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Abstract: Adherent-invasive Escherichia coli (AIEC) has been implicated as a microbiological factor in
the pathogenesis of inflammatory bowel disease (IBD). We evaluated the ability of six live biother-
apeutic products (LBPs) to inhibit the interaction of an AIEC strain to three cell lines representing
human gut epithelium. Co-inoculation of LBPs with AIEC showed a reduction in adhesion (up
to 73%) and invasion of AIEC (up to 89%). Pre-inoculation of LBPs in HT-29-MTX and Caco-2
cells before challenging with AIEC further reduced the adhesion and invasion of the AIEC, with
three LBPs showing significantly (p < 0.0001) higher efficiency in reducing the adhesion of AIEC.
In co-inoculation experiments, the highest reduction in adhesion (73%) of AIEC was observed in
HT-29-MTX cells, whereas the highest reduction in invasion (89%) was seen in HT-29-MTX and the
co-culture of cells. Pre-inoculation of LBPs further reduced the invasion of AIEC with highest reduc-
tion (97%) observed in co-culture of cells. Our results indicated that whilst there were differences in
the efficacy of LBPs, they all reduced interaction of AIEC with cell lines representing gut epithelium.
Their efficiency was higher when they were pre-inoculated onto the cells, suggesting their potential
as candidates for alleviating pathogenesis of AIEC in patients with IBD.

Keywords: AIEC; live biotherapeutic products; Caco-2:HT-29-MTX; adhesion; invasion

1. Introduction

Inflammatory bowel disease (IBD) is a complex chronic idiopathic condition character-
ized by chronic bowel inflammation [1]. It consists of two main subtypes: Crohn’s disease
(CD) which can occur at any point along the gastrointestinal (GI) tract, and ulcerative colitis
(UC), which is limited to the distal colon and rectum [2,3]. Both CD and UC are associated
with an increased risk of developing colitis-associated cancer, mainly colorectal cancer
(CRC) [4–8]. Although the precise mechanisms underlying IBD pathogenesis are yet to be
fully understood, Escherichia coli has been implicated as a microbiological factor in disease
pathogenesis [9]. Several studies have reported an increase in the relative abundance of
mucosa-associated E. coli among patients with UC, CD and CRC [10]. Phenotypic char-
acterization of these strains has demonstrated their enhanced ability to diffusely adhere
to and colonize intestinal cell surfaces in order to instigate, replicate and drive proinflam-
matory activities leading to an increase in the severity of ileal inflammatory disease [11].
These bacteria then invade intestinal epithelial cells, and survive and replicate within
macrophages. Based on these distinct characteristics, such E. coli strains were designated
adherent-invasive E. coli (AIEC). AIEC also carry several virulence genes not typically
found among commensal E. coli strains [12].
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Lactic acid bacteria and, in particular, lactobacilli can provide significant beneficial
roles in supporting the balance of a healthy gut microbiota by maintaining gut barrier
integrity, supporting healthy digestive and immune function and suppressing the growth
and adhesion of pathobionts [13,14]. Introducing these beneficial microorganisms into the
body can be achieved in the form of conventional foods and dietary supplements, such as
fermented food and probiotics, or as drugs, which are termed live biotherapeutic products
(LBP). The US Food and Drug Administration (FDA) defines LBPs as “biological products
that: (1) contain live bacteria; (2) are applicable to the prevention, treatment or cure of a
disease or condition of human beings; and (3) are not vaccines” [15]. Introduced beneficial
microbes can antagonize pathogens by direct interaction and secretion of antimicrobial
substances and/or by interacting with the gut microbiota to produce antimicrobial agents
that inhibit the growth of pathogenic species and improve gut barrier protection [16,17].
Evidence of this interaction between Lactobacillus strains and the gut epithelium has been
shown using T84 cells serving as an epithelial barrier model, where Lactobacillus strains
modulated the transcription of E-cadherin and β-catenin involved in maintaining adherence
junction complexes [18]. Furthermore, lactobacilli have been shown to effectively adhere
to both healthy and IBD colonic mucosa and exert local anti-inflammatory effects, both ex
vivo and in vivo [19,20]. They further interact with the epithelial cells to promote secretion
of glycoproteins, such as mucin and to prevent the adhesion of pathogenic bacteria [21].

