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Abstract
Bifidobacterium animalis subsp. lactis Bb12 is a widely used probiotic that provides numerous health benefits to its host, 
many due to its immunomodulatory properties. Although the precise mechanism of modulation is still under investigation, 
several reports associate the interaction of TLR2 with components of the bacterial cell wall inducing a signaling cascade that 
culminates with the production of cytokines and co-stimulatory molecules. MicroRNAs (miRNAs) have emerged as important 
post-transcriptional regulators of immune responses, including those toward probiotics. In this study, we analyzed the miRNA 
expression profile in swine monocytes exposed to Bb12 by using an anti-TLR2 blocking strategy and Bb12 involvement in the 
regulation of the TLR2 pathway. As a result, the expression of 40 miRNAs was influenced by the treatments (p < 0.01), and 
15 differentially expressed miRNAs with validated miRNA–mRNA interactions with around 26 proteins related to the TLR2 
pathway were identified. The miRNAs upregulated in response to Bb12 included miR-15a-5p, miR-16-5p, miR-26a-5p, miR-
29b-3p, and miR-30d-5p, and the following showed downregulation: miR-181a-5p, miR-19b-3p, miR-21-5p, miR-23a-5p, 
and miR-221-3p. The expression of let-7c-5p, let-7f-5p, miR-146b-5p, miR-150-5p, and miR-155-5p was increased by Bb12 
only when TLR2 was blocked. The identified miRNA common targets were downstream proteins from bacterial recognition 
via TLR2, such as MyD88, TRAF6, and MAPK members; transcription factors such as NF-κB and AP-1; and cytokines such 
as IL-6, IL-10, and TNF-α. TLR2 participation was abrogated by anti-TLR2 antibody and suggests that bacterial recognition 
is complemented by other receptors since there were still changes in the microtranscriptome.
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Introduction

Probiotic microorganisms have been widely studied due to 
their beneficial effects on the health of vertebrates, includ-
ing animals. Bifidobacterium animalis subsp. lactis Bb12 
(Bb12), one of the most studied probiotic organisms, has 
been shown to improve intestinal function, to enhance 
protection against infectious diarrhea, and to reduce the 
secondary effects of antibiotic treatment [1]. Bb12 has 
also been shown to be immunomodulatory, inducing the 
production of interleukin (IL)-10 and moderately IL-12 in 
immune cells [2]. The main mechanism of immune stimu-
lation by Gram-positive bacteria such as Bb12 is medi-
ated by receptor recognition of bacterial cell membrane 
components, like peptidoglycans (PGNs) and lipoteichoic 
acid (LTA), for which eukaryotic cells have specific recep-
tors including toll-like receptor 2 (TLR2). Upon binding, 
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TLR2 recruits myeloid differentiation primary response 
88 protein (MyD88), initiating a signaling cascade that 
leads to the activation of at least two transcription fac-
tors, namely, nuclear factor-kappa B (NF-κB) and activator 
protein 1 (AP-1) [3], which in turn induce the production 
of cytokines.

The use of probiotics has extended to several species, 
such as the pig, due to its economic importance and as a 
model for biomedical studies [4–7]. We have previously 
reported that Bb12 induces the production of IL-10, and 
the mechanism involves recruiting of TLR2 [8]. In the last 
few years, studies have focused on protein regulation by 
microRNAs (miRNAs), which are small non-coding RNA 
molecules ranging from 16 to 27 nucleotides that participate 
in the regulation of several cellular processes including dif-
ferentiation and proliferation. Changes in miRNA expression 
may alter the expression of target proteins at transcriptional 
and post-transcriptional levels by regulating messenger RNA 
(mRNA) translation or stability in the cytoplasm, mediated 
by the binding of a seed region, the most common motif 
for pairing miRNAs to their target mRNA [9]. Current pro-
gress in the development of bioinformatics research tools has 
provided deeper information about miRNA–mRNA inter-
actions, making it possible to elucidate regulatory mecha-
nisms mediated by miRNAs on immune responses. A single 
miRNA can regulate the production of hundreds of proteins 
through their mRNAs, and we hypothesize that the diverse 
immune responses by probiotics could be regulated in this 
manner. Therefore, we investigated the role of TLR2 on the 
miRNA profile induced by Bb12 in swine monocytes, look-
ing to provide an overview of differential miRNA expression 
that may help to identify key miRNAs involved in the regu-
lation of the TLR2 pathway by Bifidobacterium animalis 
subsp. lactis Bb12.

