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Gut microbiome imbalance can induce inflammatory responses via Toll-like receptor 2
(TLR2) signaling pathways. Lactobacillus spp., popularly applied as probiotics in both hu-
mans and animals, have come into the spotlight for their strong immunomodulatory effects.
We aimed to evaluate the immunomodulatory potential of live or pasteurized Lacticaseiba-
cillus paracasei (L. paracasei) KBL382, isolated from healthy Korean individuals, in an in vi-
tro monocytic THP-1 cell model. Live L. paracasei KBL382 significantly increased TLR2 and
MyD88 expressions and induced IRAK1 expression, irrespective of lipopolysaccharide (LPS)
stimulation (p < 0.05). Under LPS stimulation, THP-1 cells treated with live L. paracasei
KBL382 showed significantly increased interleukin (IL)-6 and IL-10 levels (p < 0.05). Pasteur-
ized L. paracasei exhibited a decrease in IL-12 levels (p < 0.05). Moreover, live L. paracasei
KBL382 also markedly elevated A20 and SOCS1 expressions, the critical negative regulators
of inflammation, regardless of LPS stimulation (p < 0.05). The expression of IRAK3, another
negative regulator of inflammation, was increased in THP-1 cells with live L. paracasei
KBL382 under LPS stimulation (p < 0.05). Our findings demonstrate that L. paracasei
KBL382 contributes to the immunomodulation in THP-1 cells by coordinating both positive
and negative regulatory signaling. L. paracasei KBL382 could be used as a promising probi-
otic strain for attenuating chronic inflammation through the gut-immune axis mechanisms.

Keywords: immune response, Lacticaseibacillus paracasei, negative regulatory mole-
cules, probiotic, Toll-like receptor signaling pathway

ry properties (Kim et al., 2020b).
In our previous studies, Lacticaseibacillus paracasei (L. paracasei)

Live microorganisms bring out a range of health-promoting effects on
their host (Hill et al.,, 2014). Especially, Lactobacillus spp., generally used
as probiotics for human beings and animals, can restore immune imbal-
ance due to allergic airway inflammation, lumbar disc herniation, and
metabolic disorders (Lin et al., 2023; Wang et al,, 2021; Zeng et al., 2021).
Lactiplantibacillus plantarum (L. plantarum) Lp91 enhances the host
gut barrier and modulates cytokine production, by decreasing tumor ne-
crosis factor (TNF)-a and interleukin (IL)-6 (Sudhakaran et al., 2013). Ad-
ditionally, cyclic peptides derived from lactic acid bacteria inhibit lipo-
polysaccharide (LPS)-triggered pro-inflammatory cytokine productions
in activated immune cells (Saravanan et al., 2023). Several Lactobacillus
strains also produce membrane vesicles with enhanced anti-inflammato-
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KBL382, isolated from healthy Korean individuals, showed robust poten-
tial in modulating irregular immune responses. L. paracasei KBL382 ef-
fectively attenuated symptoms of atopic dermatitis and colitis in mice
(Kim et al., 2019, 2020a). Moreover, L. paracasei KBL382 facilitated the
expansion of regulatory T cells and modulated mRNA expression in mac-
rophages, influencing glycolysis and macrophage polarization (Han et
al., 2020a; Kim et al., 2020a). These findings could support the develop-
ment of innovative strategies for managing chronic inflammatory diseas-
es through probiotic supplementation.