It is generally accepted that intestinal microbiota and/or their metabolic products,
are likely an important factor involved in the pathogenesis of IBD. It is also accepted that
treatment with antimicrobials to alleviate symptoms can also be associated with side-effects,
such as bacterial overgrowth [22]. With the widespread concern in progressive antimi-
crobial resistance and the risk in the potential development of resistant Candida spp. and
Clostridioides (Clostridium) difficile infections with subsequent disease flares, it is critical to
reduce the prescription of broad-spectrum antibiotics when possible [23–25]. Furthermore,
administration of antibiotics has been shown to enhance AIEC colonization of the gut and
mesenteric tissues [12]. This concern raises the need to identify alternatives to antimicro-
bials, such as LBPs which can compete effectively with pathogens and be used as a prophy-
lactic and/or treatment for IBD without contributing to the rise of antimicrobial resistance.

In view of the above, this study was undertaken to explore the ability of selected
Lactobacillus strains believed to be novel candidates as LBPs to colonize gut epithelium
and to competitively exclude AIEC strains. We hypothesized that such competition will
consequently inhibit or reduce the rate of AIEC colonization of, and invasion into, the
intestinal epithelial cells and, therefore, they can be used as either a prophylactic or treat-
ment option to prevent or alleviate symptoms associated with IBD. However, most studies
assessing the interaction of LBP candidates utilize only one epithelial cell line which may
not completely mimic the characteristics of the gut epithelium. Here we validated the
efficacy of our LBP candidates to inhibit or reduce interaction of the AIEC strain F44A-1
with two cell lines i.e., Caco-2 and HT-29-MTX cells. These cell lines are derived from
human colon adenocarcinoma and have been successfully used in many in vitro studies.
Caco-2 cells can be differentiated in the culture medium to form a polarized cell monolayer
with tight junctions and microvilli to resemble important characteristics of human intestinal
mature enterocytes. The main drawback of this cell line is that it does not produce a mucus
layer. The other cell line, HT-29, with methotrexate (MTX) adaptation i.e., HT-29-MTX
cell line, differentiates in culture media to secret mucin [26–28]. Mucus-secreting HT-29-
MTX subclones have previously been isolated and characterized regarding tight junction
formation, development of confluent monolayers and production of mucin [29]. On the
other hand, co-culture of Caco-2 and HT-29-MTX cells has been postulated to reflect the
cellular components of the intestine more effectively than the monoculture [30]. Therefore,
we extended our investigation by including the co-culture of Caco-2 and HT-29-MTX cells
to compare the efficacy of our selected LBPs to inhibit adhesion and invasion of a well
characterized AIEC strain.
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2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The AIEC strain F44A-1 was previously isolated from a patient with colorectal cancer
and carried all phenotypic and genotypic characteristics consistent with AIEC strains in-
cluding the presence of AIEC-associated virulence genes, their diffuse adhesion pattern
to Caco-2 cells as well as survival and replication in macrophages [31]. The low-adhering
and non-invasive E. coli 46-4 was sourced from animals subjected to starvation and hemor-
rhage [32] and served as a negative control strain. LBP candidates used in this study were
supplied by Servatus Biopharmaceuticals and included Lactobacillus strains SVT 01D1, SVT
04P1, SVT 05P2, SVT 06B1, SVT 07R1 and SVT 08Z1. The AIEC strain was maintained at
−80 ◦C in Luria-Bertani (LB) broth (Merck, Rahway, NJ, USA) with 20% glycerol. It was
streaked on MacConkey agar first to check for its purity before growing on nutrient agar
as a working culture and regrown in LB broth in a reciprocal shaker (140 strokes min−1)
at 37 ◦C for 24 h before each adhesion or invasion assay. All LBP strains were maintained
at −80 ◦C in de Man, Rogosa, Sharpe (MRS) broth (Oxoid, Scoresby, Victoria, Australia)
with 20% glycerol. They were grown on MRS agar as a working culture and regrown in
MRS broth for 48 h at 37 ◦C before each assay.