Materials and Methods

Bacterial Preparation

Bb12 was grown on Man, Rogosa, and Sharpe (MRS) broth 
(Merck, Darmstadt, Germany) supplemented with 0.05% 
cysteine (Sigma-Aldrich, St. Louis MO, USA) at 37 °C for 
48 h under anaerobic conditions. Bacterial cultures were 
centrifuged at 3000 × g for 10 min (centrifuge Sorvall ST16, 
Thermo Fisher Scientific, Waltham, MA, USA). The bacte-
rial pellet was washed with phosphate buffer saline (PBS; 
0.137 M NaCl, 0.0027 M KCl, 0.01 M Na2HPO4, 0.0018 M 
KH2PO4, pH 7.4), and the bacterial concentration was 
adjusted to 6 × 108 CFU/mL, corresponding to the turbidity 
McFarland scale 2.0. All reagents were from Sigma-Aldrich 
unless otherwise stated.

Animals

Conventional female pigs (2–4 months old) were obtained 
from a local farm, free of porcine reproductive and respira-
tory virus, influenza virus, and swine enteric coronavirus 
diseases. The animals were housed at the animal facility of 
the Centro de Investigación en Alimentación y Desarrollo 
(CIAD) with ad libitum access to water and food. The ani-
mals were euthanized according to the ethical standards of 
Mexican regulation NOM‐033‐ZOO‐1995. Animal experi-
mentation was approved by the Ethics Committee of CIAD.

Isolation of Porcine Monocytes

Peripheral blood was collected in tubes with 1.5 mg/mL 
ethylenediaminetetraacetic acid (EDTA) as an anticoagu-
lant. Peripheral blood mononuclear cells (PBMCs) were iso-
lated by density centrifugation using Ficoll-Paque Plus (GE 
Healthcare Bio-Sciences, Uppsala, Sweden). PBMCs were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco, Grand Island, NY, USA) supplemented with 5000 IU/
mL penicillin, 5 µg/mL streptomycin (Sigma-Aldrich), and 
10% fetal bovine serum (FBS, Gibco). Cells (5 × 107) were 
placed in a T75 flask (Corning Inc., Corning, NY, USA) 
and incubated at 37 °C and 5% CO2 for 90 min to allow 
monocytes to adhere. Flasks were washed four times with 
PBS to eliminate non-adherent cells. The remaining adher-
ent cells were incubated for 10 min with a trypsin–EDTA 
solution (Sigma-Aldrich) to detach cells, were further har-
vested, and washed with DMEM. Cell viability testing was 
performed with the trypan blue exclusion method, with an 
average percentage of 95% living cells. Monocyte popula-
tion was identified with surface cell markers CD172a and 
CD163 (VMRD, Pullman, WA, USA) by flow cytometry 
(FACSCanto II, Becton Dickinson Biosciences, San Jose, 
CA, USA) as previously reported [8].

Cell Stimulation

Monocytes (2 × 106) were added to 48-well plates and incu-
bated either alone (unstimulated control) or with the addition 
of Bb12 (ratio 1:100 cell/bacteria) for 4 h, which allowed to 
detect an increase of IL-10 transcript expression. Incubation 
time was selected according to previously reported results 
[8]. Groups used in this study were as follows: unstimu-
lated swine monocytes, swine monocytes stimulated with 
Bb12 for 4 h (group designated “Bb12”), and swine mono-
cytes incubated with anti-TLR2 antibody and Bb12 for 4 h 
(group designated “anti-TLR2 + Bb12”). For TLR2 block-
ing experiments, 40 μg/mL of purified anti-mouse/human 
CD282 (TLR2) antibody (BioLegend, San Diego, CA, USA) 
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was used 1 h before cell stimulation, which was sufficient 
to deplete IL-10 expression (Supplementary file S1). The 
anti-CD282 protein specifically produced by clone TL2-1 
has been previously reported to cross-react with most mam-
mals, including swine.

RNA Isolation and Microarray Analysis

Total RNA samples for microarray analysis were extracted 
using the miRNAeasy mini kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions. The RNA 
quantification and quality were confirmed by NanoDrop 
ND-1000 (Thermo Fisher). Samples were prepared using 
2.5 vol of absolute ethanol and 1/10 vol of 3 M sodium 
acetate. A total of 2 μg RNA from each sample was sent 
for genome-wide microRNA microarray analysis using 
μParaflo® microfluidic biochip technology; this service was 
provided by LC Sciences (Houston, TX, USA). The array 
consists of 407 pig-specific probes (Sus scrofa) that detect 
mature miRNA sequences listed in miRBase release 21 
(Supplementary file S2). Mature miRNA is the active form 
of a miRNA, able to associate itself with the RISC (RNA-
induced silencing complex) protein complex that facilitates 
binding to its target. The chip contained multiple internal 
control probes selected by the service provider, including 
PUC2PM-20B and PUC2MM-20B. The microarray data 
can be accessed in the Gene Ontology (GEO) datasets of 
the National Center for Biotechnology Information (NCBI) 
(GEO accession GSE132995) and includes data from 3 sam-
ples: unstimulated monocytes (GSM3897865), monocytes 
treated with Bb12 (GSM3897866), and monocytes treated 
with Bb12 and TLR2-blocking antibody before stimulation 
(GSM3897867).