Gut microbiome imbalance can induce inflammatory responses
through Toll-like receptor 2 (TLR2) signaling pathways. Specifically, lipo-
teichoic acid (LTA), a key structural element of the bacterial cell wall com-
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ponent, recognized by TLR2 and engages the myeloid differentiation pri-
mary response 88 (MyD88)-dependent pathway, facilitating downstream
signaling cascades involving NF-kB and MAPK, which induces the pro-
duction of pro-inflammatory cytokines, including IL-6 and TNF-a (Kawai
et al.,, 2024; Pereira and Gazzinelli, 2023; Xia et al., 2021). However, recent
studies have revealed that these pathways can be modulated by Lactica-
seibacillus rhamnosus (L. rhamnosus) to reduce the excessive host im-
mune responses (Duan et al., 2022; Pereira and Gazzinelli, 2023). Both
live and pasteurized Lactobacillus strains exhibit strong immunomodu-
latory effects, as their bioactive components, including cell wall frag-
ments and surface proteins, interact with the host immune system
(Taverniti and Guglielmetti, 2011).

Therefore, we investigated the immunomodulatory effects of live or
pasteurized L. paracasei KBL382 in an in vitro monocytic THP-1 cell mod-
el by assessing changes in biomarkers associated with the TLR2 signaling
pathway, evaluating pro- or anti-inflammatory cytokine levels, and mon-
itored key negative regulators of immune signaling, including A20,
IRAK3, suppressor of cytokine signaling 1 (SOCS1), and Toll-interacting
protein (TOLLIP). Together, these analyses provide a comprehensive un-
derstanding of the immunomodulatory roles of L. paracasei KBL382 in
host cells.

Materials and Methods

Preparation of live and pasteurized L. paracasei KBL382
L. paracasei KBL382, isolated from healthy Korean individuals, was anaer-
obically cultured at 37°C for 24 h Lactobacilli MRS Agar (Becton, Dickinson
and Company, USA) supplemented with 0.05% L-cysteine hydrochloride, as
previously described (Han et al., 2020a). The collected bacterial cells were
then washed twice with 1x PBS and pelleted by centrifugation at 1,200 x g
at 4°C for 10 min. To prepare the inactivated cells, a total of 4 x 10° CFUs of L.
paracasei KBL382 was aliquoted per 3 ml 1x PBS in 15 ml conical tubes and
subjected to a pasteurization process at 60°C for 30 min. No live bacterial cells
were remained after the pasteurization process (data not shown). Both live
and pasteurized bacteria were subsequently stored at 4°C until use (~1 day).

Preparation of THP-1 cells

Monocytic THP-1 cells (ATCC TIB-202) were cultured in a 5% CO, incubator
at 37°C using RPMI 1640 medium (Thermo Fisher Scientific, USA) supple-
mented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic
solution. The cells were differentiated into macrophages by subsequent incu-
bation for 24 h at 37°C with 100 ng/ml phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich, USA) as described previously (Chanput et al., 2014; Starr
etal., 2018).

Measurement of mRNA expression in THP-1 cells
Approximately 2 x 10° THP-1 cells were washed with 1x PBS and seeded
into a 48-well plate (SPL Life Sciences, Korea). Then, cells were cultured in a
5% CO, incubator at 37°C using RPMI 1640 medium supplemented with 10%
FBS for 6 h and stimulated with 200 ng/ml LPS (Sigma-Aldrich) or left unstim-
ulated for 24 h, as previously described with slight modification (Liu et al.,
2016; Palsson-McDermott et al.,, 2015). To confirm the TLR2-related effects of
L. paracasei KBL382, THP-1 cells were separately seeded and treated with
TLR2 inhibitor C29 (100 puM; HY-100461, MedChemExpress, USA) for 1 h. Sub-
sequently, a total of 4 x 10° CFUs of live or pasteurized L. paracasei KBL382
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were added to the THP-1 or TLR2 inhibitor-treated THP-1 cells, while 1x PBS
was used as a negative control.

Total RNA was extracted from the THP-1 cells using an easy-spin Total RNA
Extraction Kit (INtRON Biotechnology, Korea). Complementary DNA (cDNA)
was then synthesized from the total RNA using a High-Capacity RNA-to-cD-
NA Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Real-time quantitative PCR (qPCR) was subsequently performed on a StepO-
nePlus Real-Time PCR System (Thermo Fisher Scientific) with a Power SYBR
Green PCR Master Mix (Thermo Fisher Scientific), and 0.01 mM primers (the
final concentration for qPCR reaction: 0.5 uM) (Table 1). The qPCR reactions
were conducted with an initial denaturation at 95°C for 5 min, followed by 40
cycles of 95°C for 5 s and 60°C for 10 s. All mRNA expression levels were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase (Han et al.,, 2020b).

