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Mucin pre-cultivated Lactobacillus reuteri E shows enhanced
adhesion and increases mucin expression in HT-29 cells

Boris Dudik - Hana Kinova Sepova
Andrea Bilkova

+ FrantiSek Bilka - Dudmila Paskova -

Received: 4 February 2020/ Accepted: 6 May 2020/ Published online: 14 May 2020

© Springer Nature Switzerland AG 2020

Abstract Adhesion of probiotic bacteria to the
mucus layer lining the gastrointestinal tract is neces-
sary for its effective colonisation and specific thera-
peutic effects. Enrichment of growth medium with
mucin might stimulate bacterial adhesion, probably by
increasing the expression of surface structures respon-
sible for bacteria-gut epithelia and/or mucus interac-
tions. The aim of this study was to determine if pre-
cultivation of potentially probiotic strain Lactobacil-
lus reuteri E (LRE) with mucin stimulates its adher-
ence to colon cell line HT-29 and if the increased
adhesion modulates mucin expression in these cells.
The mucin-producing HT-29 cell line was co-culti-
vated for 2 h with LRE grown in MRS broth or MRS
broth enriched with pig gastric mucin (LRE + M).
The adherence ability of LRE was evaluated micro-
scopically and by plate counting. The relative gene
expression was measured by qPCR. Pre-cultivation of
LRE in mucin enriched medium significantly
increased its adhesion to 14 days HT-29 in compar-
ison with LRE by both methods (28.64% vs. 23.83%,
evaluated microscopically, and 14.31 + 3.95 x 10° -
CFU ml ™' vs. 8.54 + 0.43 x 10° CFU ml™", evalu-
ated by plate counting). MUC2, MUCS5AC, and IL-10
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were significantly upregulated after co-cultivation
with LRE + M in comparison to LRE and control
group (lactobacilli-free HT-29). Obtained results sug-
gest that pre-cultivation of lactobacilli with mucin
may not only stimulate their adhesion abilities but also
promote their effectiveness to modulate the pathways
involved in the pathophysiology of some diseases,
e.g., with defective mucin synthesis in ulcerative
colitis or colorectal cancer.
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Introduction

Probiotics are defined as “live microorganisms which
when administered in adequate amounts, confer a
health benefit on the host” (Hill et al. 2014). Most of
these health benefits are targeting gastrointestinal
disorders, such as post-antibiotic diarrhea, irrita-
ble bowel syndrome or ulcerative colitis (UC). Pos-
sible mechanisms of probiotics action may be the
modulation of the immune system, exclusion of
pathogens or healing of damaged mucosa. Adhesion
of probiotics to the intestinal mucosa is considered
important for achieving such effects (Monteagudo-
Mera et al. 2019). Studying bacterial adhesivity is,
therefore, one of the most important parameters in the
selection of new potentially probiotic strains.
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The ability to adhere to mucus covering intestinal
mucosa is currently best described in genus Lacto-
bacillus. Many studies indicate that bacterial surface
proteins are the main structures responsible for
lactobacilli-mucus interactions (Nishiyama et al.
2016). The binding site has shown to be formed by
galactosyl residues of oligosaccharides present in
mucin glycoproteins, the main building unit of mucus
(Mukai et al. 1998). Many of adhesion-related proteins
were described in lactobacilli, e.g., mucus binding
protein (MUB), mucus adhesion-promoting protein A
(MapA) or elongation factor Tu (EF-Tu) (Van Tassell
and Miller 2011). The relationship between these
proteins and mucin was shown in the study where the
cultivation of Lactobacillus plantarum 423 with
mucin upregulated the expression of genes coding
adhesion proteins (Ramiah et al. 2007). It was also
proved that the MRS medium supplemented with
mucin stimulated mucus binding ability in various
Lactobacillus reuteri strains (Jonsson et al. 2001).

Mucin glycoproteins are the principal molecules
that give mucus its characteristic attributes. In the gut,
they are essential for the homeostasis maintenance as
well as for the protection of gut epithelium against
pathogens. The main gel-forming mucins located in
intestine are MUC2 and MUCS5AC (McGuckin et al.
2011). Changes in mucins expression or their chemical
structure are associated with various diseases such as
UC, some types of cancer or eye disorders (Dhanisha
et al. 2018). The importance of mucin proteins is
demonstrated in gene-edited mice, where Muc2-defi-
cient mice spontaneously develop colitis or colorectal
cancer (Velcich et al. 2002; Van der Sluis et al. 2006).

Mucins are also crucial for commensal microbiota.
Oligosaccharide residues are providing binding sites
for microbial adhesins, and some bacteria utilise them
as an energy source (Juge 2012). The link between
probiotic bacteria and mucin was implied in the study
where Escherichia coli Nissle 1917 increased the
expression of various mucin proteins in HT-29 cells.
Such an effect may be responsible for its health
benefits in UC (Hafez 2012).

The aim of this study was to find out if supplemen-
tation of the cultivation medium with mucin stimulates
adhesivity of L. reuteri E (LRE) to HT-29 cells and if
increased adhesion may modulate mucin expression in
these cells. The desired effect should be a logical
consequence of increased numbers of adhered bacte-
ria, which may potentially affect target cells (Fig. 1).
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Materials and methods
Origin and cultivation of bacterial strain

L. reuteri E was isolated from stomach mucosa of
breast-fed lamb (breeding station Ocova, Slovakia)
and identified and investigated for probiotic properties
(Bilkova et al. 2008, 2011; Majekova et al. 2015;
Greifova et al. 2017). The bacterial strain was
cultivated in MRS broth (VWR, USA; LRE) or MRS
broth enriched with gastric mucin (0.1%; Sigma,
Germany; LRE + M) at 37 °C in anaerobic condi-
tions for 18 h.