RT‑qPCR miRNA Validation

RT-qPCR validation confirms that upregulation and down-
regulation patterns are similar in the miRNAs analyzed on 
the microarray. RT-qPCR was performed according to the 
protocol published by Mentzel et al. [10]. For cDNA syn-
thesis, M-MuLV reverse transcriptase (New England Bio-
labs, Ipswich, MA, USA) was used, and the conditions for 

reverse transcription reaction were 42 °C, 60 min; 95 °C, 
5 min. For qPCR, the conditions were as follows: 50 °C, 
2 min; 95 °C, 1 cycle; 95 °C, 15 s; and 60 °C, 1 min, 
40 cycles. PCR reactions were performed in duplicate on 
a QuantStudio 6.0 Flex real-time PCR system (Thermo 
Fisher) in a 10-μL final volume including 2 μL HOT FIRE-
Pol® EvaGreen® qPCR Mix Plus (Solis BioDyne, Tartu, 
Estonia), 1 μL of each primer at 10 μM, 1 μL of a 1:4 
dilution of the cDNA, and 5 μL of DEPC-treated water. 
The miRNA primers (Table 1) were designed using the 
publicly available software miRprimer [11]. The ampli-
con length for measured microRNAs was 51 bp. To select 
appropriate reference miRNAs, we used RefFinder, a web 
tool that integrates the currently available major compu-
tational programs (geNorm, NormFinder, BestKeeper, and 
the comparative Delta-Ct method), to compare and rank 
the tested candidate reference genes [12]. miR-148b-3p 
was used to normalize the level of miRNA expression 
since it did not present significant changes to either treat-
ment. Results on miR-148b-3p are shown as the log2 fold 
change between unstimulated monocytes and Bb12-stimu-
lated monocytes, which confirms that the upregulation and 
downregulation pattern is similar in the miRNAs analyzed 
by both tests. The relative miRNA expression level was 
calculated using the 2–∆∆Ct method, and log2 was used for 
expressing the fold change.

Statistical Analysis

Eight experimental repeats of each treatment (unstimu-
lated monocytes, Bb12, anti-TLR2 + Bb12) were analyzed 
by ANOVA to determine differences between treatments. 
A t-test clustering heat map of statistically significant 
miRNAs (p < 0.01) was performed by the microarray pro-
vider (LC Sciences) to analyze the effect of anti-TLR2 
treatment. The GraphPad Prism 6.0 statistical software 
(GraphPad Software Inc., San Diego, CA, USA) was used 
to perform multiple t-tests using the Holm–Sidak methods 
for mean fluorescence intensity (MFI) differences among 
treatments of selected miRNAs for further analysis with 
the bioinformatic tools.

Table 1   Primer sequences used for miRNA qPCR validation

Gene Accession no. miRbase Forward primer sequence 5′–3′ Reverse primer sequence 5′–3′ Efficiency %

ssc-let-7c-5p MIMAT0002151 GCA​GTG​AGG​TAG​TAG​GTT​GTATG​ ACC​AAT​TTT​TTT​TTT​TTT​TTG​ACC​TGG​ 95
ssc-let-7d-5p MIMAT0025356 AGA​GAG​GTA​GTA​GGT​TGC​AT TCA​ATT​TTT​TTT​TTT​TTT​TGA​CCT​GGA​ 86
ssc-miR-20a-5p MIMAT0002129 CGC​AGT​AAA​GTG​CTT​ATA​GTG​ TCC​ATT​TTT​TTT​TTT​TTT​TGA​CCT​GG 98
ssc-miR-21-5p MIMAT0002165 GCA​GTA​GCT​TAT​CAG​ACT​GATG​ CAA​CTT​TTT​TTT​TTT​TTT​TGA​CCT​GG 93
ssc-miR-30a-5p MIMAT0010193 GCA​GTG​TAA​ACA​TCC​TCG​AC ACC​TTC​TTT​TTT​TTT​TTT​TTT​GAC​CTG​ 90
ssc-miR-148b-3p MIMAT0013901 AGT​CAG​TGC​ATC​ACA​GAA​C GAA​ACA​TTT​TTT​TTT​TTT​TTT​GAC​CTGG​ 106
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Bioinformatic Analysis

miRPath v.3 from DIANA TOOLS [13] was used to investi-
gate the miRNA pathways. miRTarBase 7.0 [14] was used to 
analyze previously reported validated miRNA–mRNA inter-
actions. Validated interactions were considered only from 
those reports that showed evidence for miRNA–target inter-
actions (MTIs) where the validation method included either 
reporter assay, western blot, or qPCR. The Cytoscape soft-
ware (version 3.7.1) was used to construct a miRNA–gene 
network. TargetScanHuman 7.2 [15] was used for the search 
and confirmation of human–pig sequence homology.

