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Introduction

Probiotics are generally defined as live microorganisms,

such as Lactobacillus and Bifidobacteria, which confer a

beneficial health effect to the host when administered in

adequate amounts [1]. It has been reported that probiotics

have a wide range of biological activities including immune

regulation, improvement in the intestinal environment,

and cancer prevention [2, 3]. Most studies on the beneficial

effects of probiotics have focused on viable microorganisms.

However, it has been reported that there are several

problems in the practical applications such as heterogeneity

of live probiotics and low survival rate in the gastrointestinal

tract due to low pH conditions and rich proteolytic enzymes

[2]. Interestingly, emerging evidence from various studies

has revealed that even heat-treated probiotics might confer

apparent health benefits to the host even though the FAO/

WHO still emphasize a limited use of live microorganisms

for probiotics [4, 5]. It was reported that the thermal

treatments increase the cell coarseness and roughness,

which influence their immune-modulating properties [6,

7]. In addition, heat-treated probiotics not only possess

biological activities in communication with the host but

also provide advantages for industrial production and

consumer usage, including a longer product shelf life,

easier storage, and more convenient transportation [4, 6, 8].
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Although nanometric dead Lactobacillus plantarum has emerged as a potentially important

modulator of immune responses, its underlying mechanism of action has not been fully

understood. This study aimed to identify the detailed biochemical mechanism of immune

modulation by micronized and heat-treated L. plantarum LM1004 (MHT-LM1004, <1 μm in

size). MHT-LM1004 was prepared from L. plantarum LM1004 via culture in a specifically

designed membrane bioreactor and heat treatment. MHT-LM1004 was shown to effectively

induce the secretion of TNF-α and IL-6 and the mRNA expression of inducible nitric oxide

synthase (iNOS). MHT-LM1004 enhanced the expression of TLR-2, phosphorylation of MAPKs

(ERK), and nuclear translocation of NF-κB in a dose-dependent manner. Oral administration

of MHT-LM1004 (4 × 109 or 4 × 1011 cells/kg mouse body weight) increased the splenocyte

proliferation and serum cytokine levels. These results suggested that MHT-LM1004 effectively

enhances early innate immunity by activating macrophages via the TLR-2/MAPK/NF-κB

signalling pathway and that this pathway is one of the major routes in immune modulation by

the Lactobacillus species.

Keywords: Nanometric heat-killed Lactobacillus plantarum, immunostimulating activity, action
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On the other hand, it was reported that nanometric

Lactobacillus plantarum (nLp) showed an improved ability to

induce interleukin-12 (IL-12), suggesting that micronized

L. plantarum more effectively modulates the host immune

system than intact L. plantarum [9, 10]. nLp was

manufactured by incubating live L. plantarum under

specified stress conditions, such as incubation at a high

temperature, starvation, high salinity, or low pH, which

cause cells to become rounder and smaller (<1 μm) than

those of rod-like, live L. plantarum cells [10]. It was also

reported that smaller antigens are more rapidly taken-up

by M cells in the Peyer’s patches and induce greater IgA

secretion [11]. Furthermore, it was reported that

micronized L. plantarum showed stronger anti-colitis and

anti-colorectal cancer effects than intact L. plantarum in a

mouse model [9, 12]. Thus, industrial production of heat-

treated and/or micronized (smaller-sized) probiotics is

attracting more attention for manufacturing better probiotics

products with enhanced health benefits including

immunomodulatory functions. However, although these

heat-killed and micronized microorganisms possess

enhanced immunomodulatory activities, their detailed

action mechanisms in immune modulation have not been

extensively explored. 

Previously, a strain of L. plantarum from Korean kimchi

(fermented napa cabbage) was isolated and named

L. plantarum LM1004 (KCCM 4246). Subsequently, we

manufactured its micronized and heat-treated form (named

as MHT-LM1004) by incubating live L. plantarum LM1004

under physically harsh conditions in a specifically designed

membrane bioreactor (MBR) (Korea Patent 10-1245208).

The MHT-LM1004 is a dead, shrunken, granular and

smaller (less than 0.5–1.0 μm in size) form of rod-like, live

L. plantarum LM1004. In this study, whether the MHT-

LM1004 induces the immune response, both in vitro, and in

vivo and its detailed biochemical mechanism of immuno-

stimulating activity were investigated. 

