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Abstract
Human intestinal epithelial cells (IECs) play an important role in maintaining gut homeostasis by producing antimicrobial 
peptides (AMPs). Bacillus subtilis, a commensal bacterium, is considered a probiotic. Although its protective effects on 
intestinal health are widely reported, the key component of B. subtilis responsible for its beneficial effects remains elusive. In 
this study, we tried to identify the key molecules responsible for B. subtilis-induced AMPs and their molecular mechanisms 
in a human IEC line, Caco-2. B. subtilis increased human beta defensin (HBD)-2 mRNA expression in a dose- and time-
dependent manner. Among the B. subtilis microbe-associated molecular patterns, lipoprotein (LPP) substantially increased  
the mRNA expression and protein production of HBD-2, whereas lipoteichoic acid and peptidoglycan did not show such 
effects. Those results were confirmed in primary human IECs. In addition, both LPP recognition and HBD-2 secretion 
mainly took place on the apical side of fully differentiated and polarized Caco-2 cells through Toll-like receptor 2-mediated  
JNK/p38 MAP kinase/AP-1 and NF-κB pathways. HBD-2 efficiently inhibited the growth of the intestinal pathogens Staphylococcus  
aureus and Bacillus cereus. Furthermore, LPPs pre-incubated with lipase or proteinase K decreased LPP-induced HBD-2 
expression, suggesting that the lipid and protein moieties of LPP are crucial for HBD-2 expression. Q Exactive Plus mass 
spectrometry identified 35 B. subtilis LPP candidates within the LPP preparation, and most of them were ABC transporters. 
Taken together, these results suggest that B. subtilis promotes HBD-2 secretion in human IECs mainly with its LPPs, which 
might enhance the protection from intestinal pathogens.
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Introduction

The human gastrointestinal (GI) tract is home to a diverse 
abundance of microorganisms [1]. Various cells in the human 
GI tract, including epithelial, mesenchymal, endothelial, 

and immune cells, interact directly and indirectly with the 
gut microbiota and maintain the host-commensal microbial 
balance by regulating immune responses [2]. Among those 
diverse cell types, intestinal epithelial cells (IECs), including 
intestinal epithelial stem cells, Paneth cells, and goblet cells, 
provide a biochemical and physical barrier that separates 
commensal bacteria from host cells [3]. IECs interact with 
intestinal microbes through pattern-recognition receptors 
such as Toll-like receptors (TLRs) and nucleotide-binding  
oligomerization domain (NOD)-like receptors, and the 
expression of those receptors differs along the length of the 
intestine [4]. The recognition of bacterial microbe-associated 
molecular patterns (MAMPs) by TLRs triggers downstream 
signaling pathways, including the mitogen-activated protein 
(MAP) kinase pathway and nuclear factor kappa B (NF-κB) 
activation, to regulate gut homeostasis [5].

IECs secrete multiple antimicrobial peptides (AMPs) 
to maintain mucosal immunity and their amounts can be 
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upregulated upon bacterial infection [6]. AMPs can directly 
eliminate pathogens by permeabilizing the bacterial mem-
brane and thereby protect the host [7]. So far, four human 
beta-defensins (HBDs) have been identified as epithelial 
cell-derived AMPs: HBD-1, HBD-2, HBD-3, and HBD-4 
[8]. Among them, HBD-1, HBD-2, and HBD-3 are known 
to be expressed in the epithelium of the GI tract [9]. Notably, 
it has been largely accepted that HBD-1 is constitutively 
expressed, whereas the expression of HBD-2 and HBD-3 
is promptly induced by cytokines and microbial infections 
[10]. Specifically, HBD-2 is considered to be one of the 
most important AMPs because it can contribute to epithe-
lium integrity, the chemotaxis of immune cells, and the 
elimination of enteric pathogens [11]. Moreover, it has been 
reported that dysregulation of HBD-2 is associated with 
intestinal bowel diseases [12], suggesting its critical role in 
maintaining gut homeostasis.

Bacillus subtilis is an aerobic Gram-positive bacterium 
found in fermented foods such as natto, soybean pastes, 
and various fermented soybean products [13]. Since its 
approval by the Food and Drug Administration as a generally 
recognized as safe bacteria [14], it has been widely used 
in the foods, cosmetic, and pharmaceutical industries [15]. 
It is considered as a probiotic, playing protective roles in 
intestinal barrier functions. For example, B. subtilis can 
strengthen intestinal barrier functions by increasing the 
expression of tight junction proteins [16] and downregulating 
pro-inflammatory cytokines, which can impair intestinal 
homeostasis when their levels are too high [17]. Oral 
administration of B. subtilis promotes the differentiation of 
intestinal stem cells into intestinal secretory cells [18] and 
ameliorates Salmonella-induced intestinal disease and dextran 
sodium sulfate-induced colitis [19]. Furthermore, B. subtilis 
has shown antibacterial, antiviral, and anticancer abilities by 
producing several compounds, such as cyclic lipopeptides 
and bacteriocins [20]. Although many studies have focused 
on the protective roles that B. subtilis plays in the intestinal 
epithelium, the effector molecules responsible for AMP 
upregulation in humans are poorly understood. Therefore, 
in this study, we (i) investigated the effects of B. subtilis on 
AMP production and (ii) sought to identify the major cell wall 
component responsible for AMP induction in human IECs.