2.2. Cell Lines and Cell Culture

Two human colon adenocarcinoma cells, Caco-2 cells (ATCC® HTB-37) alone, and
HT-29-MTX-E12 cells (ECACC 12040401), originally differentiated from the HT-29 (ATCC®

HTB-38) cell into mucin producing mature goblet cells using methotrexate (MTX) [33], as
well as a co-culture of both cell lines. Caco-2 cells in culture medium forms a polarized
cell monolayer with tight junctions and microvilli to resemble important characteristics of
human intestinal mature enterocytes. Cells were grown in 50 mL culture flasks (Grenier
Bio-one, Australia) to confluence in Eagle’s Minimum Essential Medium (EMEM, Sigma
Aldrich, St. Louis, MO, USA) and supplemented with 20% (v/v) fetal bovine serum (FBS)
(Lonza, Brisbane, Australia) for Caco-2 cells and 15% (v/v) FBS for HT29-MTX cells and 1%
(v/v) penicillin-streptomycin (Thermo Fisher, Brisbane, Australia). Co-culture of Caco-2
and HT-29-MTX cell lines was prepared by seeding Caco-2 and HT-29-MTX cells at a ratio
of 9:1 and grown to confluence. The monolayer formed in this way could secrete a sufficient
amount of mucin whilst expressing tight junctions and microvilli brush borders similar to
that of the GI epithelium [34].

All cell cultures were maintained at 37 ◦C in an atmosphere of 5% CO2. Culture media
was changed every 48 h. At confluence, cells were sub-cultured into the eight-well chamber
slides (Nunc Lab-Tek II) for adhesion assays and into sterile 96-well flat bottom plates for
invasion assays.

2.3. Adhesion Assays

The adhesion of AIEC alone, LBPs strains alone, and AIEC in the presence of the LBP
strains was tested on both cell lines and their co-culture using methods described previ-
ously [35], with modifications from previous protocols [36,37]. Before the adhesion assay,
cell lines were seeded onto an eight-well glass chamber slide system (Nunc Lab-Tek II).
The cells were grown to ~75% confluence and, prior to the assay, the medium was re-
placed with antibiotic-free medium. The AIEC strain was cultured in LB broth (Merck)
overnight at 37 ◦C with agitation (140 strokes. min−1) and LBP strains were cultured in
MRS broth (Oxoid, Scoresby, Victoria, Australia) for 18 h at 37 ◦C. Bacterial suspensions
were centrifuged at 3500 rpm for 12 min and the supernatant was discarded. The pellets
were resuspended in phosphate-buffered saline (PBS) (pH 7.4), and 100 µL of the original
suspension (109 colony-forming units, CFU. mL−1, OD = 1 at 600 nm) was inoculated into
the appropriate chambers to give a multiplicity of infection (MOI) of 100 after counting the
number of cells in three wells and adjusting the concentration of bacterial suspension.
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For the competitive adhesion, LBP strains and the AIEC were co-inoculated at an
identical concentration, i.e., 109 CFU.mL−1 prior to incubation at 37 ◦C for 90 min. To
assess the ability of LBP strains to prophylactically inhibit adhesion of AIEC, 100 µL of
each LBP suspension (109 CFU mL−1) were pre-inoculated for 60 min onto the wells before
infecting cells with the same concentration of AIEC. Cells were then incubated at 37 ◦C for
a further 90 min and non-adherent bacteria were removed by washing the wells three times
with PBS (pH 7.4). Cells were then fixed with 95% ethanol (v/v) for 5 min and stained
using Gram staining to differentiate between Gram-positive LBPs (Lactobacillus strains)
and Gram-negative AIEC and their adhesion was observed under a light microscope. The
extent of colonization of the gut epithelium by both AIEC and LBP strains was determined
by randomly selecting 100 cells and counting how many showed bacterial adhesion, while
the ability of the strains to interact with each cell was determined by counting the bacterial
number on 25 randomly selected cells showing adhesion.