Results

miRNA Expression Profile in Response to Bb12

To investigate miRNAs involved in the immune response 
regulation to Bb12, the miRNA expression profile was ana-
lyzed 4 h after stimulation. To focus on TLR2, its blockade 
was achieved using an anti-TLR2 antibody to analyze the 
miRNA expression pattern in response to Bb12 without 
TLR2 participation.

The microarray data analysis was performed according 
to the diagram presented in Fig. 1. The statistical analysis 
by ANOVA report showed that expression of 144 miRNAs 
(144/407) in monocytes (unstimulated monocytes) changed 
(p < 0.05) in response to the treatments (monocytes treated 
with Bb12 (Bb12 group) and monocytes treated with 

Bb12 and TLR2-blocking antibody before stimulation 
(anti-TLR2 + Bb12 group)); these data are shown in Sup-
plementary file S3. However, the selection criteria for the 
bioinformatic analysis were to consider only those miRNAs 
that showed significant changes in their expression and MFI 
threshold greater than 500 in each sample at a 1% signifi-
cance level. As shown in Table 2, the statistical analysis by 
ANOVA indicated that 40 miRNAs (40/407) were differ-
entially expressed in response to the treatments (p < 0.01).

Integration of Microarray Expression in Response 
to Bb12 with Experimentally Validated MTIs 
Databases

Several target genes were found for differentially expressed 
miRNAs, and all of them were involved in a broad spectrum 
of cellular, metabolic, physiological, and developmental 
processes. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis was performed using 
miRPath v.3 (Fig. 2). The heat map displays correlations for 
30 miRNAs with available experimental support and their 
mediated significant pathways (p < 0.05). The statistical 
significance of interaction is visually represented in vary-
ing shades of color (darker colors indicate lower p-values 
and thus higher significance). We found interactions with 
more than 100 genes in pathways such as cancer, MAPK 
(mitogen-activated protein kinases) signaling, proteoglycans 
in cancer, protein processing in the endoplasmic reticulum, 
and endocytosis (Supplementary file S4).

Fig. 1   Flowchart of microarray data analysis. Swine monocytes were 
exposed to Bb12 with or without the addition of a blocking antibody 
anti-TLR2. Groups were as follows: unstimulated swine monocytes, 
monocytes stimulated with Bb12 for 4  h, and swine monocytes 
incubated with anti-TLR2 antibody and Bb12 for 4  h. Microarray 
was performed, and 40 microRNAs with a MFI > 500 were selected 

for analysis of molecular interactions (KEGG analysis). The micro-
RNAs were also analyzed for miRNA–mRNA interactions within 
TLR2 pathway targets (miRTarBase). After this, 15 miRNAs with a 
reported interaction with TLR2 pathway–related target proteins were 
selected to analyze with a multiple t test
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We searched for TLR2 pathway–related miRNA–mRNA 
interactions of the 40 differentially expressed miRNAs previ-
ously mentioned at miRTarBase 7.0. Validated interactions 
were considered only from those reports that showed strong 
evidence for MTIs where the validation method included 
either reporter assay, western blot, or qPCR.

As a result, 15 miRNAs (15/40) had a reported inter-
action with TLR2 pathway–related target proteins. This 
information was used to construct a miRNA–gene network. 
MTIs involve 15 miRNAs and 26 TLR2 pathway–related 
target proteins (Fig. 3). We used TargetScanHuman 7.2 
to ensure interactions obtained in human databases with 
swine data. Interaction sites of miRNA–mRNA of 18 spe-
cies were analyzed; of those, 21 mRNA sequences showed 
homology, 6 did not show homology, and 13 were not 
found in the TargetScanHuman 7.2 database (Supplemen-
tary file S5).

