 N H,S0O,, and absorbance was measured using a Varioskan Lux
Multimode microplate reader (Thermo Fisher Scientific, USA) at
450-570 nm.

Cell viability assay. Cell viability measurements were
performed according to the manufacturer’s instructions (CellTiter-
Glo Luminescent Cell Viability Assay Kit, Promega, USA). Cells
were seeded into white luminescence plates at a density of
4 x 10* cells/well. After 24 h, cells were starved in serum-free
DMEM for 24 h, followed by incubation with various concentrations
of samples. After a 24 h-incubation, luminescent reagent was
added to each well. The plate was shaken on an orbital shaker for
1min and incubated at RT for 10 min. Luminescence was
measured using a Varioskan Lux Multimode microplate reader
(Thermo Fisher Scientific).

Phagocytosis assay. Phagocytic activity measurements were
performed according to the manufacturer’s instructions (CytoSelect
96-well phagocytosis assay, CellBiolabs, USA). Cells were seeded
into 96-well plates at a density of 4 x 10*cells/well, and the plates
were incubated for 24 h. Then, samples were added to each well
for 1h, followed by incubation with E.coli particles for 4 h.
Absorbance was measured at 540 nm using a Varioskan Lux
Multimode microplate reader (Thermo Fisher Scientific).

NO production. NO concentration was determined by the
Griess reaction. Cells were seeded into 96-well plates at a density
of 4 x 10* cells/well. After 24 h, various concentrations of samples
were added to each well. After 22h, 100 ul of cell culture
supernatant from each well was added to new 96-well plates and
mixed with 100 ul Griess reagent (0.1% N-(1-naphthyl)ethylenediamine
dihydrochloride, 1% sulfanilamide in 5% phosphoric acid). Plates
were shaken on an orbital shaker for 1 min and incubated at RT
for 15min. Absorbance was measured at 540 nm using a
Varioskan Lux Multimode microplate reader (Thermo Fisher
Scientific). Nitrite concentrations were calculated from a NaNO,
standard curve.
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Western blot analysis. Cells (2.25 x 10° cells/well) were rinsed,
scraped off the bottoms of wells, and collected in RIPA lysis buffer
containing protease and phosphatase inhibitor (Sigma-Aldrich).
After centrifugation of the lysate, supernatants were collected and
quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Proteins were separated by 10% SDS-PAGE and
transferred to a nitrocellulose membrane (Bio-Rad, USA). After
blocking in 5% skim milk in TBS containing 0.1% Tween 20 (TBST)
for 1h, the membrane was incubated with the corresponding
antibody overnight at 4°C. After washing with TBST, the
membrane was incubated with HRP-conjugated secondary
antibody for 1 h, and membranes were visualized using Western
Lightning Plus-ECL reagents (PerkinElmer, USA).

Isolation of bone marrow-derived macrophages. Primary
macrophages were isolated from the bone marrow of 6-week-old
female C57BL/6 mice. Mice were purchased from Young Bio
(Seongnam, Korea). Bone marrow cells were isolated from femurs
and tibias. Cells were differentiated for 6 days in DMEM/F-12
(Corning, USA) containing fetal bovine serum, 1% penicillin and
streptomycin, and 40 ng/ml M-CSF (Peprotech, The Netherlands).
The medium was replenished on the third day. All experimental
protocols were approved by the Institutional Animal Care and
Use Committee (SNU-170220-2-2) of Seoul National University,
Seoul, Korea

Isolation of splenocytes. Splenocytes were isolated from the
spleens of 6-week-old female C57BL/6 mice. Mice were purchased
from Young Bio (Korea). C57BL/6 mice were sacrificed, and
spleens were removed aseptically and ground in RPMI1640
containing 10% fetal bovine serum (Gibco) and 1% penicillin and
streptomycin (Corning) by passage through a 40 pm cell strainer.
After centrifugation, cells were incubated with ACK lysis buffer
(Gibco) for 3 min on ice to lyse the red blood cells. Cells were
collected by centrifugation and resuspended in complete
RPMI1640 containing 10% fetal bovine serum (Gibco) and 1%
penicillin and streptomycin (Corning). All experimental protocols
were approved by the Institutional Animal Care and Use
Committee (SNU-170220-2-2) of Seoul National University, Seoul,
Korea.