Measurement of TRAF6 in the protein level

After co-incubation of THP-1 cells with L. paracasei KBL382, the THP-1
cells were lysed with 1x RIPA buffer (Enzynomics, Korea) with the Halt prote-
ase inhibitor cocktail (Thermo Fisher Scientific). The cell lysate was centri-
fuged at 4°C for 15 min at 14,000 x g and the supernatant was collected.
Protein concentration was measured using a BCA Protein Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Subsequently,
20 pg of the samples were run on a 4% to 15% gradient gel (Bio-Rad Labora-
tories, USA) at 100 V of constant voltage for 1 h. Separated proteins were
transferred to a nitrocellulose membrane (GE Healthcare Life Science, Germa-
ny). The membrane was blocked with 5% Nonfat dry milk (Cell Signaling
Technology, USA) for 1 h and incubated overnight at 4°C with rabbit an-
ti-TRAF6 (#8028, Cell Signaling Technology) or rabbit anti-B-actin (#12620,
Cell Signaling Technology). The visualization and quantification of bands was
performed on a WSE-6200 LuminoGraph Il System (ATTO, Japan) and CS Ana-
lyzer 4 (ATTO) with a NICSROWEST ECL Chemiluminescent kit (Bionics, Korea).
All band intensities were normalized to the results of B-actin.

Measurement of cytokine in the protein level

After co-incubation of THP-1 cells with L. paracasei KBL382, the cell cul-
ture supernatant was collected. The levels of various cytokines, including IL-6,
IL-12, and IL-10 were measured using a BD CBA Human Inflammatory Cyto-
kine Kit (BD Biosciences, USA), according to the manufacturer’s instructions.

Statistical analysis

Data are presented as the Means + the standard errors of the mean
(SEMs) from three independent experiments. Statistical significance was de-
termined using Kruskal-Wallis one-way analysis of variance (ANOVA) with
Dunn’s post hoc test for multiple comparisons. A P-value (p) less than 0.05
was considered statistically significant. All statistical analyses and data visual-
ization were performed using GraphPad Prism 10 (GraphPad Software, USA).

Results

Effects of L. paracasei KBL382 on TLRs and MyD88 ex-
pressions

Live L. paracasei KBL382 significantly increased TLR2 and MyD88 ex-
pressions in THP-1 cells under LPS-free condition, compared to PBS-treat-
ed cells (p < 0.05) (Fig. 1A). Under LPS stimulation, TLR2 and MyD88 ex-
pressions were also increased in THP-1 cells with live L. paracasei
KBL382, compared to LPS-treated cells (p < 0.05) (Fig. 1B). However, no
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Table 1. Primers used in this study