TLR2‑Related miRNA Expression Profile in Response 
to Bb12

Cluster analysis revealed that TLR2 blockade caused 
changes in miRNA expression as shown in Fig. 4, which 
represents a clustering heat map of all statistically signifi-
cant miRNAs (p < 0.01). Focusing on the effect of TLR2 
blocking on the 15 miRNAs analyzed, a multiple t-test anal-
ysis was performed (Fig. 5). Data were graphed grouping 
by MFI ranges, considering the differences in the cellular 
abundance of miRNAs [16]. Those with very low abun-
dance MFI from 1000 to 3000 were grouped in Fig. 5A, 
low abundance in Fig. 5B (from 3000 to 6000 MFI), high 
abundance in Fig. 5C (from 6000 to 10,000 MFI), and very 
high abundance in Fig. 5D (more than 10,000 MFI). Among 
miRNAs upregulated by Bb12 treatment included were 
miR-29b-3p, miR-30d-5p, miR-181a-5p (Fig. 5B), miR-
15a-5p (Fig. 5C), miR-16-5p, and miR-26a-5p (Fig. 5D), 
whereas miR-221-3p (Fig. 5A), miR-19b-3p (Fig. 5B), 
miR-23a-5p (Fig.  5C), and miR-21-5p (Fig.  5D) were 
downregulated (p < 0.01). Expression of let-7c-5p, miR-
146b-5p, miR-155-5p (Fig. 5A), let-7f-5p (Fig. 5C), and 
miR-150-5p (Fig.  5D) increased only when TLR2 was 
blocked (p < 0.01).

RT‑qPCR miRNA Validation

To validate microarray results, the expression level of 
five miRNAs was confirmed by RT-qPCR with the same 
samples. The trend for let-7 members was maintained as 
downregulation, showing a log2 fold change of − 0.58 for 
let-7c-5p and − 0.52 for let-7d-5p, and neither showed sig-
nificant changes in response to Bb12 according to the t-test 
(Supplementary file S6). MiR-20a-5p and miR-21-5p were 
significantly downregulated (p < 0.05) on the microarray 
with a log2 fold change of − 0.17 and − 0.16, respectively, 
confirmed by RT-qPCR with a fold change of − 0.29 for 
miR-20a-5p and − 0.26 for miR-21-5p. The miR-30a-5p 
expression indicated upregulation; however, there were no 
significant changes according to the microarray t-test results 
(Fig. 6).

Table 2   Differentially expressed miRNAs in response to the treat-
ments with signal intensity > 500 MFI

miRNA p-value MFI

Unstimulated 
monocytes

Bb12 Anti-
TLR2 + Bb12

miR-345-3p 9.77 × 10−15 2074 2384 1077
miR-4334-5p 1.15 × 10−14 1161 1225 685
miR-4334-3p 1.21 × 10−12 916 638 637
miR-671-5p 3.05 × 10−11 1254 1707 1037
miR-30e-5p 3.62 × 10−10 5383 7101 5100
miR-1285-5p 4.23 × 10−10 1914 1855 3746
miR-30b-5p 1.79 × 10−9 5212 6968 5734
let-7c-5p 1.07 × 10−8 1088 1047 1852
let-7d-5p 3.31 × 10−8 3354 3198 4213
miR-150-5p 5.23 × 10−8 12,115 11,288 13,998
miR-23a-5p 1.27 × 10−7 6318 5063 5381
miR-9802-3p 1.87 × 10−7 582 1013 1106
miR-339-5p 2.80 × 10−7 710 521 568
miR-26a-5p 1.04 × 10−6 10,953 12,500 12,435
miR-221-3p 1.50 × 10−6 2431 2201 2010
let-7f-5p 2.90 × 10−6 8150 7772 9102
miR-29c-5p 3.60 × 10−6 1359 970 1013
miR-425-5p 9.66 × 10−6 3402 3812 3974
miR-15a-5p 1.00 × 10−5 6844 8537 6551
miR-146b-5p 1.14 × 10−5 1184 1063 1732
miR-181a-5p 1.24 × 10−5 4201 4962 3921
miR-21-5p 1.73 × 10−5 14,637 13,084 12,598
miR-92b-3p 2.78 × 10−5 761 650 1110
miR-16-5p 4.57 × 10−5 16,776 19,904 18,892
miR-151-5p 4.88 × 10−5 1389 1454 1196
miR-30d-5p 9.01 × 10−5 4306 4970 4637
miR-222-5p 1.28 × 10−4 1679 1461 1416
miR-103-3p 2.70 × 10−4 2976 2868 2545
miR-155-5p 2.85 × 10−4 2054 2259 2580
miR-9820-5p 6.34 × 10−4 945 980 1098
miR-362-5p 7.83 × 10−4 537 587 501
let-7 g-5p 8.41 × 10−4 6410 6279 7006
miR-4331-5p 1.62 × 10−3 926 779 888
miR-20a-5p 2.40 × 10−3 3466 3087 3098
miR-29b-3p 3.04 × 10−3 2894 3782 3254
miR-185-5p 5.16 × 10−3 1019 1098 1000
miR-19b-3p 5.44 × 10−3 3501 2361 2414
miR-9847-3p 6.45 × 10−3 1161 671 662
miR-1307-5p 7.48 × 10−3 2853 2045 1956
miR-374b-5p 9.82 × 10−5 771 674 832
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Discussion

Bb12 modulates the immune system, affecting gene expres-
sion and cytokine production [17] due to interaction with 
receptors like TLR2 [18]. Probiotic bacteria can promote 

tolerant immune responses to gain allowance for the estab-
lishment in their environment while offering different ben-
efits to the host. This is a complicated process and needs 
an accurate response; therefore, TLR-activated pathways 
are strictly regulated. During the last decade, microRNAs 
have been demonstrated to be one of the main molecules 
implicated in the post-transcriptional regulation of immune 
responses.