Materials and Methods

Reagents and Chemicals

B. subtilis ATCC 6633 was purchased from the American 
Type Culture Collection (ATCC; Manassas, VA, USA). B. 
subtilis KCTC 6633, KCTC 3014, KCTC 3135, KCTC 3239, 
and Bacillus cereus KCTC 13153 were purchased from 
the Korean Collection for Type culture (KCTC; Daejeon, 

Korea). Staphylococcus aureus USA300 was obtained from 
the Nebraska Transposon Mutant Library (Omaha, NE, 
USA). DNase I was purchased from Roche Molecular Bio-
chemicals (Laval, QC, Canada). Thiazolyl blue tetrazolium 
bromide (MTT reagent), JNK V inhibitor, proteinase K, 
and lipoprotein (LPP) lipase from Pseudomonas sp. were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). Anti-
human TLR2 antibody and its isotype control antibody 
were purchased from Invivogen (San Diego, CA, USA). 
The inhibitors of ERK (PD98059), JNK (JNK inhibitor V), 
and p38 MAP kinase (SB203580) were purchased from Cal-
biochem (San Diego, CA, USA). APC anti-human TLR2 
antibody and its isotype control antibody were purchased 
from Biolegend (San Diego, CA, USA). T-5224, an AP-1 
inhibitor, was obtained from ApexBio Technology (Bos-
ton, MA, USA), and BAY11-7082, a NF-κB inhibitor, was 
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Tryptic soy broth (TSB) was purchased from BD Bio-
sciences (San Diego, CA, USA). All other materials were 
from Sigma-Aldrich unless stated otherwise.

Cell Culture

The human epithelial cell line, Caco-2, was obtained from the 
ATCC. The cells were maintained in complete Dulbecco’s 
modified Eagle medium (DMEM; Welgene, Daegu, Republic 
of Korea) with 10% fetal bovine serum (FBS; GIBCO, 
Burlington, ON, Canada) and 1% penicillin–streptomycin 
(Hyclone, Logan, UT, USA) at 37℃ in a humidified 5% 
 CO2 incubator. For differentiation/polarization, Caco-2 
cells were plated on 12-mm transwell inserts with a 0.4-
μm pore polycarbonate membrane (Costar, Corning, NY, 
USA) and incubated for up to 21 days. The differentiation/
polarization was confirmed by measuring the trans-epithelial 
electrical resistance (TEER) at > 400 Ω·cm2 with an EVOM2 
(World Precision Instruments, Sarasota, FL, USA). Primary 
human IECs, SNU-61 and SNU-407 cells, were obtained 
from the Korean Cell Line Bank (Seoul, Republic of 
Korea) and cultured in complete Roswell Park Memorial 
Institute-1640 medium (Welgene) containing 10% FBS and 1% 
penicillin–streptomycin at 37℃ in a humidified  CO2 incubator.

Preparation of Heat‑Killed Bacteria

B. subtilis ATCC 6633 was grown in TSB medium at 37°C 
in a shaking condition until they reached mid-log phase. 
Bacteria were harvested by centrifugation at 6200 × g 
(8000 rpm) for 10 min, and bacterial pellets were washed 
with phosphate-buffered saline (PBS) and incubated at 70°C 
for 2 h. To confirm that all the bacteria were killed, the heat-
killed bacteria were plated on a TSB agar plate (TSB broth 
containing 1.5% Bactoagar) for 24 h. No bacterial colony 
was observed (data not shown).
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Purification of Lipoteichoic Acid (LTA)

Bacterial pellets of B. subtilis ATCC 6633 were harvested 
by centrifugation at 6,200 × g (8,000 rpm) for 10 min at 4°C 
and washed with PBS (pH 7.0). LTA was isolated as pre-
viously described [21]. The bacterial pellets of B. subtilis 
were resuspended in 0.1 M sodium citrate buffer (pH 4.7) 
and disrupted using ultrasonication for 2 h at a frequency 
of 20 kHz with stirring. Subsequently, the bacterial lysates 
were mixed vigorously with an equal volume of n-butanol 
and the aqueous phase was collected by centrifugation at 
10,075 × g (13,000 rpm) for 15 min at room temperature. 
The collected aqueous phase was dialyzed using a semi-
permeable dialysis membrane of 1-kDa molecular cutoff 
(Spectrum Laboratories, Rancho Domingueguz, CA, USA) 
in endotoxin-free distilled water (Daihan Pahrm. Co. Ltd., 
Seoul, Korea). Following the dialysis process, the extract 
was prepared with a 15% n-propanol concentration in 0.1 M 
sodium acetate buffer and subjected to hydrophobic interac-
tion chromatography using an octyl-Sepharose column (GE 
Healthcare, Chicago, IL, USA) to obtain fractions contain-
ing LTA. Unbound substances were removed through wash-
ing with 20% n-propanol in 0.1 M sodium acetate buffer, 
followed by the elution of LTA-containing fractions in 35% 
n-propanol with 0.1 M sodium acetate buffer using a fraction 
collector (Bio-Rad, Hercules, CA, USA). Then, the column 
fractions containing phosphates were consolidated, dialyzed, 
and prepared with 30% n-propanol in 0.1 M sodium acetate 
buffer for an ion-exchange chromatography with DEAE-
Sepharose (Sigma-Aldrich). The fractions were subsequently 
eluted using a linear salt gradient ranging from 0 to 1 M 
NaCl in the equilibration buffer. The LTA-containing frac-
tions were pooled, dialyzed, and subjected to lyophilization 
under vacuum (5 Torr; 24 h). The isolated LTA was quanti-
fied by measuring its dry weight, and experimental dose was 
established according to the previous study [22].

Purification of Peptidoglycan (PGN)

PGN from B. subtilis ATCC 6633 was isolated as previously 
described [23]. Briefly, bacterial pellets were disrupted by 
a bead beater and then centrifuged to remove cell debris. 
The supernatants were recentrifuged and the pellets were 
incubated with 0.5% sodium dodecyl sulfate (SDS) at 60℃ 
for 30 min to remove proteins. After being washed with PBS, 
the insoluble PGN was treated with DNase I and RNase at 
37℃ for 2 h and then incubated with trypsin at 37℃ for 
18 h. The PGN was incubated with 5% trichloroacetic acid 
(Sigma-Aldrich) at 26℃ for 18 h and then centrifuged. After 
being washed with distilled water, the pellet was treated with 
cold acetone to remove LTA. The final pellets were sus-
pended in distilled water.