Cultivation conditions of cell line HT-29

Colon  adenocarcinoma  cell line  HT-29
(ECACC91072201; European Collection of Cell Cul-
ture, kindly gifted by Dr. Z. Kozovskd) was main-
tained in enriched DMEM medium (4.5 mg
glucose ml~", 1000 U penicillin m1~", 1000 pl strep-
tomycin ml™!, 10% fetal bovine serum, 0.3 mg glu-
tamine ml™'; Sigma, Germany) in 12-well cultivation
plates in humidified CO, atmosphere (5%) at 37 °C.
The initial number of cells seeded into one well was
3.2 x 10%/3.65 cm? (80% confluence), the experi-
ments were performed after 100% confluency was
reached. The cultivation medium was changed every
second day. Antibiotics in the medium were omitted
24 h prior to experiments.

Adhesion assay

The adhesion rate was investigated by two methods:
microscopy and plate counts. HT-29 cells were seeded
and maintained 24 h or 14 days as described above.
Cells were washed twice with PBS and LRE sus-
pended in DMEM without antibiotics in 1.5 x 10° -
CFU ml™" was added. Cells were co-incubated 2 h
(5% CO, atmosphere at 37 °C). After co-incubation,
non-adhered bacteria were washed away with PBS
twice.

For the microscopic method, HT-29 cells were
seeded onto a glass coverslip and cultivated 24 h or
14 days. After wash, cells were fixed with methanol/
acetic acid mixture (3:1; both Centralchem, Slovakia)
for 5 min and stained with May-Griinwald and
Giemsa—Romanowski dyes (both Centralchem, Slo-
vakia). Coverslips were dried standing in wells of
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Fig. 1 Hypothesis of adhesion enhancement by mucin. If pre-
cultivation of lactobacilli with mucin induces the expression of
surface adhesion proteins, the adhesion should be stimulated.

cultivation plate. Mixtures of acetone (Laboratorny
Servis, Slovakia) and xylene (Lachema, Czech Repub-
lic) (1:0, 1:1, 1:2, 1:4, 0:1) were used for draining after
which coverslips were attached to slide with DPX
(Sigma, Germany). Experiments were done in two
replicates. The percentage of HT-29 cells (1000 cells)
adhered with at least one lactobacillus was counted.
For plate counting method 14 days HT-29 culture
was used. Adhered lactobacilli were detached with
trypsin solution, serially diluted in physiological
saline and seeded onto MRS agar (VWR, USA) in
three replicates. Colonies were counted after cultiva-
tion at 37 °C in anaerobic conditions for 24 h.
Experiments were done in three parallels.

Gene expression studies

Lactobacilli After 18 h of cultivation the bacterial
cells were collected, and RNA was isolated for
expression studies.

HT-29 14 days old HT-29 cells were co-incubated
with LRE and LRE + M (1.5 x 10® CFU m1™"),
lactobacilli-free HT-29 were used as a control
(CON). After 2 h of co-cultivation the RNA was
isolated for expression studies.

Isolation of bacterial RNA

Total RNA from LRE was isolated by PureLink™
RNA Mini Kit (Invitrogen, USA). Briefly, approxi-
mately 1 x 10° bacterial cells were pelleted by
centrifugation and mixed with 100 pl of lysozyme
solution (10 mg lysozyme ml~' in RNase free water,
10 mM Tris-HCl, 0.1 mM EDTA). Then 0.5 pl of
10% SDS solution was added and the mixture was
incubated for 5 min before adding 350 pl of freshly
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The higher number of adhered bacteria may affect the
underlying cells with better effectivity. MRS—cultivation
medium de Man, Rogosa, Sharpe

prepared Lysis Buffer. Cells were homogenized by
passing 5 times through a 20-gauge needle attached to
an RNase-free syringe. Lysates were centrifuged at
12,000x g for 2 min and supernatants were transferred
to clean RNase-free microcentrifuge tubes. Samples
were afterward bound to Spin Columns (provided by
the manufacturer), washed with wash buffers I&II,
both twice and eluted to 30 pl of RNase free water.
The RNA samples were then treated by DNase (DNA-
free™ Kit, Ambion, USA) to remove all residual
DNA. Quality of isolated RNA was verified by
electrophoresis in 0.8% agarose gel and quantified
by spectrophotometry on Epoch microplate spec-
trophotometer (Biotek, USA).

Isolation of HT-29 RNA

Total RNA from HT-29 cells was isolated by the
RNazol® RT kit (Molecular Research Center, USA).
Briefly, the cell culture medium was discarded and
0.5 ml of RNazol® was added to the cells immedi-
ately. The mixture was passed through pipette tip for
few times and moved to a sterile 1.5 ml tubes. 0.2 ml
of sterile water was added to each sample and the tubes
were vortexed for 15s followed by 15 min of
incubation at room temperature. After incubation,
the samples were centrifuged at 12,000 g for 15 min
at 4 °C. 0.5 ml of supernatants were transferred to the
new 1.5 ml tubes, mixed with an equal amount of
isopropanol and incubated for 10 min at room tem-
perature. After incubation, the samples were cen-
trifuged at 12,000x g for 15 min at 4 °C. Isopropanol
was discarded and RNA was washed twice with 80%
ethanol and centrifuged at 8000x g for 5 min at 4 °C.
RNA was resuspended in 30 pl of nuclease-free water.
Quality of isolated RNA was verified by
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electrophoresis in 0.8% agarose gel and quantified by
spectrophotometry on Epoch microplate spectropho-
tometer (Biotek, USA).