Materials and Methods

Materials 

Fetal bovine serum (FBS), penicillin-streptomycin, and trypsin–

EDTA were purchased from Lonza (USA). 3-(4,5-dimethylthiazol-

yl)-diphenyl tetrazolium bromide (MTT) was provided by

Duchefa Biochemie (Netherlands). Dulbecco’s Modified Eagle’s

Medium (DMEM) and RPMI-1640 medium (RPMI) were purchased

from WelGENE (Korea). The antibodies against total ERK (t-ERK),

phospho-ERK (p-ERK), NF-κB p65, β-actin, goat anti-mouse IgG-

HRP and goat anti-rabbit IgG-HRP were obtained from Cell

Signaling Technology (USA). 

Preparation of MHT-LM1004

Micronized and heat-treated L. plantarum LM1004 (MHT-

LM1004) was prepared from L. plantarum LM1004 (KCCM 4246),

which was isolated from Korean kimchi and filed by LactoMason

(Korea). Briefly, the live, rod-like L. plantarum LM1004 was

cultivated at 32°C and pH 6.0 in a specifically designed membrane

bioreactor (MBR) in our laboratory (KR Patent 10-1245208). High

cell-density cultures and the cell size control for manufacturing of

MHT-LM1004 were conducted under shear stress conditions,

controlling the pump speed and the flow rate of the cell culture

fluids in the MBR (15-L pilot scale, anaerobic conditions with N2

gas), which was externally fitted with the ceramic membrane

(5.7-m2 effective area, 0.2-μm pore size, Pall Corporation, USA)

and the centrifugal pump (Grundfos, Denmark). The wall shear

stress, which is one of the crucial factors for altering the

morphology of L. plantarum LM1004, was generated while the

cells were passing through the hydraulic channels of the ceramic

membrane and the centrifugal pump [13, 14]. After intensive

propagation in the MBR, the cells were killed at 80°C for 20 min

(Ultra High Temperature, Sam-Ryung Sterilization Co, Korea),

washed through the ultrafiltration membrane (effective area of

1.2 m2, 0.1-μm pore size, Pall Corporation) three times with

reverse osmosis (RO) water, and freeze dried. The morphologies

and particle distribution (<1 μm in size) of MHT-LM1004 cells

were determined using field-emission scanning electron microscopy

(JSM-7610F, JEOL, Japan) and particle size analyzer (1090LD,

CILAS, France), respectively.

Cell Culture

RAW 264.7 macrophage cells were purchased from the Korea

Cell Line Bank (Korea) and grown in DMEM supplemented with

10% (v/v) FBS, 2 mM L-glutamine and 100 U/ml penicillin-

streptomycin. The cytotoxicity of MHT-LM1004 was assessed by

measuring cell viability using the MTT assay [15]. To examine the

role of TLR-2 in cytokine production, RAW 264.7 cells were pre-

incubated with medium containing the TLR-2-specific antibody

(10 μg/ml) or IgG1 antibody (isotype control antibody, 10 μg/ml)

(Invivogen, USA) for 1 h. Cells were then treated with MHT-

LM1004 (107 cells/ml) for 4 h.

Assay for TNF-α and IL-6 Secretion

The cells were cultured in DMEM for 24 h with various

concentrations of MHT-LM1004 (102 ~ 107 cells/ml) and the

supernatants were used for the quantification of TNF-α and IL-6

secretion using an ELISA kit (R&D Systems, United Kingdom)

according to the manufacturer’s protocol.

Measurement of NO Production

The RAW 264.7 cells were cultured for 24 h in DMEM

supplemented with 10% FBS and 1% PEST. The cells were then

treated with different concentrations of MHT-LM1004 (103 ~ 107

cells/ml) for 24 h. NO levels in the culture supernatants were

determined using Griess reagent (Sigma, USA). Briefly, samples of
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the culture supernatants were mixed with an equal volume of

Griess reagent [0.1% naphthyl ethylenediamine (w/v) and 1%

sulfanilamide (w/v) in 5% phosphoric acid (v/v)], and the

absorbance at 540 nm was measured. Sodium nitrite (NaNO2,

Sigma) was used as a reference.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

and Western Blot Analysis

To evaluate the mRNA expression levels of iNOS, TLR-2 and

TLR-4, the total RNA from MHT-LM1004-treated RAW 264.7 cells

was prepared using a Total RNA Extraction Kit (Intron

Biotechnology, Korea). RT-PCR was performed using the One-

Step RT-PCR PreMix Kit (Intron Biotechnology) with appropriate

sense and antisense. The products were separated on a 1.5%

agarose gel, stained with ethidium bromide and then viewed

under UV transillumination. Western blot was performed as

described previously [16]. The mRNA and protein were

quantified using ImageJ software from the NIH (USA).