Target Sequence Reference
A20 Fw: 5- AACATTTTGCTGCTGCCTC -3’ Xiong etal. (2011)
Rv: 5- AGGTGCTTTGTGTGGTTCG -3’
GAPDH Fw: 5- GGAAGGTGAAGGTCGGAGTC -3’ Han et al. (2020b)
Rv: 5- TCAGCCTTGACGGTGCCATG -3’
IL-6 Fw: 5- CATCCTCGACGGCATCTCAG -3’
Rv: 5- GCTCTGTTGCCTGGTCCTC -3’ . .
Kanmani and Kim (2018)
IL-10 Fw: 5- TCAGGGTGGCGACTCTAT -3’
Rv: 5- TGGGCTTCTTCTAAATCGTTC -3’
IL-12B Fw: 5- GGCTCCATGAAGGTGCTAC -3’ Hor et al. (2014)
Rv: 5- GTTCAGCCTCAGAATGCAAAA -3
IRAK1 Fw: 5- ACTGGCCCTTGGCAGCTC -3’ Rahemi et al. (2019)
Rv: 5- GGCCAGCTTCTGGACCATC -3’
IRAK3 Fw: 5- TGCAACGCGGGCAAA -3 Sun et al. (2017)
Rv: 5- TTTAGTGATGTGGGAGGATCTTCA -3
MyD88 Fw: 5- GAGCGTTTCGATGCTTCAT -3 Zarember and Godowski (2002)
Rv: 5- CGGATCATCTCCTGCACAAA -3’
NF-«B Fw: 5- TCAATGGCTACACAGGACCA -3’ Renetal. (2019)
Rv: 5- CACTGTCACCTGGAAGCAGA -3’
SOCS1 Fw: 5- CTGGGATGCCGTGTTATTTT-3 Lee etal. (2017)
Rv: 5- TAGGAGGTGCGAGTTCAGGT-3
TLR2 Fw: 5- GCCAAAGTCTTGATTGATTGG-3 Erdinest et al. (2014)
Rv: 5- TTGAAGTTCTCCAGCTCCTGG -3’
TLR4 Fw: 5- GGTGGAAGTTGAACGAATGG -3’ Asai et al. (2003)
Rv: 5- CCAGCAAGAAGCATCAGGTG -3’
TNF-a Fw: 5- TCTCGAACCCCGAGTGACAA -3 Ren et al. (2019)
Rv: 5- TATCTCTCAGCTCCACGCCA -3’
TOLLIP Fw: 5-AGGTGACAACTGTCTCCGTC-3 Sun et al. (2017)
Rv: 5-GCCAACTTTGCCTGTACCAC-3’
TRAF6 Fw: 5-CCTTTGGCAAATGTCATCTGTG-3 Shen et al. (2013)
Rv: 5-CTCTGCATCTTTTCATGGCAAC-3’
TGE-p Fw: 5-GAA GGC AGA GTT CAG GGT CTT-3 Kwon et al. (2010)

Rv: 5-GGT TCC TGT CTT TGT GGT GAA-3

Fw: Represents a forward primer sequence.
Rv: Represents a reverse primer sequence.

significant changes in TLR4 expression were detected in THP-1 cells irre-
spective of LPS stimulation (Fig. 1A and 1B).

Effects of L. paracasei KBL382 on TLR activation

Live L. paracasei KBL382 treatment significantly induced IRAK1 ex-
pression, irrespective of LPS stimulation (p < 0.05) (Fig. 2A and 2B).
However, both live and pasteurized L. paracasei KBL382-treated THP-1
cells did not exhibit significant increases in TRAF6 and NF-kB expressions
with/without LPS stimulation (Fig. 2A-2C).

Effects of L. paracasei KBL382 on cytokine levels

Under LPS-free condition, THP-1 cells with live L. paracasei KBL382
showed significant increases in IL-6, transforming growth factor (TGF)-§,
and TNF-a levels, compared to PBS-treated cells (p < 0.05) (Fig. 3A).
However, both live and pasteurized L. paracasei KBL382 did not affect
the IL-12 level in THP-1 cells (Fig. 3A).
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THP-1 cells with live L. paracasei KBL382 treatment also exhibited sig-
nificant increases in IL-6 and IL-10 levels under LPS stimulation (p < 0.05)
(Fig. 3B). Intriguingly, pasteurized L. paracasei KBL382 treated THP-1
cells showed the significant decrease in the IL-12 level and increase in
TGF-B, compared to LPS-treated cells (p < 0.05) (Fig. 3B).