Quantitative PCR

500 ng of total bacterial or cell culture RNA was
transcribed to cDNA by PrimeScript RT Reagent Kit
(Takara, Japan). Expressions of studied genes were
quantified by qPCR using thermocycler QuantStu-
dio™ 3 (Applied Biosystems, Thermo Fisher Scien-
tific, USA) using HOT FIREPol EvaGreen qPCR Mix
Plus (Solis BioDyne, Estonia) and gene-specific
primers for MUC2, MUCS5AC, IL-10, MUB, MapA,
EF-Tu, 18S rRNA and 16S rRNA (Table 1). The
primers were designed using Primer3 or PrimerBlast
and checked by OligoAnalyzer 1.0.3.

The PCR program consisted of initial denaturation
at 95 °C for 15 min, followed by 40 cycles of 95 °C
for 15s, 60 °C for 30 s and 72 °C for 30 s. All
experiments were conducted in duplicates along with
no-template control. Relative mRNA expressions of
studied genes were analysed using the AACt value
method (Winer et al. 1999). PCR products were
evaluated by melting curve analysis and gel

Table 1 PCR primers used in this study

electrophoresis to confirm the specific amplification.
As endogenous control, genes for 18S rRNA and 16S
rRNA were used for HT-29 and LRE, respectively.

Statistical analysis

For comparison of relative values between two
experimental groups of adherence assay evaluated
microscopically, the Student’s unpaired ¢ test was
used, and p values were expressed.

The values from all other measurements represent
the means of 3 separate experiments + standard
deviation. The data were analysed using GraphPad
Prism statistical analysis. Statistical significances
were determined by ANOVA and unpaired ¢ test with
Welch’s correction.

Results and discussion

In this study, we focused on the stimulation of LRE
adhesivity to the gut cell line HT-29 and its possible
effects on mucin mRNA expression in these cells.
Previous experiments showed that LRE harbours at
least three genes coding adhesion surface proteins

Target gene Primer pair Primer sequence (5 — 3') Target purpose References

18S rRNA 18SrRNA-for TGTGATGCCCTTAGATGTCC HT-29 This study
18SrRNA-rev GATAGTCAAGTTCGACCGTC

MUC2 MUC2-for GACCCGCACTATGTCACCTT HT-29 This study
MUC2-rev GGACAGGACACCTTGTCGTT

MUCS5AC MUC5AC-for CCAGCTCTGTGGCTTACTCC HT-29 This study
MUCS5AC-rev TCGGAGGTGGATATTGAAGG

IL-10 fIL-10 AAGCCTGACCACGCTTTCTA HT-29 This study
rIL-10 GCTCCCTGGTTTCTCTTCCT

16S rRNA LRI16S1F TTTGGCTATCACTCTGGGA LRE Bolado-Martinez et al. (2012)
LR16S2R CCGAAACCCTTCTTCACTC

MUB gqMUB2f ACGCCAGACAATCCAAAAAC LRE This study
qMUB2r GCGTAAATTCAGCCTTCTGC

MapA mapA_pbf GCAGTTGCTAAAAAGATGGGCT LRE This study
mapA_pbr CCCGTTCAGGTGTCTGTGTA

EF-Tu ef-tu_p3f GACGCTTTGGAGTTGGGATG LRE This study
ef-tu_p3r ACGATTTCCCTGGTGACGAT

IL-10, interleukin 10; EF-Tu, elongation factor Tu; LRE, Lactobacillus reuteri E; MapA, mucus adhesion promoting protein A;

MUB, mucus binding protein; MUC, mucin
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(MUB, MapA, and EF-Tu; unpublished data). Those
proteins were extensively studied in various studies
dealing with lactobacilli adhesion, and their presence
might be essential for lactobacilli adhesion on mucosal
surfaces (Nishiyama et al. 2016). At first, we used
gPCR to find out if mucin presence in the cultivation
medium affects the expression of above mentioned
genes. We investigated three different concentrations
of mucin: 0.01%, 0.1%, and 1% with 0.1% giving the
best results (data now shown). After 18 h of cultiva-
tion of LRE in MRS enriched with 0.1% mucin
(LRE + M) we observed significantly increased
mRNA expression of MUB, while expression of
MapA was significantly decreased and expression of
EF-Tu remained unchanged (Fig. 2). In some Lacto-
bacillus fermentum strains Archer et al. (2018)
observed MUB upregulation in the presence of
0.01% mucin, while 0.05% concentration down-reg-
ulated MUB expression. MUB primary function is
associated with bacterial adhesion. MapA was referred
to be the principal adhesion factor in L. reuteri 104R
(Miyoshi et al. 2006). Elsewhere was proved MapA s
pleiotropic function, its degradation products have
antimicrobial properties (Bghle et al. 2010). MapA
also functions as a component of ABC transporters
(Miyoshi et al. 2006). EF-Tu is a primary translational
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Fig. 2 Relative mRNA expression of MUB, MapA, EF-Tu in
LRE and LRE + M recorded by qPCR. LRE + M showed
significantly increased expression of mub gene (**p < 0.01),
expression of MapA was decreased (*p < 0.05), expression of
EF-Tu was not affected. EF-Tu—elongation factor Tu; LRE—
Lactobacillus reuteri E; LRE + M—L. reuteri pre-cultivated in
mucin enriched medium; MapA—mucus adhesion promoting
factor A; MUB—mucus binding protein