Immune responses toward probiotics are strain-dependent, 
which could be attributed to differences in the expression 
of regulators, such as miRNAs. In this study, miR-15a-5p, 
miR-29b-3p, miR-30d-5p, and miR-181a-5p were upregu-
lated by Bb12, and their expression was shown to be TLR2-
dependent since it was abrogated upon TLR2 blocking. The 
Bb12 immunomodulation mechanism initiates with TLR2 

Fig. 2   Correlation heat map among differentially expressed miRNAs 
and KEGG pathways (log scaled). The heat map displays statistically 
significant correlations among 30 differentially expressed miRNAs 
and their mediated pathways. The color key is on the upper left of the 
figure; red represents a higher statistical significance whereas yellow 
indicates a lower statistical significance (p < 0.05). Acronym defini-
tions: ECM, extracellular matrix; HTLV-1, human T-cell lympho-
tropic virus type 1; MAPK, mitogen-activated protein kinase; PI3K-
Akt, phosphatidylinositol 3-kinase (PI3K) and AKT/protein kinase B 
pathway; FoxO, Forkhead box Class O; TGF, tumor growth factor

◂

Fig. 3   miRNA–mRNA regulatory network in response to Bb12. 
The clustering network consists of 15 differentially expressed miR-
NAs and 26 TLR2 pathway–related target proteins. Hexagons repre-
sent mRNAs; rhombuses represent miRNAs. The bar-headed lines 
represent miRNA–mRNA interaction. Acronym definitions: IL-1b, 
interleukin 1 beta; MyD88, myeloid differentiation primary response 

88; MAP2K3, mitogen-activated protein 2 kinase 3; IL-12, interleu-
kin 12; IRAK 1, interleukin receptor–associated kinase 1; TRAF6, 
TNF receptor–associated factor 6; NF-κB, nuclear factor kappa-
light-chain-enhancer of activated B cells; TAB2, TGF-beta-activated 
kinase 1 and MAP3K7-binding protein 2; JUN, subunit of transcrip-
tion factor AP-1; FOS, Fos proto-oncogene.
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Fig. 4   t-test clustering heat 
map of statistically significant 
miRNAs (p < 0.01) due to the 
effect of anti-TLR2 treatment. 
A t-test was performed for 
the expression levels of each 
miRNA comparing the group of 
eight experimental repeats with 
only Bb12 to the group of eight 
experimental repeats with anti-
TLR2 + Bb12.
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recognition of PGN or LTA present in the bacterial mem-
brane, which in turn promotes the activation of transcription 
factors like AP-1 and NF-κB [19, 20]. miR-15a-5p has been 
reported as a tumor suppressor by inhibiting the expression 
of Bcl-2 (B-cell lymphoma 2), an important anti-apoptotic 
protein. The Bcl-2 expression can be induced by NF-κB [21]; 
therefore, these three molecules could represent a regula-
tion network for tolerance induction. miR-29b-3p has been 
reported to bind c-Fos (Finkel–Biskis–Jinkins murine osteo-
genic sarcoma virus human homolog proto-oncogene) [22], 
which is the main component of transcription factor AP-1; 
hence, the high expression of miR-29b-3p could regulate 
inflammatory responses by inhibiting precursors of AP-1. 
This miRNA has also been reported as a potential diagnos-
tic biomarker of pathogenesis since its downregulation can 
increase NF-κB activation when stimulated by cytokines, 
resulting in enhanced inflammation [23].

MAPK proteins also have an impact on NF-κB and AP-1 
activation, and consequently on cytokine production. Our 
results indicate an upregulation of miR-30d and miR-181a, 
which have been reported to regulate MAPK4K4, MAPK1, 

Fig. 5   MFI changes in response to Bb12 with or without the TLR2 
blockade. Graphs show miRNAs with TLR2-related target proteins 
that presented interaction evidence. Data were graphed grouping by 
MFI ranges, considering the differences in the cellular abundance of 
miRNAs, from low to high intensity. A, very low; B, low; C, high; 

and D, very high abundance. Statistical significance was deter-
mined using multiple t-test Holm–Sidak methods. Data are shown 
as mean ± SD, n = 8 experimental repeats. Different letters indicate a 
significant difference between groups (p < 0.01)