Purification of LPP

LPPs from the B. subtilis were isolated as described previ-
ously [24]. Briefly, bacterial pellets were resuspended in 
Tris-buffered saline (TBS) (pH 7.4) containing protease 
inhibitors (2 mM PMSF, 10 μg/ml leupeptin, and 10 μg/
ml aprotinin) and disrupted with ultrasonication. The bac-
terial lysates were suspended in 2% Triton X-114 in TBS 
and incubated at 4℃ for 2 h. After centrifugation, bacterial 
debris was removed, and the supernatant was incubated at 
37℃ for phase separation. The lysates were centrifuged 
at 37℃, and the aqueous phase was discarded. Then, an 
equal volume of TBS was mixed with the Triton X-114 
phase and incubated at 37℃ for 15 min to separate the 
Triton X-114 phase. After repeating the previous step three 
times, the Triton X-114 phase was mixed with methanol 
and incubated at -20℃ overnight for precipitation. The 
precipitated LPPs were dissolved in 10 mM octyl-β-D-
glucopyranoside and quantified using BCA protein assay 
kits (Pierce, Rockford IL, USA). No endotoxins were 
detected in the purified LPPs (data not shown).

Real‑Time Reverse Transcription‑Polymerase Chain 
Reaction (Real‑Time RT‑PCR)

Real-time RT-PCR was conducted as previously described 
[25]. Total RNA was isolated from cells using TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. Relative mRNA expression levels 
were normalized with glyceraldhyde-3-phosphate dehydro-
genase (GAPDH) and assessed with the  2−ΔΔCT method. The 
primer sequences used in this study are shown in Table 1.

Enzyme‑Linked Immunosorbent Assay (ELISA)

Caco-2 cells were plated on a 96-well plate overnight and 
treated with the stimuli indicated in the Figs. 2D, 3C and 5C, 
D. The culture supernatants were collected, and the levels 
of HBD-2 protein were measured using ELISA kits (Pepro-
Tech) according to the manufacturer’s instructions.

Table 1  Primer sequence for real-time RT-PCR

Gene Sequence (5′ → 3′)

HBD-1 Forward GGG CAC CCC TAC AAA AGG AA
Reverse TGG CAA AAT GGA AGA TGC TAGTC 

HBD-2 Forward CTT CAC TCA GGA GCA GCA AGC 
Reverse ACA CCA GTG CTG TCC TGT GACA 

HBD-3 Forward GCC ATG AAG TTG CTG ACT GC
Reverse TGA AGT TGG CGG CTG GTA AT

GAPDH Forward TGC TAC TGA CAA CGT GGC TT
Reverse CCA GGA AAG CTG GGC AAC TA
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Identification of the LPP

To examine the impurities in the LPP preparation, the puri-
fied LPPs were treated with proteinase K (50 μg/ml) or 
DNase I (50 μg/ml) at 37℃ for 1 h or with heat at 100℃ for 
10 min. To inactivate the lipids, LPP was incubated with 
the lipases (50 μg/ml) at 37℃ for 12 h. Caco-2 cells (3 × 
 105 cells/well) were treated with 1 μg/ml of B. subtilis LPPs 
treated with heat, DNase I, LPP lipase, or proteinase K. 
After treatment for 6 h, total RNA was isolated, and the 
mRNA expression of HBD-2 was measured using real-time 
RT-PCR. To identify the LPPs from the B. subtilis, the puri-
fied LPPs were separated on a 10% SDS–polyacrylamide 
(PAGE) gel and stained with Coomassie blue (Fig. 7B). 
The protein content was analyzed using Q Exactive Plus 
mass spectrometry (Thermo Fisher Scientific Inc., Waltham, 
MA, USA), and information about the identified proteins 
was obtained by comparing the peptide sequences with the 
Subtiwiki database (http:// subti wiki. uni- goett ingen. de) [26].

Flow Cytometry

Caco-2 cells were detached using an enzyme-free cell dis-
sociation solution (Sigma-Aldrich) to prevent the denatura-
tion of surface proteins. After detachment, the cells were 
washed twice with cold PBS. The cells were stained with 
APC-conjugated anti-human TLR2 antibody and its isotype 
control for 30 min on ice and then washed twice with PBS. 
The stained cells were fixed using 1% paraformaldehyde, 
and the expression of TLR2 on the cell was analyzed using 
flow cytometry (FACSVerse, BD Biosciences).

Measurement of Bacterial Growth

Caco-2 cells were cultured in DMEM without antibiotics 
and then treated with 1 μg/ml of LPP for 24 h. The culture 
medium was collected and centrifuged to remove cell debris. 
The culture supernatant was stored at -80℃ until needed for 
further experiments. B. cereus KCTC13153 and S. aureus 
USA300 were cultured in TSB medium at 37℃ in aerobic 
conditions. After 18 h, both bacteria were sub-cultured at 
1% and plated onto 96-well plates. Various concentrations 
of supernatant were prepared by twofold serial dilution. The 
supernatant was administered to both bacteria, and their 
growth was determined by measuring the optical density at 
600 nm with a microplate reader.

Statistical Analysis

Data are presented as the mean value ± standard deviation 
from triplicated samples. Experimental groups were com-
pared with an appropriate control group, and statistical 

analyses were performed with Student’s t-test. Statistical 
significance was set at P < 0.05.

Results

Both Live and Heat‑Killed B. subtilis Increase HBD‑2 
mRNA Expression

To investigate whether B. subtilis could induce HBD expres-
sion, Caco-2 cells were treated with live or heat-killed B. 
subtilis strain, and then the mRNA expression of HBD-1, 
HBD-2, and HBD-3 was measured with real-time RT-PCR. 
As shown in Fig. 1A–C, only HBD-2 mRNA expression 
was significantly upregulated upon treatment with either 
live or heat-killed B. subtilis in a dose-dependent manner 
while HBD-1 and HBD-3 expression remained constant. To 
elucidate the time kinetics of the expression of each AMP, 
the cells were treated for various times with 3 ×  107 CFU 
of live or heat-killed B. subtilis. HBD-2 mRNA expression 
was highest at 6 h post treatment in both the live and heat-
killed B. subtilis treatment groups. However, the expression 
of HBD-1 and HBD-3 did not change during the course of 
stimulation (Fig. 1D–F). These results suggest that both live 
and heat-killed B. subtilis induce HBD-2 mRNA expression 
in human IECs.