elongation factor; however, it demonstrates adhesive
properties, too. Proteins with more functions are
classified as so-called moonlighting proteins. The
most of the Embden—Meyerhof pathway enzymes are
described as moonlighting proteins with adhesive
function (Kainulainen and Korhonen 2014). When
Archer et al. (2018) compared the expression of MUB
and two other genes (fibronectin-binding protein and
sortase genes) responsible for adhesion, the trend
seemed to be a strain and bacterial density dependent.
One of the tested strains, L. fermentum MMC 2759,
preferably upregulated MUB over the other genes.
As an in vitro model for studying the adhesive
properties of LRE and the possibility of increasing this
ability, we selected human intestinal cell line HT-29.
Our previous results (Kifova Sepova et al. 2018)
showed that 1 h of co-cultivation may not be sufficient
for the complete development of interaction
between investigated cells, therefore 2 h long co-
cultivation was used. For microscopic evaluation of
adhesion, HT-29 cells of different maturity were used:
24 h and 14 days. Results showed the significantly
better adhesion of LRE to the 14 days cells, 23.83%
versus 0.59% under standard cultivation conditions,
and 28.64% versus 0.92% in the case of LRE + M
(both p < 0.001; Table 2). Therefore, in further
experiments, the older HT-29 culture was employed.
Moreover, the expression of MUC2 and MUCS5AC
genes in 14 days HT-29 cells was significantly higher
in comparison to 24 h culture (data not shown). The
higher adhesion ability of LRE to the 14 days HT-29
cells could be explained by increased production of
mucins (Altamimi et al. 2016), in spite of not fully
differentiated cells. The mucin enrichment of cultiva-
tion medium resulted in significantly improved

Table 2 Adhesivity of L. reuteri E (LRE) and L. reuteri E pre-
cultivated in mucin enriched MRS medium (LRE + M) to HT-
29 cells of different maturity (24 h vs. 14 days) after 2 h of co-
cultivation. Microscopically evaluated percentage of HT-29
cells adhered with at least one bacterial cell. Mucin pre-culti-
vation significantly enhanced adherence of LRE (p < 0.01 and
p < 0.001 for 24 h and 14 days HT-29 culture, respectively)

24 h (%) 14 days (%)
LRE 0.59 23.83
LRE + M 0.92 28.64
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adhesion ability of LRE to HT-29 cell line in both
tested cases (24 h p < 0.01; 14 days p < 0.001).

For the determination of living LRE cells adhering
to the HT-29 surface, plate counts were performed
(Fig. 3). Again, the LRE + M showed significantly
higher adhesion (14.31 & 3.95 x 10° CFU ml™")
than LRE (8.54 & 0.43 x 10° CFU ml™}).

Mucin  supplemented medium  significantly
increased the adhesion ability of LRE to intestinal
cell line HT-29, detected by both methods used.
According to Celebioglu et al. (2017) different carbon
supplies possibly manifest in different adhesion
molecules expression. In their experiments, elongation
factor G was more copious in the presence of
cellobiose and less numerous in mucin presence. On
the other hand, another moonlighting protein pyruvate
kinase was more abundant in mucin supplementation
and less abundant when growing on cellobiose. This
may also explain the differences in expression of
herein studied moonlighting proteins (EF-Tu and
MapA) and MUB, which play a primary role in
bacterial adhesion.

Mucus, and especially mucin proteins and their
glycans, protect human mucosa against infections by
various mechanisms (Linden et al. 2008; Cobo et al.
2015; Wheeler et al. 2019). In UC, mucin production
and/or secretion in the colon is decreased, contributing
to inflammation, which is fundamental in UC patho-
genesis (Dorofeyev et al. 2013). Some probiotics seem

Live bacteria adhered to HT-29
(x10%ml)
5

Fig. 3 Adhesivity of LRE and LRE + M to HT-29 cells after
2 h of co-cultivation evaluated by plate counts. Mucin enriched
medium significantly enhanced adherence of LRE (*p < 0.01).
LRE—L. reuteri E; LRE + M—L. reuteri pre-cultivated in
mucin enriched medium
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to be effective in inducing remission of UC, however,
the exact mechanism of this effect is currently not
known (Derwa et al. 2017). One hypothesis might be
the ability of some probiotic strains to affect mucus
metabolism. Soluble protein p40 produced by L.
rhamnosus GG induced expression of Muc2 and
therefore the thickness of the mucus layer in mice
intestine. This is done by transactivation of the
epithelial growth factor receptor, which is involved
in the regulation of mucin production (Wang et al.
2014). Similarly, the expression of MUC2 was
stimulated in human enterocytes (Caco-2) by Lacto-
bacillus paracasei CBA L74 fermented milk (Paparo
et al. 2018). VSL#3®, a mixture of various strains of
lactobacilli, bifidobacteria, and Streptococcus ther-
mophilus, reduced intestinal inflammation and
improved epithelial barrier function in Muc2-deficient
mice (Kumar et al. 2016). Authors correlate these
effects with stimulation of expression and secretion of
Muc? in the intestines of rats fed the same preparation
(Caballero-Franco et al. 2007). An interesting rela-
tionship between mucus and inflammation was proved
in an extensive study. The authors found that MUC2
protein fed to Muc2-deficient mice might regulate
intestinal inflammation through mechanisms of
immunotolerance involving dendritocytes (Shan
et al. 2013).

To test the ability of LRE and LRE + M to change
the expression of genes coding mucin proteins we used
the method of qPCR. After co-cultivation of HT-29
with lactobacilli, we detected significantly increased
levels of MUC2 mRNA in the LRE + M group
compared to LRE (p < 0.05) and CON (p < 0.01).
Non-stimulated LRE did not affect MUC2 mRNA
expression in HT-29 (Fig. 4a). These results demon-
strate that the ability of LRE to affect MUC2
expression was achieved only by mucin pre-
cultivation.

In the case of MUCSAC, we observed significantly
increased levels of mRNA in both LRE and LRE + M
groups in comparison to CON. However, LRE + M
increased MUC5AC mRNA expression in HT-29 with
higher statistical significance than LRE (p < 0.01 vs.
p < 0.05, respectively; Fig. 4b). This indicates that
mucin pre-cultivation enhanced the effect of LRE on
the expression of this gene.