Fig. 6   Comparison of qRT-PCR and microarray results. Log2 fold 
change expression between unstimulated monocytes and Bb12-stim-
ulated cells by qRT-PCR and microarray

518 Probiotics and Antimicrobial Proteins  (2022) 14:510–522

1 3



and MAP2K1. The overexpression of miR-30d protects cells 
from TNF-α (tumor necrosis factor-alpha) suppression via 
downregulation of MAP4K4 in pancreatic β-cells [24]. The 
miR-181 family has been reported to be an effector in the 
inflammatory response [25] and functions as a bona fide 
tumor suppressor in salivary adenoid cystic carcinoma [26]. 
They are also involved in c-Fos regulation and therefore 
reported as a potentially novel mechanism contributing to 
immune homeostasis in atherosclerosis [27]. Both miR-30d 
and miR-181a are involved in the homeostasis establish-
ment process and could be important regulators of tolerant 
responses toward probiotics.

TLR2 blockade shows how recognition of Bb12 is 
also mediated by other receptors since the production of 
cytokines was also present during the blockade. MiR-16-5p 
and miR-26a-5p had an increased expression in swine mono-
cytes when TLR2 was blocked, demonstrating that their 
expression does not depend on TLR2–bacteria interaction. 
MiR-16-5p and miR-26a-5p are transcribed as a cluster, and 
their presence was associated with a decreased expression 
of ERK (extracellular signal-regulated kinase), a media-
tor kinase between bacterial recognition and transcription 
factors such as AP-1. The miR-15a-5p decrease is reported 
to be related to cancer processes [28], and miR-16-5p is a 
potential biomarker of different types of cancers and since 
it has a stable expression in breast cancer tissue and gas-
tric cancer, it is commonly used as an endogenous control 
in MTIs [29, 30]. According to the bioinformatic analysis 
of MTIs, miR-26a-5p can regulate the expression of pro-
inflammatory cytokines IFN-α, IL-6, and IL-12. Contrarily, 
miR-26a-5p expression decreases in various tumor types, 
functioning as a tumor suppressor [31].

Let-7c-5p and let-7f-5p had an increased expression in 
monocytes stimulated with Bb12 during the TLR2 block-
ade. Members of the let-7 family have been described as a 
pro-inflammatory miRNA with immunomodulatory function 
[32–34]. Particularly, let-7-5p participates in cancer processes, 
as a regulator of innate immunity networks and in response to 
TLR4 activation by lipopolysaccharide [35–39]. Other miRNAs 
which expression augmented when TLR2 was blocked included 
miR-146b-5p, miR-155-5p, and miR-150-5p. According to 
the interaction analysis, miR-146b-5p could regulate key pro-
teins involved in signaling pathways of the immune response: 
IRAK1 (interleukin receptor–associated kinase 1), TRAF6 
(TNF receptor–associated factor 6), NF-κB1, and IL-6; there-
fore, an increase of miR-146b-5p due to TLR2 absence could 
affect these key proteins. Reports show that expression of miR-
146b-5p increases upon monocyte differentiation into dendritic 
cells (DCs), while its silencing prevents DC apoptosis [40].

Zeuthen et al. [41] showed that bifidobacteria inhibit 
TNF-α and IL-6 production in bone marrow–derived DCs 
from TLR2−/− mice. In this same article, bifidobacteria 
induce much higher levels of IL-12 and lower IL-10 levels in 

DCs that are TLR2−/− when compared with wild-type DCs 
[41]. In our study, an increase in let-7c-5p expression was 
observed using a TLR2 blockade, which gives a glimpse of 
the mechanisms involved in the decrease of IL-10 expression 
observed upon TLR2 blockade in swine monocytes [8]. An 
increase in let-7c-5p expression could be associated with an 
IL-10 decrease since let-7c-5p is reported to regulate IL-10 
expression [42]. These results suggest an anti-inflammatory 
role of the receptor, as it has been previously demonstrated 
by Peres et al. [43] and Quero et al. [44] and its critical role 
in the immunomodulatory function of Bb12.

Bb12 stimulation downregulated miR-19b-3p and miR-
23a-5p; nonetheless, their expressions were also downregu-
lated when TLR2 was blocked. Both miRNAs can regulate 
the transcript of TLR2 [45, 46], which could indicate the 
participation of other pattern recognition receptors acting 
redundantly in the recognition of Bb12, downregulating 
those miRNAs. For instance, maltose-binding proteins 
(MBPs) are one of the many molecules in the bifidobacte-
rial cell wall that can be recognized by TLR4 and induce 
maturation of DCs [47, 48]. In macrophages, they promote 
M1 polarization and upregulate TLR2, MyD88, and IκB-α 
mRNA expression, and these effects can be largely abro-
gated by a pretreatment blockade of TLR2 or TLR4 [49]. 
DC-SIGN is a C-type lectin receptor that participates in DC 
maturation activating transcription factor PU.1, which is a 
target for miR-155 [50]. Recognition of probiotics by DC-
SIGN primes monocyte-derived DCs to drive the develop-
ment of Treg cells, which increase the levels of IL-10. By 
doing so, IL-10 production can stall inflammatory responses 
and inhibit the proliferation of bystander T cells [51].