B. subtilis LPP Is Responsible for HBD‑2 Production 
in Human IECs

To determine which molecule is responsible for the increase 
in HBD-2 expression, we collected the culture supernatant 
of B. subtilis and administered it to Caco-2 cells. The culture 
supernatant increased HBD-2 mRNA expression (Fig. 2A), 
suggesting that the effector molecules can be released from 
B. subtilis. Because bacterial MAMPs can be released into 
culture supernatants and are known to have immunoregu-
latory abilities, it is likely that MAMPs contribute to the 
upregulation of HBD-2. Therefore, each MAMP (LTA, 
PGN, or LPP) was isolated from B. subtilis, and an equiva-
lent concentration of each one was administered to Caco-2 
cells to investigate and compare their HBD-2 induction abil-
ity. Interestingly, LPP significantly increased the mRNA 
expression of HBD-2, whereas the effects of LTA and PGN 
on HBD-2 expression were negligible (Fig. 2B). In addi-
tion, LPP upregulated HBD-2 secretion without affecting 
the viability of the Caco-2 cells (Fig. 2C, D). These results 
indicate that LPP is a major molecule responsible for HBD-2 
induction in Caco-2 cells. To confirm that the increase in 
HBD-2 caused by LPP treatment was a general phenomenon, 
we tested primary human IECs. SNU-407 and SNU-61 cells 
were treated with B. subtilis LTA, PGN, or LPP, and the 
mRNA expression of HBD-2 was measured by real-time 

http://subtiwiki.uni-goettingen.de
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RT-PCR. As shown in the results from Caco-2 cells, LPP 
treatment produced potent HBD-2 mRNA expression in both 
primary human IEC lines, whereas LTA and PGN did not 
show much effect (Fig. 2E, F). These results demonstrate 
that the induction of HBD-2 by B. subtilis LPP is a general 
phenomenon for human IECs.

B. subtilis LPP Upregulates HBD‑2 Expression 
in Caco‑2 Cells

To investigate the kinetics of LPP-induced HBD-2 produc-
tion, Caco-2 cells were stimulated with various concentra-
tions of B. subtilis LPP and HBD-2 mRNA expression was 
measured using real-time RT-PCR. As shown in Fig. 3A, 
LPP dose-dependently increased HBD-2 mRNA expression 
in Caco-2 cells. The time kinetics of LPP-induced HBD-2 
expression peaked at 6 to 9 h and then decreased by 12 h 
after the treatment (Fig. 3B). Concordant with the mRNA 
expression, LPP dose-dependently increased HBD-2 protein 
secretion in Caco-2 cells (Fig. 3C). These results suggest 
that LPP from B. subtilis upregulates HBD-2 expression in 
a dose- and time-dependent manner. To examine whether 

LPPs from other B. subtilis strains have the same effect on 
HBD-2 upregulation, four strains of B. subtilis, KCTC 6633, 
KCTC 3014, KCTC 3135, and KCTC 3239, were obtained 
and LPPs purified from each strain were administered to 
Caco-2 cells. All the LPPs tested substantially induced 
HBD-2 mRNA expression, with LPP from the KCTC 3135 
strain inducing the most potent expression of HBD-2 mRNA 
among the strains tested (Fig. 3D). These results suggest that 
HBD-2 induction by LPP is a general phenomenon of most 
B. subtilis strains, though the induction rate varies by strain.

TLR2‑Mediated Activation of the JNK/p38 MAP kinase/
AP‑1 and NF‑κB Pathway Is Involved in LPP‑Induced 
HBD‑2 Expression

Previous studies showed that bacterial LPPs are mainly rec-
ognized by TLR2 [27]. Therefore, Caco-2 cells were stained 
with anti-human TLR2 antibody to examine the expression 
pattern of TLR2. The result shows that TLR2 is mainly 
expressed on the cell (Fig. 4A). In addition, to investigate 
whether the induction of HBD-2 expression by LPP is medi-
ated by a TLR2 signaling pathway, the cells were pre-treated 

Fig. 1  Both live and heat-killed B. subtills increase HBD-2 mRNA 
expression. A–C Caco-2 cells (3 ×  105 cells/well) were treated with 
live- and heat-killed B. subtilis (3 ×  105, 3 ×  106, or 3 ×  107 CFU) 
for 6 h. D–F Caco-2 cells (3 ×  105 cells/well) were treated with 3 × 
 107  CFU of live- or heat-killed B. subtilis for the indicated times. 

After the treatment, total RNA was isolated and the mRNA expres-
sion of AMPs was analyzed using real-time RT-PCR. All results 
are expressed as the mean ± standard deviation (S.D.) of triplicate 
samples. Asterisks (*) indicate statistically significant differences 
(P < 0.05) compared with the appropriate control. NT, non-treatment
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with a TLR2-neutralizing antibody and then stimulated with 
LPP. Pre-treatment with the anti-TLR2 antibody downregu-
lated the mRNA expression of HBD-2 induced by LPP stim-
ulation, whereas the isotype control antibody did not affect 
the mRNA expression (Fig. 4B). Therefore, the TLR2 path-
way is involved in the upregulation of HBD-2 expression 
induced by LPP. Furthermore, it has been well documented 
that TLR2 activation leads to downstream signaling path-
ways such as MAP kinase and NF-κB translocation to initi-
ate proper immune responses [28]. Therefore, to investigate 
the intracellular mechanism of HBD-2 induction, Caco-2 
cells were pre-treated with several inhibitors and then stimu-
lated with LPP. As shown in Fig. 4C, MAP kinase inhibitors, 
including JNK inhibitor V (JNK inhibitor) and SB203580 
(p38 MAP kinase inhibitor), but not PD98059 (ERK inhibi-
tor), significantly reduced HBD-2 mRNA expression. JNK 
inhibitor V inhibited the LPP-induced mRNA expression of 
HBD-2 more than the other MAP kinase pathway inhibi-
tors, suggesting that the JNK pathway is the most important 

one for the induction of HBD-2 expression. Also, T5224, 
an AP-1 inhibitor, modestly downregulated HBD-2 mRNA 
expression, whereas BAY11-7082, an NF-κB inhibitor, dra-
matically decreased HBD-2 mRNA expression (Fig. 4D). 
Those results suggest that LPP upregulates HBD-2 expres-
sion mainly by means of a JNK/p38 MAP kinase and NF-κB 
pathways, with the AP-1 pathway only partially involved in 
HBD-2 induction.