One of the commonly-tested markers of the
immunomodulatory effect of probiotics is the produc-
tion of IL-10, as it is an important anti-inflammatory
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Fig. 4 Relative mRNA expression of mucins MUC2 (a) and
MUCSAC (b) in HT-29 recorded by qPCR. LRE + M
significantly increased expression of MUC2 after 2 h of co-
cultivation compared to control group (CON; **p < 0.01) and
LRE group (*p <0.05). Expression of MUCS5AC was

regulator (Gao et al. 2012; Azad et al. 2018). However,
IL-10 might also be associated with mucin production
or secretion. Schwerbrock et al. (2004) compared
germ-free IL-10 gene knockout mice with germ-free
wild type ones before and after induction of colitis
using commensal bacteria. IL-10 gene knockout mice
developed colitis and demonstrated significantly low-
ered Muc?2 synthesis and levels, while wild type mice
remained healthy. Moreover, Muc2/IL-10 double
knockout mice develop more severe colitis than
Muc?2 or IL-10 lacking mice (Van Der Sluis et al.
2008). IL-10 production induced by probiotic bacteria
was described in various experimental models—mice
(Jeon et al. 2012), sows (Laskowska et al. 2019), cell
cultures (Sichetti et al. 2018). A possible mechanism
responsible for this effect is the interaction of pattern
recognition receptors (e.g. TLRs) located on the host
cell with microbe-associated molecules, for example,
surface proteins (Plaza-Diaz et al. 2019). Xiong et al.
(2018) recently produced a recombinant MUB protein
which promoted IL-10 upregulation and secretion in
Caco-2 and Raw 264.7 cells, probably by the above-
mentioned mechanism. Since mucin induced the MUB
expression in investigated lactobacillus strain, we
tested its influence on IL-10 regulation.

We detected significantly increased levels of IL-10
mRNA in HT-29 co-cultivated with both LRE and
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significantly increased by both LRE + M (**p < 0.01) and
LRE (*p < 0.05) compared to CON. CON—control group;
LRE—L. reuteri E; LRE + M—L. reuteri E pre-cultivated in
mucin enriched medium; MUC—mucin

LRE + M. But as in the case of MUC5AC, LRE + M
upregulated IL-10 with higher statistical significance
than LRE (p <0.01 vs. p <0.05, respectively;
Fig. 5). Mucin pre-cultivation might, therefore,
enhance the effect of LRE also in this gene.
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Fig. 5 Relative mRNA expression of IL-10 in HT-29 recorded
by qPCR. Expression of IL-10 was significantly increased by
both LRE + M (¥*p < 0.01) and LRE (¥p < 0.05) compared to
CON. CON—control group; LRE—L. reuteri E; LRE + M—L.
reuteri E pre-cultivated in mucin enriched medium
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Itis clear that the adhesive abilities of probiotics are
crucial for their effectiveness and various methods
were used to stimulate these features. Hsueh et al.
(2014) increased the low adhesive activity of Lacto-
bacillus casei ATCC 393 to Caco-2 cells by cloning
the collagen-binding protein from L. reuteri Pg4.
Stimulated adhesion of this strain also increased its
competition ability with pathogens in adhesion to
Caco-2 cells. Adhesion of lactobacilli may be
enhanced by altering the gut environment, too. Bustos
et al. (2012) modified the adhesion of two lactobacilli
strains to intestinal cell lines by co-cultivating both of
them in the presence of flavan-3-ols. Celebioglu et al.
(2017) achieved increased adhesion of Lactobacillus
acidophilus NCFM to HT-29 cells by pre-cultivation
with some prebiotic carbohydrates or mucin.

We demonstrated that the pre-incubation of lacto-
bacilli with mucin stimulates their adherence to human
gut HT-29 cells in vitro. It may potentially lead to their
better “bioavailability” in the gut in vivo. Further-
more, mucin stimulated lactobacilli increased mucins
(MUC2 and MUCS5AC) and IL-10 expression in HT-
29. All these substances may mediate immunomodu-
lation, which can be relevant in some diseases
treatment. Although the underlying mechanism is yet
not known, we suppose that the modification of
selected genes expression is caused by both, higher
expression of MUB proteins on the bacterial surfaces,
and increased numbers of bacteria adhered to the
human cells. To shed more light on the topic, further
research should be conducted.

Acknowledgements Authors would like to thank Dr.
Z. Kozovska (Biomedical Research Center of the Slovak
Academy of Sciences, Slovakia) for providing HT-29 cells.

Author contributions All authors contributed to the study
conception and design.

Funding This work was financially supported by Faculty of
Pharmacy, Comenius University in Bratislava (Grant for Young
Researchers FaF UK/33/2019).

Compliance with ethical standards

Conflict of interest The authors declare that they have no
conflict of interest.

Ethical approval This article does not contain any studies

with human participants or animals performed by any of the
authors.

@ Springer

Consent to participate All participants agree with
participation.

Consent for publication All authors read and approved the
final manuscript.

Availability of data and material The datasets generated
during and/or analysed during the current study are available
from the corresponding author on reasonable request.