Immunocytochemistry 

Cells were grown on an 8-chamber slide, fixed with 4%

formaldehyde in PBS, and then permeabilized and blocked for 1 h

with blocking buffer (5% normal goat serum and 0.3% Triton X-

100 in PBS). For NF-κB visualizations, cells were incubated

overnight with primary antibody and diluted 1:100 in antibody

dilution buffer (1% BSA and 0.3% Triton X-100 in PBS). Cells were

then incubated for 2 h with fluorochrome-conjugated secondary

antibody, diluted 1:1,000, and then washed three times with PBS.

The cover glass was applied to the slide with Prolong Gold

Antifade Reagent with DAPI (all from Cell Signaling Technology).

The stained cells were monitored using a Zeiss LSM800 confocal

laser scanning microscope (Carl Zeiss, Germany, X630).

Animals 

The animal protocol (Approval number: 2016-021) was approved

by the Institutional Animal Care and Use Committee of The

Catholic University of Korea. The 6-week-old female BALB/c

mice were purchased from Orientbio (Korea) and randomly

divided into three equal groups (n = 6 in each group): control

group (Con) not receiving the MHT-LM1004 solution, and two

experimental groups who were orally administered the MHT-

LM1004 solution at the concentrations of 4 × 109 or 4 × 1011 cells/ml.

After 28 days of administration of MHT-LM1004, the mice were

sacrificed, and their blood (n = 5 in each group) and spleens (n = 6

in each group) were individually taken for further analyses. 

Isolation of Splenocytes

To isolate splenocytes, the tissues were disaggregated via

passage through a 70-μm nylon mesh (Becton-Dickinson, USA) in

RPMI. The cells were isolated via centrifugation at 470 g for

10 min, and red blood cells (RBC) were removed with a lysis

buffer (Sigma-Aldrich). Splenocytes were then washed with PBS

and centrifuged at 470 g for 5 min and finally suspended in RPMI

supplemented with 10% (v/v) FBS, 2 mM L-glutamine and 100 U/ml

penicillin-streptomycin. 

Measurement of Splenocyte Proliferation Rate and Serum

Cytokine

The splenocytes were suspended in RPMI supplemented with

10% (v/v) FBS and dispensed into 12-well plates (5 × 106 cells/ml).

Cells were then incubated in RPMI containing mitogens –

concanavalin A (ConA, 5 μg/ml, Sigma-Aldrich) as a T-cell

mitogen or E. coli lipopolysaccharide (LPS, 15 μg/ml, Sigma-

Aldrich) as a B-cell mitogen for 48 h. After incubation, the

proliferation rate of splenocytes from the mice administered

MHT-LM1004 was assessed by measuring cell viability using the

MTT assay and expressed as the percentage normalized to the

untreated control cells (Con). Splenocytes isolated from six

individuals of each group were used for the MTT assay. The

serum cytokine levels (TNF-α and IL-6) were determined using

ELISA kits (R&D Systems, United Kingdom).

Statistical Analysis 

Measurements were performed in triplicate, and data are

expressed as the means ± SD. The statistical analyses were

performed using the unpaired Student’s t-test (in vitro tests) and

Statistical Analysis Systems software package (in vivo tests) (SAS

Institute, USA). A p-value less than 0.05 was considered statistically

significant.

Results

Preparation of MHT-LM1004 

Micronized and heat-treated L. plantarum LM1004 (MHT-

LM1004) was prepared by culturing rod-like, live

L. plantarum LM1004 (KCCM 4246) in a specifically designed

membrane bioreactor (MBR) under high shear stress

conditions and then heat treatment at 80°C for 20 min. As

shown in Fig. 1A, the morphology of the resulting cells was

shown to be shrunken and granular compared to that of the

rod-like L. plantarum LM1004. The particle size (in diameter)

distribution analysis also showed that the cell size was

reduced to less than 1.0 μm in response to the wall shear

stress given to the cells while growing them in the MBR

[17].