2.4. Invasion Assay

For the invasion assay, a similar procedure was used as before [38] with some modifi-
cations. Caco-2, HT-29-MTX and a co-culture of both cells (9:1 ratio) were grown onto a
flat bottom 96-well plate until full confluence in EMEM medium similar to the adhesion
assay. LBP strains and AIEC were also grown as described in the adhesion assay and
inoculated onto Caco-2, HT-29-MTX and their co-culture in the same manner as described
for adhesion to yield a MOI of 100. For competitive invasion, LBP strains and AIEC were
co-inoculated followed by a 2 h incubation for Caco-2 and HT-29-MTX cells and 90 min
incubation for the co-culture at 37 ◦C. To assess the ability of LBP strains to prophylactically
inhibit or decrease AIEC invasion, they were pre-inoculated onto the cells and incubated
for 60 min prior to infection with the same concentration of AIEC, and the wells were
incubated at 37 ◦C for 2 h for Caco-2 and HT-29-MTX and 90 min for co-culture. Wells were
then inoculated with gentamicin (150µL mL−1) (Gibco, Victoria, Australia) for 60 min to
kill any extracellular bacteria and the contents were removed and washed three times with
PBS and lysed with 0.1% (v/v) Triton X-100 (Sigma-Aldrich) to release the invading AIEC.
The lysate was then serially diluted and 100 µL volumes were plated onto MacConkey
Agar No. 3 (Oxoid, Scoresby, Victoria, Australia) plates and incubated for 24 h at 37 ◦C
before colonies were counted. Mean ± SEM number of bacteria were calculated with due
corrections for the dilution factors. E. coli strain 46-4 was used as a negative control for
both assays at the same concentration of AIEC.

2.5. Statistical Analysis

All adhesion and invasion experiments were carried out in triplicates. GraphPad
Prism statistical software (Version 8.0.0) was used for statistical analysis. Two-way ANOVA
followed by Tukey’s multiple comparisons test were used to determine the differences in the
mean level of adhesion and invasion among strains across all test groups, and the unpaired
t test was used for comparing the difference between co-inoculation and pre-inoculation of
each LBP. Correlation between adhesion and invasion capabilities of strains were evaluated
using Pearson’s correlation coefficient. Differences were considered statistically significant
if p < 0.05.

3. Results
3.1. Colonization Experiment

When inoculated alone, AIEC colonized 55% of the Caco-2 and HT-29-MTX cells
and more than 81% of the co-culture cells (Figure 1). In both co-inoculation and pre-
inoculation experiments, there was a significant (p < 0.0001) reduction in AIEC colonization
of monoculture and co-culture cells, with a generally higher reduction in pre-inoculation
experiments (Figure 1). Whilst all six LBPs reduced colonization in the HT-29-MTX cell
monoculture, only three LBP strains, i.e., SVT 01D1 (p = 0.015), SVT 07R1 (p = 0.027) and
SVT 08Z1 (p < 0.0001) significantly reduced the colonization of AIEC in the Caco-2 cells
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following co-inoculation (Figure 1). In the co-culture of both cell lines a significant reduction
in colonization was seen with all LBPs (p < 0.0001) (Figure 1). Pre-inoculation of LBP strains
further reduced colonization of the AIEC in HT-29-MTX and Caco-2 cell lines with only
SVT 04P1 and SVT 06B1 showing a significant difference (p = 0.01 for both) between the
co-inoculation and pre-inoculation experiments (Figure 1).
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Figure 1. Colonization of HT-29-MTX, Caco-2 and co-culture of Caco-2/HT-29-MTX cells by AIEC
alone
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. * Significant differences between the percentages of cells showing
adhesion with AIEC before addition of LBPs strains in co-inoculation or pre-inoculation experiments;
p ≤ 0.0001 (HT-29-MTX), p ≤ 0.0001 (Caco-2), p ≤ 0.0001 (Co-culture). ** Significant difference
between co-inoculation and pre-inoculation for SVT 06B1 (p = 0.03) in Caco-2.

The number of AIEC strains adhering to individual cells of all three cell cultures was
also reduced significantly (p < 0.0001) in the presence of most LBPs in both co-inoculation
and pre-inoculation experiments (Figure 2). The percentage reduction of AIEC adhesion by
LBP strains in both the co-and pre-inoculation experiments has been summarized in Table 1.
Overall, pre-inoculation resulted in a greater reduction in adhesion of AIEC compared to
co-inoculation (Table 1). AIEC on its own showed a significantly better ability to adhere to
HT29-MTX cells (8.9 ± 0.9) (p < 0.0001) and Caco-2 cells (6.9 ± 0.5) (p = 0.0066) than to the
co-culture model (4.2 ± 0.2) (Figure 2).
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Figure 2. The number of AIEC cells adhering per cell on HT-29-MTX, Caco-2 and co-culture of
Caco-2/HT-29-MTX cells. AIEC alone
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observed before and after the addition of LBP strains (co-inoculation or pre-inoculation); p < 0.0001
(HT-29-MTX), p < 0.0001 (Caco-2), p < 0.0001 (Co-culture). ** Significant difference between co-
inoculation and pre-inoculation for SVT 05P2 (p = 0.049) and SVT 06B1 (p = 0.04) in Caco-2, and SVT
08Z1 (p < 0.0001) in HT-29-MTX.