References

Altamimi M, Abdelhay O, Rastall RS (2016) Effect of
oligosaccharides n the adhesion of gut bacteria to human
HT-29 cells. Anaerobe 39:136-142. https://doi.org/10.
1016/j.anaerobe.2016.03.010

Archer AC, Kurrey NK, Halami PM (2018) In vitro adhesion
and anti-inflammatory properties of native Lactobacillus
fermentum and Lactobacillus delbrueckii spp. J Appl
Microbiol  125:243-256.  https://doi.org/10.1111/jam.
13757

Azad M, Kalam A, Sarker M, Wan D (2018) Immunomodula-
tory effects of probiotics on cytokine profiles. Biomed Res
Int. https://doi.org/10.1155/2018/8063647

Bilkova A, Kinova Sepova H, Bilka F, Bukovsky M, Balazova
A, Bezakova L (2008) Identification of newly isolated
lactobacilli from the stomach mucus of lamb. Acta Fac
Pharm Univ Comen 55:64-71

Bilkova A, Kinova Sepova H, Bukovsky M, Bezakova L (2011)
Antibacterial potential of lactobacilli isolated from a lamb.
Vet Med 56:319-324. https://doi.org/10.17221/1583-
VETMED

Bghle LA, Brede DA, Diep DB, Holo H, Nes IF (2010) Specific
degradation of the mucus adhesion-promoting protein
(MapA) of Lactobacillus reuteri to an antimicrobial pep-
tide. Appl Environ Microbiol 76:7306-7309. https://doi.
org/10.1128/AEM.01423-10

Bolado-Martinez E, Acedo-Félix E, Peregrino-Uriarte AB,
Yepiz-Plascencia G (2012) Fructose 6-phosphate phos-
phoketolase activity in wild-type strains of Lactobacillus,
isolated from the intestinal tract of pigs. Appl Biochem
Microbiol 48:444-451. https://doi.org/10.1134/
S000368381205002X

Bustos I, Garcia-Cayuela T, Hernandez-Ledesma B, Pelaez C,
Requena T, Martinez-Cuesta MC (2012) Effect of flavan-
3-ols on the adhesion of potential probiotic lactobacilli to
intestinal cells. J Agric Food Chem 60:9082-9088. https://
doi.org/10.1021/j£301133¢g

Caballero-Franco C, Keller K, De Simone C, Chadee K (2007)
The VSL# 3 probiotic formula induces mucin gene
expression and secretion in colonic epithelial cells. Am J
Physiol Gastrointest Liver Physiol 292:G315-G322.
https://doi.org/10.1152/ajpgi.00265.2006

Celebioglu HU, Olesen SV, Prehn K, Lahtinen SJ, Brix S,
Hachem MA, Svensson B (2017) Mucin- and carbohy-
drate-stimulated adhesion and subproteome change of the
probiotic bacterium Lactobacillus acidophilus NCFM.
J Proteomics 163:102—-110. https://doi.org/10.1016/j.jprot.
2017.05.015


https://doi.org/10.1016/j.anaerobe.2016.03.010
https://doi.org/10.1016/j.anaerobe.2016.03.010
https://doi.org/10.1111/jam.13757
https://doi.org/10.1111/jam.13757
https://doi.org/10.1155/2018/8063647
https://doi.org/10.17221/1583-VETMED
https://doi.org/10.17221/1583-VETMED
https://doi.org/10.1128/AEM.01423-10
https://doi.org/10.1128/AEM.01423-10
https://doi.org/10.1134/S000368381205002X
https://doi.org/10.1134/S000368381205002X
https://doi.org/10.1021/jf301133g
https://doi.org/10.1021/jf301133g
https://doi.org/10.1152/ajpgi.00265.2006
https://doi.org/10.1016/j.jprot.2017.05.015
https://doi.org/10.1016/j.jprot.2017.05.015

Antonie van Leeuwenhoek (2020) 113:1191-1200

1199

Cobo ER, Kissoon-Singh V, Moreau F, Chadee K (2015)
Colonic MUC2 mucin regulates the expression and
antimicrobial activity of B-defensin 2. Mucosal Immunol
8:1360-1372. https://doi.org/10.1038/mi.2015.27

Derwa Y, Gracie DJ, Hamlin PJ, Ford AC (2017) Systematic
review with meta-analysis: the efficacy of probiotics in
inflammatory bowel disease. Aliment Pharmacol Ther
46:389-400. https://doi.org/10.1111/apt.14203

Dhanisha SS, Guruvayoorappan C, Drishya S, Abeesh P (2018)
Mucins: structural diversity, biosynthesis, its role in
pathogenesis and as possible therapeutic targets. Crit Rev
Oncol Hematol 122:98-122. https://doi.org/10.1016/j.
critrevonc.2017.12.006

Dorofeyev AE, Vasilenko IV, Rassokhina OA, Kondratiuk RB
(2013) Mucosal barrier in ulcerative colitis and Crohn’s
disease. Gastroenterol Res Pract 2013:431231. https://doi.
org/10.1155/2013/431231

Gao Q, Qi L, Wu T, Wang J (2012) An important role of
interleukin-10 in counteracting excessive immune
response in HT-29 cells exposed to Clostridium butyricum.
BMC Microbiol 12:100. https://doi.org/10.1186/1471-
2180-12-100

Greifova G, Méjekova H, Greif G, Body P, Greifova M, Dub-
nickovdi M (2017) Analysis of antimicrobial and
immunomodulatory substances produced by heterofer-
mentative  Lactobacillus  reuteri. Folia Microbiol
62:515-524. https://doi.org/10.1007/s12223-017-0524-9

Hafez MM (2012) Upregulation of intestinal mucin expression
by the probiotic bacterium E. coli Nissle 1917. Probiotics
Antimicrob Proteins 4:67-77. https://doi.org/10.1007/
$12602-012-9092-0

Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B,
Morelli L, Canani RB, Flint HJ, Salminen S, Calder PC,
Sanders ME (2014) Expert consensus document: The
International Scientific Association for Probiotics and
Prebiotics consensus statement on the scope and appro-
priate use of the term probiotic. Nat Rev Gastroenterol
Hepatol 11:506-514. https://doi.org/10.1038/nrgastro.
2014.66

Hsueh HY, Yu B, Liu CT, Liu JR (2014) Increase of the adhe-
sion ability and display of a rumen fungal xylanase on the
cell surface of Lactobacillus casei by using a listerial cell-
wall-anchoring protein. J Sci Food Agric 94:576-584.
https://doi.org/10.1002/jsfa.6298