Intracellularly, CpG-oligodeoxynucleotide recognition 
by TLR9 causes an upregulation of miR-146a, which targets 
Notch1 and represses IL-12p70 production in mice DCs [52]. 
Live bacteria were used in our experiment; therefore, we can-
not dismiss the possibility that bacterial CpG sequences are 
being recognized and contribute to miRNA expression and 
immune response modulation. PGN in probiotic bacteria is 
recognized by the intracellular receptor nucleotide-binding oli-
gomerization domain-containing protein 2 (NOD2) [53, 54], 
which can positively or negatively regulate NF-κB/MAPK-
dependent pro-inflammatory cytokines [55, 56]. Although it 
has been demonstrated that mutations in NOD2 are linked to 
aberrant immune responses, activation of the TLR2‐NOD2‐
RIPK2 pathway affects IL-10 secretion and consequently the 
balance between pro‐ and anti‐inflammatory responses to 
Gram‐positive bacteria [57].

Lastly, miRNAs can also contribute as physiological 
ligands for TLRs, a function that is independent of their 
conventional role in post-transcriptional gene regulation 
[58]. Exosomes containing miRNAs have been reported 
to be transferred from cell to cell and eventually reach 
TLR-containing endosomes [59]. TLR7 and TLR8 can 
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recognize miRNAs, and these binding miRNAs function 
as agonists of these single-stranded RNA-binding TLRs, 
which can lead to NF-kB signaling activation and secre-
tion of interleukin IL-6 and TNF-ɑ, which in turn promote 
cancer cell growth and metastasis [59, 60].

In this study, miR-15a-5p, miR-29b-3p, miR-30d-5p, and 
miR-181a-5p were upregulated by Bb12 and their expres-
sion was TLR2-dependent. These miRNAs inhibit proteins 
that participate in inflammatory responses, therefore repre-
senting important candidates in the induction of tolerance 
toward probiotics. Let-7c-5p, let-7f-5p, miR-16-5p, miR-
26a-5p, miR-146b-5p, miR-150-5p, and miR-155-5p had an 
increased expression with TLR2 blockade, demonstrating 
that their expression does not depend on TLR2–bacteria 
interaction. The increase of let-7c-5p expression is par-
ticularly interesting since it is capable of regulating IL-10, 
and a previous publication of our group showed that IL-10 
expression is affected by TLR2 blocking. This could imply 
a regulatory network, but more experiments are required 
to clarify the connection between TLR2, IL-10, and let-
7c-5p. Inhibition of TLR2 abrogated its participation in the 
development of an anti-inflammatory response but dem-
onstrated that Bb12 recognition is complemented by other 
receptors since there were still changes in the microtran-
scriptome. These changes have potential effects in down-
stream proteins such as MyD88, TRAF6, IRAK1, TAB2 
(tumor growth factor-beta activated kinase 1), and MAPK 
members; transcription factors such as NF-κB and AP-1; 
and cytokines such as IL-1A, IL-2, IL-6, IL-10, IL-12, and 
TNF-α.

In conclusion, TLR2 is pivotal for Bb12 immunomodula-
tion because of its anti-inflammatory function. This could be 
a cross-linked mechanism between the TLR2 pathway and 
other cell routes activated by bifidobacteria recognition. In 
this mechanism miRNAs are involved; they could be induced 
through the participation of different pattern recognition 
receptors, and their expression regulates the TLR2 pathway.

Probiotics have proved to offer several benefits, and their 
recognition can induce a tolerant immune response, unlike 
when pathogens are recognized. Nevertheless, the molecu-
lar mechanisms within this complex process are still being 
elucidated. Post-transcriptional regulation by miRNAs in 
cellular signaling impacts several key proteins, like recep-
tors, signaling pathway members, transcription factors, and 
cytokines. Accurate regulation of signaling pathways on 
behalf of the recognition of microbes is fundamental for 
efficient and differential responses between probiotics and 
pathogens. These differential responses are also related to 
their capability of inducing changes in the microtranscrip-
tome. Knowledge generated about how probiotic recogni-
tion induces changes in the microtranscriptome will contrib-
ute to a deeper understanding of their immunomodulatory 
mechanisms.
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