Splenocyte proliferation assay. Splenocyte proliferation assay
was performed according to the manufacturer’s instructions
(CellTiter-Glo Luminescent Cell Viability Assay Kit, Promega,
USA). Splenocytes were seeded into 96-well, white luminescence
plates at a density of 2 x 10° cells/well and then cultured in the
absence or presence of various concentrations of samples. After
48 h, luminescence reagent was added to each well, and the plates
were shaken on an orbital shaker for 1 min, followed by a 10-min
incubation at RT. Luminescence was measured using a Varioskan
Lux Multimode microplate reader (Thermo Fisher Scientific).

Statistical analysis. Statistical analyses were performed using
SPSS software (SPSS Inc., USA). Data are expressed as the mean +
standard deviation (SD) and analyzed by Student’s t-test or one-
way analysis of variance (ANOVA) followed by Duncan’s Multiple
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Range Test. A p-value of <0.05 was used to indicate statistical
significance.

Results

LBP Displays Immunomodulatory Effects in RAW264.7
Macrophages

TNF-o and IL-6 were used as biomarkers to investigate
the immunomodulatory function of LBP. We used
Lactobacillus rhamnosus GG (LGG) for comparison, as it is
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Fig. 1. Effects of LBP on TNF-a and IL-6 production.

(A, B) RAW264.7 macrophages were treated with LBP at the indicated
concentrations, and the media were collected after 6 h. TNF-o and IL-6
levels were measured as described in the Materials and Methods
section. (C) RAW264.7 macrophages were treated with LBP for 24 h.
Cell viability was measured as described in the Materials and
Methods section. Data are represented as mean + SD values of three
independent experiments. Letters represent significant differences
from each other (p < 0.05). **p < 0.01, significant difference between
E. coli-treated group and E. coli +LBP-treated group.



widely used as a probiotic agent in the food industry [27].
Treatment with LBP significantly induced TNF-a level in a
dose-dependent manner, whereas LGG treatment led to a
relatively minimal increase in TNF-o level compared to
that of LBP (Fig. 1A). Similarly, LBP also resulted in a
greater increase in IL-6 production than did LGG (Fig. 1B).
Together, these results suggest that LBP can regulate
cytokine production in macrophages.

We also measured the effect of LBP on cell viability. We
found that LBP (10—40 pg/ml) treatment caused a moderate
increase in cell number compared to the control group
(Fig. 1C).

LBP Stimulates Phagocytic Activity and NO Production
in RAW264.7 Macrophages

As phagocytosis is the key feature of activated macro-
phages against pathogens, we measured the phagocytic
activity after LBP treatment. LBP enhanced the phagocytic
activity of RAW264.7 macrophages against bacterial
particles (Fig. 2A). Recognition of pathogens triggers the
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Fig. 2. LBP enhances phagocytic activity and NO production.
(A) RAW264.7 macrophages were treated with LBP at 40 pg/ml for
1h and phagocytic activity was analyzed as described in the
Materials and Methods section. Substrate particles; E. coli. (B)
RAW264.7 macrophages were treated with LBP at the indicated
concentrations. Media were collected 22 h after LBP treatment and
subjected to NO production analysis as described in the Materials
and Methods section. Data are represented as mean + SD values of
three independent experiments. Letters represent significant
differences from each other (p < 0.05).
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activation of macrophages, which in turn can halt pathogen
replication by producing NO [28]. We found that LBP
increased NO production in a dose-dependent manner
(Fig. 2B). LGG treatment also increased NO production
compared to the control group but to a lesser extent than
LBP (Fig. 2B). LBP, therefore, appears to enhance the
function of macrophages demonstrated by the increase in
NO production and phagocytic activity.

LBP Regulates p38, ERK, JNK, NF-xB, and STAT3 Signaling
Pathways

To understand the molecular mechanisms responsible
for the immunomodulatory effects of LBP, we investigated
the major signaling pathways regulating macrophage
activation. The MAPK members, p38, ERK, and JNK, as
well as transcription factors NF-xB and STAT3 all play key
roles in macrophage activation [5, 6, 8, 9, 29]. Treatment
with LBP activated p38, JNK, ERK, NF-«xB, and STAT3
signaling pathways (Fig. 3), suggesting that the immuno-
modulatory function exhibited by LBP could involve the
activation of p38, ERK, JNK, NF-«xB, and STAT3 signaling
pathways.
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Fig. 3. Involvement of p38, ERK, JNK, NF-kB, and STAT3 in
the immunomodulatory effect of LBP.