Table 1. The percentage of reduction in adhesion to the cell lines by AIEC and the number of AIEC
cells adhering per cell (Mean ± SEM) in the presence of LBP strains (shown in bold letters) in both
co-inoculation and pre-inoculation experiments. * Shows significance of reduction in the number of
AIEC adhering per cell in the presence of the LBP strain versus the number of AIEC alone. ** Shows
significance of reduction in the number of AIEC adhering per cell in pre-inoculation experiments
versus co-inoculation. p-values that are only significant have been shown.

LBP
Strains

HT29-MTX Caco-2 Caco-2:HT29-MTX

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

SVT 01D1
46%

(5 ± 0.4)
<0.0001 *

57%
(4 ± 0.2)
<0.0001 *

0.02 **
47%

(4 ± 0.3)
<0.0001 *

62%
(3 ± 0.2)
<0.0001 *

0.002 **
20%

(3 ± 0.2)
15%

(4 ± 0.3)
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Table 1. Cont.

LBP
Strains

HT29-MTX Caco-2 Caco-2:HT29-MTX

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

SVT 04P1
62%

(3 ± 0.2)
<0.0001 *

65%
(3 ± 0.2)
<0.0001 *

51%
(3 ± 0.3)
<0.0001 *

68%
(2 ± 0.1)
<0.0001 *

0.0001 **
29%

(3 ± 0.2)
0.001 *

26%
(3 ± 0.2)
0.007 *

SVT 05P2
73%

(2 ± 0.2)
<0.0001 *

70%
(3 ± 0.2)
<0.0001 *

46%
(4 ± 0.3)
<0.0001 *

67%
(2 ± 0.2)
<0.0001 *

0.0001 **
16%

(4 ± 0.3)
33%

(3 ± 0.2)
<0.0001 *

0.03 **

SVT 06B1
54%

(4 ± 0.4)
<0.0001 *

58%
(4 ± 0.4)
<0.0001 *

38%
(4 ± 0.3)
<0.0001 *

59%
(3 ± 0.2)
<0.0001 *

0.001 **
55%

(2 ± 0.1)
<0.0001 *

51%
(2 ± 0.2)
<0.0001 *

SVT 07R1
70%

(3 ± 0.2)
<0.0001 *

72%
(3 ± 0.2)
<0.0001 *

54%
(3 ± 0.3)
<0.0001 *

65%
(2 ± 0.2)
<0.0001 *

0.02 **
46%

(2 ± 0.1)
<0.0001 *

46%
(2 ± 0.1)
<0.0001 *

SVT 08Z1
30%

(6 ± 0.4)
0.001 *

63%
(3 ± 0.3)
<0.0001 *

<0.0001 **
57%

(3 ± 0.3)
<0.0001 *

65%
(2 ± 0.2)
<0.0001 *

29%
(3 ± 0.2)
0.001 *

37%
(3 ± 0.2)
<0.0001 *

3.2. Invasion of AIEC

The ability of LBPs to reduce invasion of the AIEC was varied among cell lines. In
Caco-2 cells, there was no significant reduction in the number of invading AIEC when
treated with LBP strains for either pre- or co-inoculation (Figure 3). HT-29-MTX cells
on the other hand, were more efficient in reducing the invasion of AIEC than in Caco-2
cells although this ability was strain dependent (Figure 3). The percentage reduction of
AIEC invasion by LBP strains in both the co-and pre-inoculation experiments has been
summarized in Table 2. Again, in all experiments, pre-inoculation of LBPs mostly resulted
in higher reduction of invasion with some LBP strains almost completely inhibiting the
invasion of AIEC for example, in the co-culture assay SVT 01D1 (97%, p = 0.02) and SVT
07R1 (97%, p = 0.04) both significantly impaired invasion. All the LBPs showed a reduction
following pre-inoculation when compared with co-inoculation results, however this again
was cell-line dependent (Table 2).