Differentiated Caco‑2 Cells Produce HBD‑2 upon B. 
subtilis LPP Treatment

It was previously reported that Caco-2 cells can differ-
entiate into cells that morphologically and functionally 
express the characteristics of mature enterocytes [29].  
Therefore, to demonstrate the effect of B. subtilis LPPs on 
HBD-2 gene expression in differentiated IECs, non-differ-
entiated and differentiated Caco-2 cells were treated with 
LPP and the mRNA expression of HBD-2 was analyzed. 

Fig. 2  B. subtilis lipoprotein  (Bs.LPP) significantly induces HBD-2 
production in human IECs. Caco-2 cells (3 ×  105  cells/well) were 
treated with the indicated concentrations of A B. subtilis culture 
supernatants (Bs.sup) or B 1  μg/ml of B. subtilis lipoteichoic acid 
(Bs.LTA), peptidoglycan (Bs.PGN), or Bs.LPP for 6  h. Total RNA 
was isolated and mRNA expression of HBD-2 was measured using 
real-time RT-PCR. C, D Caco-2 cells (2 ×  105 cells/well) were plated 
on a 96-well plate and stimulated with Bs.LTA, Bs.PGN, or Bs.LPP 
for 24 h. C Cell viability was measured using MTT reagent. D After 
the treatment, culture supernatants were collected, and the HBD-2 

concentration was measured using ELISA. E, F  Human primary 
IECs, E  SNU-407 cells (3 ×  105  cells/well) and F  SNU-61 cells (3 
×  105  cells/well), were treated with 1  μg/ml of Bs.LTA, Bs.PGN, 
or Bs.LPP for 6 h. Total RNA was isolated, and the mRNA expres-
sion of HBD-2 was measured by real-time RT-PCR. All results are 
expressed as the mean ± standard deviation (S.D.) of triplicate 
samples. Asterisks (*) indicate statistically significant differences 
(P < 0.05) compared with the appropriate control. TSB, tryptic soy 
broth; NT, non-treatment; N.D., non-detected
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Interestingly, the upregulated mRNA expression of HBD-2 
after differentiation was about tenfold higher than that in 
non-differentiated cells (Fig. 5A). To further investigate 
the effect of B. subtilis LPP on HBD-2 protein secretion, 
Caco-2 cells were cultured in transwell plates for 3 weeks 
and TEER was measured to confirm monolayer formation 
and cell polarization. As shown in Fig. 5B, TEER reached  
a plateau after 4 days of culture and remained constant 
until 21 days of differentiation, suggesting that the Caco-2 
cells were fully differentiated. After differentiation, the 
cells were treated with LPP apically or basolaterally. Api-
cal LPP treatment increased HBD-2 production in the 
apical compartment, but HBD-2 was not detected on the 
basolateral side (Fig. 5C). Interestingly, basolateral treat-
ment of LPP did not induce HBD-2 secretion on either 
the apical or basolateral compartment (Fig. 5D). Collec-
tively, these results indicate that both LPP recognition and 
HBD-2 secretion occurred on the apical side of differenti-
ated Caco-2 cells.

LPP‑Induced HBD‑2 Inhibits the Growth of Intestinal 
Pathogens

It was previously demonstrated that HBD-2 has bactericidal 
effects against pathogenic bacteria, thereby protecting the 
host from microbial infection [11]. To examine whether 
HBD-2 induced by LPP treatment contributes to the elimi-
nation of intestinal pathogens, Caco-2 cells were treated 
with B. subtilis LPP for 24 h in antibiotic-free medium and 
the culture supernatant was collected. The supernatant was 
diluted with twofold serial dilution and then treated with 
B. cereus, which causes food poisoning [30], or S. aureus, 
which causes secondary GI disorders [31]. The culture 
supernatant of LPP-treated Caco-2 cells dose-dependently 
inhibited the growth of both S. aureus and B. cereus. The 
culture supernatant of LPP-treated Caco-2 cells reduced the 
growth of S. aureus with a 20% inhibition rate (Fig. 6A) and 
B. cereus with an inhibitory rate of nearly 10% (Fig. 6B). 
Collectively, these results indicate that HBD-2 secretion 

Fig. 3  Bs.LPP increases HBD-2 mRNA expression and protein secre-
tion in a dose- and time-dependent manner. A,  B  Caco2 cells (3 × 
 105 cells/well) were treated with A various doses of Bs.LPP for 6 h 
or B 1 μg/ml of Bs.LPP for the indicated times. Total RNA was iso-
lated, and the mRNA expression of HBD-2 was measured using real-
time RT-PCR. C Caco-2 cells (2 ×  105  cells/well) were stimulated 
with various doses of Bs.LPP for 24  h. Culture supernatants were 
collected, and the HBD-2 concentration was analyzed by ELISA. D 

Caco-2 cells (3 ×  105 cells/well) were treated with 0.1 or 1 μg/ml of 
LPP from four different KCTC B. subtilis strains for 6 h. Total RNA 
was isolated and the mRNA expression of HBD-2 was analyzed using 
real-time RT-PCR. All results are expressed as the mean ± standard 
deviation (S.D.) of triplicate samples. Asterisks (*) indicate statisti-
cally significant differences (P < 0.05) compared with the appropriate 
control. NT, non-treatment; N.D., non-detected; VC, vehicle control; 
Pam2, Pam2CSK4
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induced by LPP treatment of Caco-2 cells inhibits the 
growth of intestinal pathogens.