RAW?264.7 macrophages were treated with LBP for 0, 0.5, 1, 3, and
6 h. Cells were lysed, and proteins were subjected to immunoblotting.
Vinculin was used as a loading control.
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LBP Shows Immunomodulatory Effect in Primary
Macrophages and Splenocytes

Next, we isolated bone marrow-derived macrophages
(BMDMs) and splenocytes from mice to determine if LBP
had immunomodulatory effects on primary immune cells.
LBP treatment significantly increased TNF-a production by
BMDMs and splenocytes in a dose-dependent manner.
Notably, LBP treatment resulted in higher TNF-a
production than LGG (Figs. 4A and 4B). Additionally, we
measured the effect of LBP on splenocyte proliferation.
Treatment of splenocytes with LBP led to a significant
increase in the number of viable splenocytes (Fig. 4C).
Taken together, these results indicate that LBP can generate
immune-stimulatory effects also in primary immune cells.

Discussion

In the current study, we have found that LBP could elicit
immune-stimulatory activity in macrophages. LGG is one
of the most commonly used probiotic strains and also has
been reported to show immunomodulatory effects,
including enhancement of immune responses [30, 31]. In
our study, LBP stimulated higher cytokine production in
RAW264.7 macrophages as well as in primary macrophages
compared to that of LGG. Cytokines secreted from innate
immune cells play important roles in the regulation of
immune responses against pathogens. In particular,
macrophages act as the first line of defense against
pathogens to maintain tissue homeostasis and activated
macrophages locate to the inflammatory area to engage
with pathogens [32]. Macrophages produce various
inflammatory chemokines and cytokines, such as NO,
interleukin family and TNF-a to propagate immune response
and protect our bodies from foreign pathogens [33]. Also,
our data showed that LBP upregulated NO production and
cytokine expression and activated upstream signaling
pathways related to macrophage activation. Thus, these
results demonstrate that LBP could be helpful in the defense
against invading pathogens via macrophage activation.

Macrophages are professional phagocytes which primarily
function to eat foreign or potentially harmful matter to
protect the host. Proper phagocytic activity by macrophages
are critical in controlling inflammation, tissue recovery,
and host defense system to prevent immunological
disorders [2]. Especially, phagocytosis by macrophages are
pivotal in maintaining tissue homeostasis via uptake and
subsequent degradation of pathogens and dead cells [4,
34]. We identified that LBP can enhance the phagocytotic
activity of macrophages, implying that LBP has potential
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Fig. 4. The effect of LBP on TNF-a production in BMDMs and
splenocytes.

(A) Primary BMDM:s were isolated from mice and differentiated with
m-CSF for 6 days. Media were collected for TNF-a analysis 6 h after
LBP treatment and subjected to ELISA. (B) Splenocyte cells were
isolated from mice and seeded in a 96-well plate. Media were
collected for TNF-a analysis 18 h after LBP treatment and subjected to
ELISA. (C) Splenocyte cells were isolated from mice and seeded in 96-
well plates. Celltiter-glo luminescent cell viability assay was
performed 3 days after LBP treatment. ConA; Concanavalin A was
used as a positive control. Data are represented as mean + SD values
of three independent experiments. Letters represent significant
differences from each other (p < 0.05).

for protecting our bodies from foreign pathogens and
damaged cells. We also discovered that these immune-
stimulatory functions of LBP were associated with the



upregulation of MAPK, NF-xB, and STAT3 signaling
pathways.

Although previous studies have reported that certain
strains of Lactobacillus plantarum can affect phagocytic
activities [35-38], our study demonstrated that LBP can
directly enhance the phagocytic activity against E. coli
particles in macrophages. In addition, LBP showed
superior immunomodulatory activity compared to LGG in
RAW?264.7 macrophages and primary cells. These immuno-
modulatory effects of LBP indicate that LBP could help
initiate activation of the immune system by increasing
cytokine production and phagocytic activity. In conclusion,
these results suggest LBP as a potential immune-stimulating
agent that can be utilized for the development of novel
functional food products.
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