Jeon SG, Kayama H, Ueda Y, Takahashi T, Asahara T, Tsuji H,
Tsuji NM, Kiyono H, Ma JS, Kusu T, Okumura R, Hara H,
Yoshida H, Yamamoto M, Nomoto K, Takeda K (2012)
Probiotic Bifidobacterium breve induces IL-10-producing
Trl cells in the colon. PLoS Pathog 8:¢1002714. https://
doi.org/10.1371/journal.ppat.1002714

Jonsson H, Strom E, Roos S (2001) Addition of mucin to the
growth medium triggers mucus-binding activity in differ-
ent strains of Lactobacillus reuteri in vitro. FEMS Micro-
biol Lett 204:19-22

Juge N (2012) Microbial adhesions to gastrointestinal mucus.
Trends Microbiol 20:30-39. https://doi.org/10.1016/j.tim.
2011.10.001

Kainulainen V, Korhonen TK (2014) Dancing to another tune—
adhesive moonlighting proteins in bacteria. Biology
(Basel) 3:178-204. https://doi.org/10.3390/
biology3010178

Kirova Sepova H, Florova B, Bilkova A, Drobna E, Brezina V
(2018) Evaluation of adhesion properties of lactobacilli
probiotic candidates. Monatsh Chem 149:893-899. https://
doi.org/10.1007/s00706-017-2135-1

Kumar M, Kissoon-Singh V, Coria AL, Moreau F, Chadee K
(2016) The probiotic mixture VSL#3 reduces colonic
inflammation and improves intestinal barrier function in
Muc2 mucin deficient mice. Am J Physiol Heart Circ
Physiol  312:G34-G45.  https://doi.org/10.1152/ajpgi.
00298.2016

Laskowska E, Jarosz L., Gradzki Z (2019) Effect of multi-mi-
crobial probiotic formulation Bokashi on pro-and anti-in-
flammatory cytokines profile in the serum, colostrum and
milk of sows, and in a culture of polymorphonuclear cells
isolated from colostrum. Probiotics Antimicrob Proteins
11:220-232. https://doi.org/10.1007/s12602-017-9380-9

Linden SK, Sutton P, Karlsson NG, Korolik V, McGuckin MA
(2008) Mucins in the mucosal barrier to infection. Mucosal
Immunol 1:183-197. https://doi.org/10.1038/mi.2008.5

Mijekova H, Kinova Sepova H, Bilkova A, Cisdrové B (2015)
Bile tolerance and its effect on antibiotic susceptibility of
probiotic  Lactobacillus candidates. Folia Microbiol
60:253-257. https://doi.org/10.1007/s12223-014-0365-8

McGuckin MA, Lindén SK, Sutton P, Florin TH (2011) Mucin
dynamics and enteric pathogens. Nat Rev Microbiol
9:265-278. https://doi.org/10.1038/nrmicro2538

Miyoshi Y, Okada S, Uchimura T, Satoh E (2006) A mucus
adhesion promoting protein, MapA, mediates the adhesion
of Lactobacillus reuteri to Caco-2 human intestinal
epithelial cells. Biosci Biotechnol Biochem 70:1622-1628

Monteagudo-Mera A, Rastall RA, Gibson GR, Charalam-
popoulos D, Chatzifragkou A (2019) Adhesion mecha-
nisms mediated by probiotics and prebiotics and their
potential impact on human health. Appl Microbiol
Biotechnol ~ 103:6463-6472.  https://doi.org/10.1007/
$00253-019-09978-7

Mukai T, Kaneko S, Ohori H (1998) Haemagglutination and
glycolipid-binding activities of Lactobacillus reuteri. Lett
Appl Microbiol 27:130-134

Nishiyama K, Sugiyama M, Mukai T (2016) Adhesion proper-
ties of lactic acid bacteria on intestinal mucin. Microor-
ganisms 4:34. https://doi.org/10.3390/
microorganisms4030034

Paparo L, Aitoro R, Nocerino R, Fierro C, Bruno C, Canani RB
(2018) Direct effects of fermented cow’s milk product with
Lactobacillus paracasei CBA L74 on human enterocytes.
Benef Microbes 9:165-172. https://doi.org/10.3920/
BM2017.0038

Plaza-Diaz J, Ruiz-Ojeda FJ, Gil-Campos M, Gil A (2019)
Mechanisms of action of probiotics. Adv Nutr 10(1):S49—
S66. https://doi.org/10.1093/advances/nmy063

Ramiah K, van Reenen CA, Dicks LM (2007) Expression of the
mucus adhesion genes Mub and MapA, adhesion-like
factor EF-Tu and bacteriocin gene plaA of Lactobacillus
plantarum 423, monitored with real-time PCR. Int J Food
Microbiol 116:405-409

Schwerbrock NM, Makkink MK, van der Sluis M, Biiller HA,
Einerhand AW, Sartor RB, Dekker J (2004) Interleukin
10-deficient mice exhibit defective colonic Muc2 synthesis
before and after induction of colitis by commensal bacteria.
Inflamm Bowel Dis 10:811-823