Identification of B. subtilis LPP Candidates

To determine whether the induction of HBD-2 was due to 
impurities in the extract, LPP from B. subtilis was treated 
with heat, DNase I, LPP lipase, or proteinase K. As a result, 
LPP treated with lipase or proteinase K decreased the mRNA 
expression of HBD-2, whereas neither heat nor DNase I  
treatment reduced it (Fig. 7A). These data indicate that LPP 
is the primary factor responsible for HBD-2 induction and 
that both the protein and lipid moieties of LPP are important 
for HBD-2 mRNA upregulation in Caco-2 cells. Because it 
has been well documented that B. subtilis possesses at least 
63 functionally distinct LPPs [32], we aimed to identify the  

LPP responsible for inducing HBD-2. LPP extract from B. 
subtilis was separated on a 10% SDS-PAGE gel. Coomas-
sie blue staining analysis showed that the B. subtilis LPPs 
are about 60 kDa or 30 to 35 kDa (Fig. 7B). In addition, 
the protein components in the extract were analyzed using 
Q Exactive Plus mass spectrometry. Information about the 
putative B. subtilis LPP candidates was selected by compari-
son with known B. subtilis LPP sequences, as explained in 
the Material and Method section. As a result of that analysis, 
35 putative LPPs in the LPP were identified (Table 2). Of 
note, most LPPs were about 30 kDa, except for the OppA 
protein, which was 61 kDa. This result is consistent with 
previous data showing that the strongest protein band was 
near 30 kDa (Fig. 7B). Methionine-binding LPP had the 
highest molecular percentage among the identified LPPs. 
Collectively, these data indicate that the putative B. subtilis 

Fig. 4  Bs.LPP induces HBD-2 mRNA expression via TLR2-mediated 
JNK/p38 MAP kinase/AP-1 and NF-κB pathways. A Caco-2 cells (3 
×  105  cells) were stained with APC-conjugated anti-human TLR2 
(TLR2) or its isotype control (I.C.) antibody. Protein expression of 
TLR2 was analyzed using flow cytometry. The APC-positive cells are 
shown as a histogram (left panel), and the ratio of mean fluorescence 
intensity is shown as a graph (right panel). N.S. indicates the non-stain-
ing group. B Caco-2 cells (3 ×  105  cells/well) were pre-treated with 
5  μg/ml of anti-human TLR2 neutralizing antibody  (anti-TLR2 Ab) 

or its isotype control  (I.C.) for 1 h and then stimulated with 1 μg/ml 
of LPP for 6 h. Caco-2 cells (3 ×  105 cells/well) were pre-treated with 
C MAP kinase inhibitors or D an AP-1 inhibitor (T-5224, 40 μM) and 
NF-κB inhibitor (BAY11-7082, 2.5 μM) for 1 h and then treated with 
1 μg/ml of Bs.LPP for 6 h. Total RNA was isolated, and the mRNA 
expression of HBD-2 was measured by real-time RT-PCR. All results 
are expressed as the mean ± standard deviation (S.D.) of triplicate sam-
ples. Asterisks (*) indicate statistically significant differences (P < 0.05) 
compared with the appropriate control. NT, non-treatment
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LPP candidates contribute to the induction of HBD-2 in 
human IECs.

Discussion

B. subtilis is known to be safe for use as a food ingredient or  
additive and to provide protective effects against GI diseases. 
Because it was reported that B. subtilis contributes to AMP 
upregulation in the human GI tract [33], understanding the 
effects of B. subtilis and its components on AMP produc-
tion by human IECs is important. In this study, we have  

shown that B. subtilis induces HBD-2 and its LPP turned 
out to be one of the major cell wall components responsible 
for HBD-2 induction. LPP from B. subtilis induced HBD-2 
expression through TLR2-mediated JNK/p38 MAP kinase/
AP-1 and NF-κB pathways and HBD-2 secreted upon LPP 
stimulation efficiently inhibited the growth of bacterial patho-
gens (Fig. 8). Collectively, this study suggests that LPP from B. 
subtilis could be a therapeutic agent for protecting the intes-
tinal epithelium.

This study has demonstrated that HBD-2, but not HBD-1  
or HBD-3, is induced by B. subtilis stimulation. It is con-
cordant with a previous report suggesting that the expression 

Fig. 5  Bs.LPP induces HBD-2 production on the apical side of differ-
entiated Caco-2 cells. A Caco-2 cells (3 ×  105 cells/well) were plated 
on 6-well plates and separated into two groups: non-differentiation 
and differentiation. The cells of the non-differentiated group were 
stimulated with 1 μg/ml of Bs.LPP for 6 h. The cells of the differen-
tiation group were cultured for 21 days for polarization, and then the 
differentiated cells were stimulated with 1 μg/ml of Bs.LPP for 6 h. 
Total RNA was isolated, and the mRNA expression of HBD-2 was 
analyzed using real-time RT-PCR. B–D Caco-2 cells (1 ×  105 cells/

well) were seeded on a transwell plate and cultured for 21  days for 
differentiation. B Transepithelial electrical resistance values were 
measured for 21 days at three-day intervals using an EVOM2. Differ-
entiated cells were treated with Bs.LPP C apically or D basolaterally 
for 24 h. Culture supernatants were collected and the concentration of 
HBD-2 was measured using ELISA. All results are expressed as the 
mean ± standard deviation (S.D.) of triplicate samples. Asterisks (*) 
indicate statistically significant differences (P < 0.05) compared with 
the appropriate control. NT, non-treatment; N.D., non-detected
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of HBD-2 is increased by bacterial stimulation, whereas 
HBD-1 production in human IECs is constant [10]. In line 
with our results, several previous reports have also dem-
onstrated that probiotics can induce HBD-2 production. 
For instance, treatment with Escherichia coli Nissle 1917 
or various Lactobacillus bacteria increases HBD-2 gene 
expression, but not HBD-1 expression [34]. In addition, 
both live and heat-killed Lactobacillus species increase the 

mRNA expression of HBD-2 [35] and probiotic Bacillus 
clausii treatment induces HBD-2 synthesis in human IECs 
[36]. Those previous reports support our results that probiot-
ics, including B. subtilis, can induce AMP production, espe-
cially HBD-2 production, protecting the intestinal epithelium 
against various pathogens.