Effect of MHT-LM1004 on the Viability of RAW 264.7 Cells

To determine whether MHT-LM1004 is detrimental to

RAW 264.7 cells, the effects of MHT-LM1004 on the

viability were tested using the MTT assay after treatment

with increasing concentrations of MHT-LM1004 for 24 h.

MHT-LM1004 did not affect the viability of RAW 264.7 cells

up to the concentrations of 108 cells/ml (Fig. 1B), showing

that MHT-LM1004 has no cytotoxicity on RAW 264.7 cells.
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Thus, concentrations of less than 108 cells/ml of the MHT-

LM1004 were used for subsequent experiments to evaluate

its immunostimulatory activities.

Effects of MHT-LM1004 on Cytokine Production

Activated macrophages release pro-inflammatory cytokines

such as TNF-α and IL-6, which are potent immuno-

modulators [16, 18]. As shown in Fig. 2, MHT-LM1004

significantly induced TNF-α (Fig. 2A) and IL-6 (Fig. 2B)

secretion in a dose-dependent manner. MHT-LM1004

treatment resulted in approximately 24.9-fold and 19.3-fold

higher levels of TNF-α and IL-6, respectively, at 107 cells/ml

compared to the untreated control (Con), suggesting that

MHT-LM1004 is a strong stimulator of TNF-α and IL-6

secretion.

Effects of MHT-LM1004 on iNOS Expression and NO

Production

NO production plays a crucial role in the immune

response [19]. When the RAW 264.7 cells were incubated

with MHT-LM1004 for 24 h, the iNOS expression was

significantly enhanced (Fig. 3A), with approximately 17.7-

fold higher expression at 107 cells/ml MHT-LM1004,

compared to the untreated cells (Con) (Fig. 3B). This result

was further confirmed by measuring the level of NO

production. When the cells were treated with varying

concentrations of MHT-LM1004 (103 ~ 107 cells/ml) for

24 h, the levels of NO were significantly enhanced in a

dose-dependent manner (Fig. 3C). These results suggested

that NO is a mediator of MHT-LM1004-stimulated immune

signalling pathways.

MHT-LM1004 Induces Cytokine Production Dependent

on TLR-2 Gene Expression 

Toll-like receptors (TLRs) are pattern recognition

receptors that have important functions in the initiation of

mammalian immune responses [20]. Thus, to understand

how the MHT-LM1004 affects the innate immune response,

responsible receptors on the surfaces of macrophages were

Fig. 1. Effects of MHT-LM1004 on the viability of RAW 264.7 cells.

(A) Scanning electron micrograph (left) and particle size distribution (right) of MHT-LM1004. (B) Cell viability was assessed using the MTT assay

after treatment with LM1004 for 24 h. The data are expressed as the percentage normalized to the untreated control (Con); Data = the means ± SD,

n = 3.
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monitored. The RAW 264.7 cells were treated with MHT-

LM1004 for 24 h, and then the mRNA expression levels of

the candidate membrane receptors including TLR-2 and

TLR-4 were determined using RT-PCR. As shown in

Fig. 4A, MHT-LM1004 treatment resulted in a remarkable

increase of TLR-2 mRNA expression levels, whereas TLR-4

expression levels did not change. This result was further

confirmed using anti-TLR-2 antibody. The treatment of

macrophages with the TLR-2 antibody significantly reduced

MHT-LM1004-induced up-regulation of TNF-α secretion

(Fig. 4B), clearly demonstrating that the target receptor of

MHT-LM1004 was TLR-2 on the RAW 264.7 cells.

MHT-LM1004 Stimulates the Immune System Via the

MAPKs/NF-κB Pathway

Interestingly, the TLR-2 activation recruits the myeloid

differentiation primary response gene 88 (MyD88) adapter

protein and activates MAPK signalling pathways including

extracellular-signal-regulated kinase (ERK) for regulating

the immune response in macrophages [16, 20, 21]. The

western blot analysis showed that while the total protein

Fig. 2. Effects of MHT-LM1004 on TNF-α and IL-6 secretion. 

Cells were incubated with the indicated doses of MHT-LM1004 for

24 h. The levels of (A) TNF-α and (B) IL-6 in the culture supernatants

were determined using ELISA. Data = mean ± SD, n = 3; *, p < 0.05; **,

p < 0.01; ***, p < 0.001, Student’s t-test compared to the untreated

control (Con).

Fig. 3. Effects of MHT-LM1004 on iNOS mRNA expression. 