@ Springer


https://doi.org/10.1038/mi.2015.27
https://doi.org/10.1111/apt.14203
https://doi.org/10.1016/j.critrevonc.2017.12.006
https://doi.org/10.1016/j.critrevonc.2017.12.006
https://doi.org/10.1155/2013/431231
https://doi.org/10.1155/2013/431231
https://doi.org/10.1186/1471-2180-12-100
https://doi.org/10.1186/1471-2180-12-100
https://doi.org/10.1007/s12223-017-0524-9
https://doi.org/10.1007/s12602-012-9092-0
https://doi.org/10.1007/s12602-012-9092-0
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1002/jsfa.6298
https://doi.org/10.1371/journal.ppat.1002714
https://doi.org/10.1371/journal.ppat.1002714
https://doi.org/10.1016/j.tim.2011.10.001
https://doi.org/10.1016/j.tim.2011.10.001
https://doi.org/10.3390/biology3010178
https://doi.org/10.3390/biology3010178
https://doi.org/10.1007/s00706-017-2135-1
https://doi.org/10.1007/s00706-017-2135-1
https://doi.org/10.1152/ajpgi.00298.2016
https://doi.org/10.1152/ajpgi.00298.2016
https://doi.org/10.1007/s12602-017-9380-9
https://doi.org/10.1038/mi.2008.5
https://doi.org/10.1007/s12223-014-0365-8
https://doi.org/10.1038/nrmicro2538
https://doi.org/10.1007/s00253-019-09978-7
https://doi.org/10.1007/s00253-019-09978-7
https://doi.org/10.3390/microorganisms4030034
https://doi.org/10.3390/microorganisms4030034
https://doi.org/10.3920/BM2017.0038
https://doi.org/10.3920/BM2017.0038
https://doi.org/10.1093/advances/nmy063

1200

Antonie van Leeuwenhoek (2020) 113:1191-1200

Shan M, Gentile M, Yeiser JR, Walland AC, Bornstein VU,
Chen K, He B, Cassis L, Bigas A, Cols M, Comerma L,
Blander JM, Xiong H, Berin C, Augenlicht LH, Velcich A,
Cerutti A (2013) Mucus enhances gut homeostasis and oral
tolerance by delivering immunoregulatory signals. Science
342:447-453. https://doi.org/10.1126/science.1237910

Sichetti M, De Marco S, Pagiotti R, Traina G, Pietrella D (2018)
Anti-inflammatory effect of multistrain probiotic formu-
lation (L. rhamnosus, B. lactis, and B. longum). Nutrition
53:95-102. https://doi.org/10.1016/j.nut.2018.02.005

Van der Sluis M, De Koning BA, De Bruijn AC, Velcich A,
Meijerink JP, Van Goudoever JB, Biiller HA, Dekker J,
Van Seuningen I, Renes IB, Einerhand AW (2006) Muc2-
deficient mice spontaneously develop colitis, indicating
that MUC2 is critical for colonic protection. Gastroen-
terology 131:117-129. https://doi.org/10.1053/j.gastro.
2006.04.020

Van Der Sluis M, Bouma J, Vincent A, Velcich A, Carraway
KL, Biiller HA, Einerhand AW, van Goudoever JB, Van
Seuningen I, Renes IB (2008) Combined defects in
epithelial and immunoregulatory factors exacerbate the
pathogenesis of inflammation: mucin 2-interleukin 10-de-
ficient mice. Lab Invest 88:634. https://doi.org/10.1038/
labinvest.2008.28

Van Tassell ML, Miller MJ (2011) Lactobacillus adhesion to
mucus. Nutrients 3:613-636. https://doi.org/10.3390/
nu3050613

Velcich A, Yang W, Heyer J, Fragale A, Nicholas C, Viani S,
Kucherlapati R, Lipkin M, Yang K, Augenlicht L (2002)

@ Springer

Colorectal cancer in mice genetically deficient in the mucin
Muc2. Science 295:1726-1729. https://doi.org/10.1126/
science.1069094

Wang L, Cao H, Liu L, Wang B, Walker WA, Acra SA, Yan F
(2014) Activation of epidermal growth factor receptor
mediates mucin production stimulated by p40, a Lacto-
bacillus rhamnosus GG-derived protein. J Biol Chem
289:20234-20244. https://doi.org/10.1074/jbc.M114.
553800

Wheeler KM, Carcamo-Oyarce G, Turner BS, Dellos-Nolan S,
CoJY, Lehoux S, Cummings RD, Wozniak DJ, Ribbeck K
(2019) Mucin glycans attenuate the virulence of Pseu-
domonas aeruginosa in infection. Nat Microbiol
4:2146-2154. https://doi.org/10.1038/s41564-019-0581-8

Winer J, Jung CK, Shackel I, Williams PM (1999) Development
and validation of real-time quantitative reverse transcrip-
tase-polymerase chain reaction for monitoring gene
expression in cardiac myocytes in vitro. Anal Biochem
270:41-49

Xiong R, Pan D, Wu Z, Guo Y, Zeng X, Lian L (2018) Structure
and immunomodulatory activity of a recombinant mucus-
binding protein of Lactobacillus acidophilus. Future
Microbiol 13:1731-1743. https://doi.org/10.2217/fmb-
2018-0222

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.


https://doi.org/10.1126/science.1237910
https://doi.org/10.1016/j.nut.2018.02.005
https://doi.org/10.1053/j.gastro.2006.04.020
https://doi.org/10.1053/j.gastro.2006.04.020
https://doi.org/10.1038/labinvest.2008.28
https://doi.org/10.1038/labinvest.2008.28
https://doi.org/10.3390/nu3050613
https://doi.org/10.3390/nu3050613
https://doi.org/10.1126/science.1069094
https://doi.org/10.1126/science.1069094
https://doi.org/10.1074/jbc.M114.553800
https://doi.org/10.1074/jbc.M114.553800
https://doi.org/10.1038/s41564-019-0581-8
https://doi.org/10.2217/fmb-2018-0222
https://doi.org/10.2217/fmb-2018-0222

	Mucin pre-cultivated Lactobacillus reuteri E shows enhanced adhesion and increases mucin expression in HT-29 cells
	Abstract
	Introduction
	Materials and methods
	Origin and cultivation of bacterial strain
	Cultivation conditions of cell line HT-29
	Adhesion assay
	Gene expression studies
	Isolation of bacterial RNA
	Isolation of HT-29 RNA
	Quantitative PCR
	Statistical analysis

	Results and discussion
	Author contributions
	Funding
	References