We identified LPP as a major molecule responsible for 
the upregulation of HBD-2, rather than other MAMPs of B. 

Fig. 6  Bs.LPP-induced HBD-2 efficiently inhibits the growth of bac-
terial pathogens. Caco-2 cells (1 ×  106  cells/well) were stimulated 
with 1 μg/ml of Bs.LPP for 24 h in antibiotic-free medium. The cul-
ture media were collected and centrifuged to remove cell debris. The 
bacteria, which were sub-cultured at 1%, were plated onto 96-well 
plates and treated with conditioned media in twofold serial dilutions. 

The optical density (OD) of A S. aureus USA300 and B. cereus was 
measured at each time point using a microplate reader at 600 nm. All 
results are expressed as the mean ± standard deviation (S.D.) of tripli-
cate samples. Asterisks (*) indicate statistically significant differences 
(P < 0.05) compared with the appropriate control

Fig. 7  Identification of Bs.LPP candidates. A Caco-2 cells (3 × 
 105  cells/well) were treated with 1  μg/ml of Bs.LPPs treated with 
heat, DNase I, LPP lipase, or proteinase K. After treatment for 6 h, 
total RNA was isolated and the mRNA expression of HBD-2 was 
measured using real-time RT-PCR. B Bs.LPP was visualized with 

Coomassie blue staining. All results are expressed as the mean ± 
standard deviation (S.D.) of triplicate samples. Asterisks (*) indi-
cate statistically significant differences (P < 0.05) compared with the 
appropriate control. NT, non-treatment; VC, vehicle control
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subtilis such as LTA or PGN. This observation is in accord-
ance with previous reports demonstrating that macrophage-
activating lipopeptide-2, a synthetic molecule that mimics 
the LPP of Mycoplasma fermentans, and Staphylococcus 
epidermidis LPP enhanced the expression of HBD-2 in 
human epidermal keratinocytes [37, 38]. On the other hand, 
contrary to our findings, several studies identified LTA or 
PGN as a major molecule responsible for AMP upregulation 
[18, 39]. One possible explanation for this opposite result 
might be unexpected contamination of commercial LTA 
and PGN [40, 41]. In addition, LTA and PGN are known to 
possess lower immunostimulatory activity than LPP [42]. 

Therefore, given that those previous studies did not consider 
the effects of LPP on AMP expression, it can be postulated 
that the upregulation of AMPs by LTA or PGN could be due 
to other molecules. On the other hand, TLR2 and NOD2 can 
synergize to induce high immune responses [43], so it could 
be possible that other MAMPs work together with LPP to 
increase AMP production. Collectively, our results suggest 
that LPP could be a major molecule of Gram-positive bac-
teria responsible for AMP upregulation.

It has been reported that LPPs can be released dur-
ing bacterial growth and synthetic bacterial lipopeptide 
(Pam3CSK4)-induced TLR2 activation leads to AMP 

Table 2  Identification of LPPs in Bs.LPP extract

Mol (%) means molecule percentages in an extract add

No. Protein (function) *Mol (%) Size (kDa)