(A) The mRNA level of iNOS was determined using RT-PCR. (B) The

amount of iNOS mRNA is expressed as the ratio of the densitometric

measurement of mRNA in MHT-LM1004-treated cells to the

corresponding internal standard (β-Actin). (C) Nitric oxide levels in

the culture media of MHT-LM1004-stimulated cells were measured

using the Griess reagent. Data = mean ± SD, n = 3; **, p < 0.01; ***,

p < 0.001, Student’s t-test compared to the untreated control (Con).
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levels of ERK (t-ERK) remained unchanged, the treatment

of cells with MHT-LM1004 for 24 h significantly increased

the phosphorylation levels of ERK (Fig. 5A), suggesting

that MHT-LM1004 activates the TLR-2/MAPKs (ERK)

signalling pathway to enhance the immune response in

RAW 264.7 cells. On the other hand, NF-κB is known as a

key transcription factor, which regulates immune response

genes. The expression of iNOS is directly coupled to the

up-regulation of NF-κB [22]. The immunocytochemistry

result showed that MHT-LM1004 treatment increased the

translocation of NF-κB from the cytosol to the nucleus

compared to the untreated control (Con) (Fig. 5B). Taken

collectively, these data clearly demonstrated that MHT-

LM1004 activates the TLR-2/MAPK/NF-κB pathway in

RAW 264.7 cells for immune modulation.

Effects of MHT-LM1004 on the Splenocyte Proliferation

Rate and Cytokine Production In Vivo

To prove if MHT-LM1004 is equally effective in vivo, the

mice were fed with MHT-LM1004 (4 × 109 or 4 × 1011 cells/ml)

for 28 days, and the splenocytes were isolated from the

spleens of the mice and then treated with mitogens (ConA

or LPS). As shown in Figs. 6A and 6B, ConA and LPS

treatment increased the proliferation of splenocytes

isolated from the mice treated with 4 × 1011 cells/ml MHT-

LM1004 up to 2.3-fold and 1.6-fold, respectively, (p < 0.05)

compared to that of the control group stimulated with

mitogen alone (ConA and LPS), showing that MHT-

LM1004 enhances the proliferation of splenocytes in vivo.

In addition, the serum levels of TNF-α and IL-6 cytokines

were increased in MHT-LM1004-treated groups compared

to that of the control group (Con) (Figs. 6C and 6D). These

results suggested that MHT-LM1004 positively stimulates

the immune system both in vitro and in vivo.

Fig. 4. MHT-LM1004 induces TNF-α production through

TLR-2 gene expression in RAW 264.7 cells. 

(A) RAW 264.7 cells were incubated with the indicated doses of

MHT-LM1004 for 24 h. The mRNA expression levels of TLR-2 and

TLR-4 were measured using RT-PCR. (B) Cells were pre-treated with

isotype antibody (10 μg/ml) or anti-TLR-2 antibody (10 μg/ml) for 1

h and then stimulated with MHT-LM1004 (107 cells/ml) for 4 h. TNF-

α in the culture supernatants was determined using ELISA. Data =

mean ± SD, n = 3; **, p < 0.01, Student’s t-test compared to the control

without MHT-LM1004 or antibody-only treated cells; ##, p < 0.01,

Student’s t-test compared to the MHT-LM1004 plus isotype antibody

treated cells. 

Fig. 5. MHT-LM1004 activates the MAPKs/NF-κB pathway in

RAW 264.7 cells.

(A) Whole cell lysates were collected after treatment with MHT-

LM1004 for 24 h. t-ERK was used as a loading control for the western

blot analysis of p-ERK. (B) The cells were exposed to MHT-LM1004

(107 cells/ml) for 24 h, stained with DAPI solution and anti-NF-κB p65

(Rhodamine) antibody, and then visualized under a Zeiss LSM800

confocal laser scanning microscope (Carl Zeiss, Germany, X630). 
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Discussion

Generally, it is well known that heat-killed probiotics,

such as Enterococcus faecalis or Bifidobacteria, and fractionated

cell components, such as cell wall preparations from

E. faecalis or Lactobacillus spp. or lipoteichoic acids from

L. casei or L. fermentum, augment host resistance and

stimulate the innate immune response [2, 12]. However, the

underlying action mechanism of their immune modulating

activities is still unclear. Previous studies suggested a

possible mechanism whereby probiotics are taken up by M

cells and directly affect Peyer’s patch immunocompetent

cells to stimulate intestinal immune responses [9, 23].