Treatment with live L. paracasei KBL382 significantly induced IL-10
expression in TLR2 inhibitor-treated THP-1 cells (p < 0.05) (Fig. 4).
LPS-stimulated THP-1 cells with live L. paracasei KBL382 showed signifi-
cant increase in TNF-a (p < 0.01) and IL-10 (p < 0.05) expression, re-
gardless of TLR2 inhibitor treatment (Fig. 4).

Effects of L. paracasei KBL382 on negative regulators of
inflammation expressions

Live L. paracasei KBL382 treatment significantly increased A20 and
SOCS1 expressions, regardless of LPS stimulation (p < 0.05) (Fig. 5A and
5B). Only live L. paracasei KBL382 treatment induced the significant in-

10.71150/jm.2509016 3
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Fig. 1. Effects of live and pasteurized L. paracasei KBL382 on TLRs and MyD88 expression in THP-1 cells. (A) In the absence of lipopolysaccharide (LPS)
stimulation. (B) With LPS stimulation. Data are expressed as Means + SEMs of three independent experiments. Asterisks indicate statistical significance
(*p < 0.05; Kruskal-Wallis one-way ANOVA with Dunn'’s post hoc test for multiple comparisons).
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Fig. 2. Effects of live and pasteurized L. paracasei KBL382 on biomarker expression related to TLR2 pathway signaling in THP-1 cells. (A) In the absence
of LPS stimulation. (B) With LPS stimulation. (C) The changes in TRAF6 protein levels. Data are expressed as Means + SEMs of three independent experi-
ments. Asterisks indicate statistical significance (*p < 0.05; Kruskal-Wallis one-way ANOVA with Dunn’s post hoc test for multiple comparisons).
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Fig. 3. Effects of live and pasteurized L. paracasei KBL382 on cytokine production in THP-1 cells. (A) In the absence of LPS stimulation. (B) With LPS
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one-way ANOVA with Dunn’s post hoc test for multiple comparisons).
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Fig. 4. Effects of live L. paracasei KBL382 on cytokine expression in TLR-2 inhibitor treated THP-1 cells. Data are expressed as Means + SEMs of three
independent experiments. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01; Kruskal-Wallis one-way ANOVA with Dunn’s post hoc test for

multiple comparisons).

crease in the IRAK3 expression under LPS stimulation compared to
LPS-treated cells (p < 0.05) (Fig. 5B). No significant changes in TOLLIP ex-
pression were discovered in both live and pasteurized L. paracasei
KBL382-treated THP-1 cells (Fig. 5A and 5B).

Discussion
Our results suggest that L. paracasei KBL382 can modulate inflamma-

tory responses in THP-1 cells through the TLR2 signaling pathway. Previ-
ous studies have demonstrated that several Lactobacillus strains effec-

February 2026 Vol 64 No 2

tively regulate immune-related diseases via interactions with TLRs. For
example, L. rhamnosus GG prevents Citrobacter rodentium-induced
colitis by activating TLR2-mediated anti-inflammatory pathways (Ryu et
al., 2016). The L. rhamnosus GG extract mitigates osteoclast differentia-
tion through downregulation of the TLR2/NF-kB signaling (Fu et al.,
2024). Moreover, Lactobacillus delbrueckii CIDCA 133 attenuates muco-
sitis due to chemotherapy and suppresses immune responses by modu-
lating TLR2 and MyD88 signaling and reinforcing the epithelial barrier
(Barroso et al., 2022). Especially, Live L. paracasei KBL382 did not signifi-
cantly increase IL-6, IL-12B and TNF-a expression under TLR2 inhibi-
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of the LPS stimulation. (B) With LPS stimulation. Data are expressed as Means + SEMs of three independent experiments. Asterisks indicate statistical
significance (*p < 0.05; Kruskal-Wallis one-way ANOVA with Dunn’s post hoc test for multiple comparisons).

tor-treated conditions, indicating that immunomodulation effects of L.
paracasei KBL382 are highly dependent on the TLR2 signaling pathways
rather than TLR4-related pathways (Fig. 4). Therefore, the administration
of L. paracasei KBL382 may exert substantial host immunomodulatory
effects.