1 Methionine-binding lipoprotein (methionine ABC transporter) 8.1940 30.393
2 Foldase protein PrsA (protein folding) 1.6382 32.547
3 Arginine-binding extracellular protein ArtP (arginine ABC transporter) 1.1463 28.409
4 L-cystine-binding protein TcyA (cystine and diaminopimelate ABC transporter) 1.0049 29.553
5 Manganese-binding lipoprotein MntA (manganese ABC transporter) 0.7231 33.454
6 Fe  (3+)-citrate-binding protein YfmC (iron/citrate ABC transporter) 0.3798 35.113
7 Iron-uptake system-binding protein (iron ABC transporter) 0.3747 35.143
8 Putative carboxypeptidase YodJ (cell wall synthesis) 0.3616 30.892
9 Probable siderophore-binding lipoprotein YfiY (siderophore ABC transporter) 0.2222 36.339
10 Oligopeptide-binding protein OppA (oligopeptide ABC transporter) 0.1666 61.543
11 Petrobactin-binding protein YclQ (petrobactin ABC transporter) 0.1616 34.827
12 Quinol oxidase subunit 2 (respiration) 0.1586 36.316
13 Ribose import binding protein RbsB (ribose ABC transporter) 0.1111 32.264
14 Probable amino-acid-binding protein YxeM (S-(2-succino)cysteine ABC transporter) 0.1050 29.349
15 Putative ABC transporter substrate-binding lipoprotein YhfQ (iron/citrate ABC transporter) 0.0808 35.524
16 Iron  (3+)-hydroxamate-binding protein YxeB (hydroxamate siderophore ABC transporter) 0.0808 35.541
17 Putative lipoprotein YerB (unknown) 0.0778 37.117
18 Probable ABC transporter extracellular-binding protein YckB (unknown) 0.0697 31.757
19 Uncharacterized protein YtkA (assembly of the CuA center in Cytochrome caa3) 0.0677 15.904
20 Iron  (3+)-hydroxamate-binding protein FhuD (hydroxamate siderophore ABC transporter) 0.0626 34.462
21 Uncharacterized lipoprotein YcdA (required for swarming motility) 0.0535 39.213
22 Phosphate-binding protein PstS (phosphate ABC transporter) 0.0465 31.721
23 Uncharacterized protein YdhK (stress protein) 0.0444 22.519
24 High-affinity zinc uptake system binding-protein ZnuA (zinc ABC transporter) 0.0434 35.752
25 Cytochrome c oxidase subunit 2 (respiration) 0.0384 40.354
26 Putative ABC transporter substrate-binding lipoprotein YvgL (molybdenum transporter) 0.0343 28.395
27 Penicillin-binding protein 3 0.0333 74.531
28 Glycine betaine-binding protein OpuAC (glycine betaine and arsenobetaine ABC transporter) 0.0293 32.251
29 Uncharacterized ABC transporter substrate-binding lipoprotein YvrC (cobalamin ABC transporter) 0.0273 34.275
30 SCO1 protein homolog (assembly of the CuA center in Cytochrome caa3) 0.0212 21.932
31 Uncharacterized lipoprotein YjhA (unknown) 0.0192 24.020
32 D-Alanyl-D-alanine carboxypeptidase DacA (penicillin-binding protein 5) 0.0192 48.777
33 Putative lipoprotein YvcA (complex colony development) 0.0172 28.082
34 Probable iron uptake system component EfeM 0.0101 42.941
35 Uncharacterized lipoprotein YerH (unknown) 0.0101 44.546
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production [44, 45]. B. subtilis LPP is known as N-acetyl 
lipoprotein containing N-acetyl-S-diacyl-glyceryl-cysteine 
and its lipid chain interacts with the TLR2/6 heterodimer 
[46]. In the present study, B. subtilis LPPs induced the 
increase of HBD-2 expression through TLR2 pathway. 
Concordantly, S-layer proteins of Lactobacillus species 
induce HBD-2 production via a TLR2 signaling pathway 
[47]. Also, Pam3CSK4 treatment increases HBD-2 gene 
expression through TLR2 signaling in human corneal 
epithelial cells and lung epithelial cells [45]. Notably, 
we observed that only apical treatment of LPP caused 
HBD-2 secretion in differentiated Caco-2 cells, suggest-
ing that apical TLR2 recognizes B. subtilis LPP and then 
activates the downstream signaling pathway. In the intes-
tine, TLR2 is expressed at the apical side of differentiated 
IECs [48] and B. subtilis LPPs are known to be recognized 
by TLR2 [27]. Therefore, given that most microbes are 
located in the lumen of the intestine, it is likely that TLR 

compartmentalization is needed to enable immediate and 
proper antimicrobial responses in the intestine.

In this study, HBD-2 produced by LPP-treated Caco-2 
cells inhibited the growth of S. aureus and showed a moder-
ate antigrowth effect on B. cereus. This differential inhibi-
tory effect could be due to their susceptibility to HBD-2. 
A previous study revealed that the effective concentration 
 (EC50) value of HBD-2 for S. aureus was 7.6 μg/ml [49]. 
Furthermore, B. cereus is more susceptible to HBD-2 than 
to HBD-1 or HBD-3, and the  EC50 value of HBD-2 for 
B. cereus was 22 μg/ml [50], concordant with our present 
result demonstrating that HBD-2 induced by LPP treatment 
more efficiently attenuated the growth of S. aureus than B. 
cereus. Although Caco-2 cells release HBD-2 at a maximum 
concentration of 20 pg/ml, which seems extremely low to 
show antibacterial activity against both bacteria, the culture 
supernatant efficiently inhibited the growth of both B. cereus 
and S. aureus. Considering that AMPs can trigger further 

Fig. 8  Schematic illustration of the proposed action mechanism
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inflammatory responses via their chemotactic activity [6],  
it is possible that the small amounts of AMPs induced by 
LPP treatment are sufficient to disable the action of the 
pathogens. In addition, It has been reported that B. subtilis 
modulates the gut microbiota and blood metabolic profile 
and probiotics enhance the tight junction proteins of IECs 
against pathogens [51, 52]. Collectively, both B. subtilis and 
its LPPs likely contribute to the protection of the GI tract 
against pathogenic bacteria.

In this study, 35 LPPs of B. subtilis were identified as 
candidates that might contribute to HBD-2 upregulation, and 
most of them were annotated as ABC transporters, respon-
sible for the translocation of proteins and metal ions. On 
the other hand, they are also recognized for their impact on 
various aspects of bacterial virulence, including multidrug 
resistance, adhesion, spore formation, and biofilm forma-
tion [53]. Thus, B. subtilis LPPs are thought to improve the 
gut environment by influencing bacterial growth. That find-
ing is in accordance with a previous report showing that B. 
subtilis LPPs predominantly function as transporters [32]. 
Interestingly, iron uptake transporters, such as the SitC of 
S. aureus, have been reported as TLR2 ligands [54], sug-
gesting that iron-regulated LPPs can act as TLR2 ligands. 
Moreover, ABC transporters such as MntA, YfmC, YclQ, 
and OppA are known to be recognized by TLR2 receptors 
[46, 55]. Although B. subtilis ABC transporters and their 
association with TLR2 receptors are not fully understood, 
the previous studies support our hypothesis that the identi-
fied LPPs contribute to the induction of HBD-2 expression, 
presumably through TLR2 recognition. Nevertheless, further 
study is required to clarify which B. subtilis LPP is primarily 
responsible for HBD-2 production.

Conclusion

In this study, we demonstrated that B. subtilis efficiently 
induces HBD-2 expression in the human IECs. Especially, 
we have identified a key molecule, B. subtilis LPP, that 
might be responsible for the induction of HBD-2. TLR2-
mediated JNK/p38 MAP kinase/AP-1 and NF-κB pathways 
were critical for the B. subtilis LPP-induced HBD-2 induc-
tion. Also, B. subtilis LPP efficiently inhibited the growth 
of bacterial pathogens. Collectively, although further in vivo 
experiments are necessary, this study has identified a major 
cell wall component of B. subtilis that plays crucial roles in 
protecting intestinal health.
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