Despite the number of extensive studies performed

focusing on live probiotics, there has not been enough

evidence for their exact bioavailability. 

Here, we focused on the advantages of heat-treated

probiotics, such as a longer shelf-life and enhanced

immunomodulatory activities. When the live L. plantarum

LM1004 was cultured under high shear stress conditions in

the membrane bioreactor (MBR) and then heat-treated, the

cells became shrunken, granular and smaller (less than

Fig. 6. Effects of MHT-LM1004 on the splenocyte proliferation rate and serum cytokine production in vivo.

(A and B) Splenocytes (5 × 106 cells per well) were individually isolated from the BALB/c mice orally administered with MHT-LM1004 for 28 days

and cultured with mitogens (ConA or LPS) for 48 h (n = 6 in each group). The proliferation of splenocytes was determined using the MTT assay.

The data are expressed as the percentage normalized to the untreated control cells (Con). (C and D) Blood was withdrawn via cardiac puncture

from the mice orally administered MHT-LM1004 for 28 days, and serum TNF-α and IL-6 was measured using the ELISA kit (n = 5 in each group).

All values are expressed as the mean ± SE. Values with different superscripts are significantly different among the groups according to ANOVA

Duncan’s multiple range test at p < 0.05.
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1.0 μm) than the rod-like L. plantarum LM1004. The

resulting micronized and heat-treated L. plantarum LM1004

(MHT-LM1004) was shown to enhance the splenocyte

proliferation rate and production of proinflammatory

cytokines, which indicates that MHT-LM1004 effectively

stimulates immune responses in vivo. In accordance with

our results, it was demonstrated that the micronized

L. plantarum stimulated splenocyte proliferation more than

intact L. plantarum in vitro [12]. Furthermore, the

micronized L. plantarum could inhibit colon carcinogenesis

through stronger intestinal immune responses than the

intact L. plantarum; it was suggested that these activities of

the micronized L. plantarum were associated with its easier

uptake by M cells than the intact L. plantarum because of its

smaller particle size (less than 1 μm) [9]. 

Previously, several studies suggested that probiotics

modulate the cytokine profile in the cells through TLR

stimulation (TLR-2 and TLR-4) [24, 25]. In this context, the

studies on TLRs in immune recognition of immuno-

modulators have helped us to understand how probiotics

function as an immunostimulator or immunosuppressor in

immune cells. TLRs initiate and regulate the innate

immune response through the NF-κB signalling pathway

[26]. Thus, the TLRs are the key sensors of the probiotics

for controlling many cellular activities in the innate

immune response. One of our striking findings was that

MHT-LM1004 remarkably activated macrophages by

enhancing the TLR-2 expression levels, but not TLR-4,

suggesting that the immunostimulating activity of MHT-

LM1004 was associated with the TLR-2 sensor. In accordance

with our results, some reports demonstrated the role of

TLR-2 in the sensing of Bifidobacteria and Lactobacilli [27-29].

Macrophage activation is an important strategy in the

host defense response and immune enhancement. When

macrophages are activated, a series of signalling molecules

selectively turn on immunostimulatory genes including

cytokines and iNOS through NF-κB [16]. Among these

immune signalling pathways, the MAPK/NF-κB pathway

is crucial for orchestrating early innate immune responses,

which are essential for the host defense against a wide

range of pathogens [16, 30]. Consistently, our data indicated

that upon treatment with MHT-LM1004, MAPK (ERK)

phosphorylation was enhanced and NF-κB was translocated

from the cytoplasm to the nucleus. These results revealed

that MAPK/NF-κB signalling is involved in MHT-LM1004-

induced cytokine release and iNOS expression in RAW 264.7

macrophages.

Taken together, our study demonstrated that micronized

and heat-treated L. plantarum LM1004 (MHT-LM1004)

enhances immune responses both in vitro and in vivo

through the activation of macrophages to secrete pro-

inflammatory cytokines such as TNF-α and IL-6, induce

iNOS expression, and up-regulate splenocyte proliferation.

Notably, our study revealed that the TLR-2/MAPKs

(ERK)/NF-κB pathway is a newly discovered signalling

cascade related to probiotics, which functions in early

innate immune responses. Therefore, we herein propose

that the micronized and heat-treated L. plantarum LM1004

(MHT-LM1004) could function as an effective immuno-

stimulator in early innate immune responses.
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