Table 2. The percentage of reduction in invasion of cell lines by AIEC and the number of AIEC
cells invading cell lines (Mean ± SEM) in the presence of LBP strains (shown in bold letters) in both
co-inoculation and pre-inoculation experiments. * Shows significance of reduction in the number of
AIEC invading cell lines in the presence of the LBP strain versus the number of AIEC alone. ** Shows
significance of reduction in the number of AIEC invading cell lines in pre-inoculation experiments
versus co-inoculation. p-values that are only significant have been shown.

LBP
Strains

HT-29-MTX Caco-2 Caco-2:HT-29-MTX

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

SVT 01D1
89%

(103 ± 42)
0.001 *

92%
(80 ± 46)
0.0008 *

−43%
(23667 ±

7881)

38%
(10333 ±

4667)

89%
(10506 ±

500)

97%
(2814 ±

500)
0.02 *

0.02 **

SVT 04P1
58%

(413 ± 52)
91%

(90 ± 30)
0.001 *

0.006 **

−61%
(26667 ±

3757)

−33%
(22000 ±

4509)

29%
(66786 ±

2000)

84%
(14914 ±

500) 0.03 **

SVT 05P2
83%

(170 ± 25)
0.004 *

84%
(153 ± 13)

0.003 *

−108%
(34333 ±

9262)

85%
(2533 ±

371) 0.03 **

72%
(26733 ±

1900)

87%
(12194 ±

400)
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Table 2. Cont.

LBP
Strains

HT-29-MTX Caco-2 Caco-2:HT-29-MTX

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

Co-
Inoculation

(No. of
Bacteria)

Pre-
Inoculation

(No. of
Bacteria)

p-Value
Co- vs. Pre-
Inoculation

SVT 06B1
63%

(360 ± 81)
40%

(587 ± 52)

7%
(15333 ±

3528)

73%
(4467 ±

1369) 0.045 **

5%
(89110 ±

600)

60%
(37520 ±

200)

SVT 07R1
79%

(203 ± 58)
0.006 *

63%
(365 ± 15)

15%
(14000 ±

1155)

89%
(1833 ±

518) 0.0007 **

63%
(34894 ±

400)

97%
(2626 ±

300)
0.04 *

0.01 **

SVT 08Z1
52%

(463 ± 110)
89%

(110 ± 31)
0.001 *

0.04 **

11%
(14667 ±

2848)

41%
(9767 ±

3930)

22%
(72789 ±

700)

87%
(11819 ±

500) 0.003 **Biomedicines 2022, 10, x FOR PEER REVIEW 8 of 13 
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Figure 3. The number of cells showing invasion of AIEC on HT-29-MTX, Caco-2 and co-culture
cells. Invading AIEC alone
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. p < 0.0001 (HT-29-MTX), * p < 0.0001 (Caco-2),
* p < 0.0001 (Co-culture). ** Significant difference between co-inoculation and pre-inoculation for SVT
05P2 (p = 0.0003) in Caco-2.

3.3. Correlation between Adhesion and Invasion

In HT29-MTX cells, there was a positive correlation (0.46) between the number of
AIEC adhering per cell and the number invading in the co-inoculation experiment but not
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in pre-inoculation (0.07) (Table 3). This, however, was not seen in the Caco-2 or co-culture
cell models. A higher number of LBPs adhering to HT-29-MTX cells, correlated with a
higher reduction in adhesion (0.26 for co-inoculation; 0.50 for pre-inoculation) and invasion
of AIEC (0.34 for pre-inoculation). In Caco-2, a reduction in AIEC adhesion was positively
correlated with higher numbers of adhering LBP cells in both co-inoculation (0.33) and pre-
inoculation (0.27). Similarly, LBP adherence was positively correlated (0.36) to a reduction
in AIEC invasion following pre-inoculation in the co-culture. Interestingly, the co-culture
showed no correlation between LBP adhesion and AIEC adhesion in either co-inoculation
(−0.01) or pre-inoculation (−0.13). In most cases, the Pearson coefficients were low to
moderate, and the only value of statistical significance was seen between adhesion of LBPs
and the reduction of AIEC in the pre-inoculation experiment.

Table 3. The correlation between adhesion and invasion of AIEC in HT-29-MTX, Caco-2 and co-culture
cells, as well as the correlation between LBP adhesion on the cell lines and reduced adhesion and
invasion of AIEC. * Shows significant correlation. p-values that are only significant have been shown.