In general, the effects of live L. paracasei KBL382 on the expression of
TLRs and biomarkers associated with the TLR2 signaling pathway were
much stronger than those of the pasteurized form in THP-1 cells (Figs. 1
and 2). Live probiotics retain intact microbial components and secrete
various bioactive substances, that are the key contributors to host im-
mune-related signaling systems (Bermudez-Brito et al.,, 2012). Therefore,
even though pasteurized bacterial cells preserved some immunomodu-
latory capacity, their effects may have been reduced by heat treatment.
Further investigation of the effector molecules of L. paracasei KBL382
and their structural changes due to heat treatment should be performed
for elucidating the immunomodulatory mechanisms of L. paracasei
KBL382.

Interestingly, live L. paracasei KBL382 treatment selectively increased
IRAK1 expression in THP-1 cells and levels of IL.-6 and TNF-a (Figs. 2 and
3A). IRAKT can activate downstream signaling pathways, resulting in ele-
vated pro-inflammatory cytokine levels (Wells, 2011; Xia et al., 2021). On
the other hand, pasteurized L. paracasei KBL382 did not affect IL-6 and
TNF-a levels but significantly reduced IL-12 levels in THP-1 cells under
LPS stimulation (Fig. 3B). Pasteurized cell cannot produce its inherent
metabolites and secrete proteins or other cellular components, therefore,
the decrease in IL-12 due to L. paracasei KBL382 could be occurred by
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specific molecules located on its outer cellular components. Further
studies employing multi-omics approaches are warranted to compre-
hensively elucidate the immunomodulatory mechanisms of L. paracasei
KBL382.

Moreover, live L. paracasei KBL382 simultaneously increased the an-
ti-inflammatory cytokine IL-10 and TGF-{ (Fig. 3A and 3B). TGF- can ef-
fectively suppress excessive responses of immune cells (Massagué and
Sheppard, 2023) and the strong induction of TGF-f of various Lactoba-
cillus spp., such as Lactobacillus gasseri SBT2055 and L. plantarum 22A-
3 have been reported (Lamubol et al., 2021; Sakai et al., 2014). Pasteur-
ized L. paracasei KBL382 also significantly induced TGF-f in LPS-stimu-
lated THP-1 cells, indicating that outer cellular components of L. paraca-
sei KBL382 could have a major role for controlling abnormal immune
status via bi-directional approaches (Fig. 3B).

Figure 5 illustrates the induction of A20, IRAK3, and SOCS1, which are
negative regulators of inflammation, that act as crucial brakes within TLR
signaling pathways, preventing excessive inflammatory responses. A20
constrains NF-kB signaling, whereas IRAK3 dampens IRAK1 activation
(Hubbard and Moore, 2010; Priem et al., 2020; Sobah et al., 2021; Thiel et
al.,, 2023). SOCS1 suppresses both MyD88 and the MyD88-independent
Toll/IL-1 receptor-domain-containing adapter-inducing interferon- sig-
naling cascade (Nakagawa et al., 2002). Several Lactobacillus strains,
such as Lactobacillus helveticus SBT2171 and Lactobacillus acidophi-
lus, can successfully promote A20 expression (Kawano et al., 2019; Li et
al., 2016). The upregulation of A20, IRAK3, and SOCS1 gene expression in
THP-1 cells indicates that the potential of modulate host immunity by in-
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ducing negative feedback mechanisms.

In conclusion, by orchestrating both positive and negative regulatory
signaling, L. paracasei KBL382 treatment contributes to the immuno-
modulation in THP-1 cells. Our findings suggest that L. paracasei KBL382
can be developed as a promising tool for managing chronic inflamma-
tion through the gut-immune axis mechanisms. Further animal and hu-
man studies regarding the dose dependency of L. paracasei KBL382
could provide valuable insights into its immunomodulatory effects and
safety.
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