Correlation
HT-29-MTX Caco-2 Caco-2/HT-29-MTX

Co-Inoculation Pre-Inoculation Co-Inoculation Pre-Inoculation Co-Inoculation Pre-Inoculation

Between adhesion and
invasion of AIEC 0.46 0.07 0.18 −0.42 −0.61 −0.67

Between adhesion of
LBPs and reduction in

AIEC adhesion
0.26 0.50 0.33 0.27 −0.01 −0.13

Between adhesion of
LBPs and reduction in

AIEC invasion
−0.29 0.34 −0.01 −0.86 (0.015 *) −0.04 0.36

4. Discussion

The etiology of IBD, whilst not completely understood, is multifactorial in nature in-
volving genetic susceptibility, external environmental factors, defective immune responses
and alterations in the intestinal microbial composition [2,39,40]. A gastrointestinal dysbi-
otic state has been established in that there is a significant reduction in microbial diversity
in IBD patients compared to healthy controls [39,41] and often predominated by patho-
biont microbes [2,40]. This trend has been observed in patients with CD who exhibit a
higher abundance and richness of pathogens such as AIEC pathovar in their biopsy sam-
ples [42,43], with a marked increase relative to the severity of bowel inflammation [44].
This raises the need to ameliorate the impact of these pathogenic bacteria by reducing their
interaction with the gut epithelium using LBPs that could be beneficial for the treatment
and maintenance of IBD remission.

The mechanism of action of the LBPs may include the ability to effectively adhere to the
intestinal mucosa and inhibit/reduce the ability of AIEC strains to adhere and colonize the
gut epithelium, providing clinically meaningful outcomes. In this study, we demonstrated
that the selected LBP Lactobacillus candidates reduced the adherence of AIEC to two cell
lines that represent the intestinal epithelium, as well as their co-culture. This is supported
by previous studies where Lactobacillus strains were shown to inhibit cell association
and adhesion of some pathogens such as enterovirulant E. coli, Enterococcus faecalis and
Salmonella typhimurium to Caco-2 cells [45,46].

The AIEC strain used in this study was shown to be a highly adherent and invasive
strain in our previous study via the presence of virulence genes typically found among
AIEC strains, as well as its ability to survive and replicate within macrophages [46]. This
AIEC strain colonized more than 55% of the cells of Caco-2 and HT-29-MTX cultures and
even higher in the co-culture of both cell lines. Caco-2 cells have been used in many studies
to assess the adhesive ability of bacterial strains [30,47–49]. This cell line produces microvilli
and tight junctions, although they normally do not produce mucus. In contrast, HT-29 cells
are differentiated into mature goblet cells using methotrexate (MTX) to form HT-29-MTX.
We have previously used the co-culture of Caco-2 and HT-29-MTX to assess the ability of
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adhesion of AIEC strains isolated from different sources and have shown that AIEC strains
bind to this co-culture efficiently with a typical diffuse adhesion pattern [31].

In testing the ability of LBPs against AIEC, we used two methods of assessment. In co-
inoculation studies, we aimed to evaluate the ability of LBPs to competitively exclude the
pathogen-a mechanism that may lead to treatment of the IBD. We also assessed the ability
of the LBPs to prophylactically inhibit colonization of the pathogen by pre-incubating cell
lines for a period of 60 min to allow for an initial colonization of the LBP before challenging
them with the pathogen. Time dependent inhibition of pathogen adhesion is a key trait,
especially if they are to be used as prophylactics. This has been shown previously where
pre-inoculation with L. casei resulted in a decrease in AIEC LF82 adhesion to intestinal
cells [50]. In the present study, pre-inoculation of the cells with LBPs, although further
reduced adhesion of the AIEC, did not completely inhibit colonization of this pathogen.
We also found a positive correlation between the number of LBP cells adhering to the cell
lines and a reduction in adhesion and invasion of AIEC; however, this was dependent on
cell line and experimental conditions (i.e., co-inoculation versus pre-inoculation). These
findings collectively suggest that the LBP strains used in this study can be considered
as good candidates for both competitive exclusions, i.e., treatment, and as prophylactic
measures in patients where IBD is associated with AIEC. Further studies using longer
pre-inoculation periods would be necessary to determine the true efficacy of the LBPs in
completely excluding AIEC strains from adhesion to host cells.

To be of clinical benefit to the host, LBPs are expected to modulate intestinal pathobiont
abundance and activity and protect the GI tract from environmental pathogens. Production
of mucin by goblet cells in the GI tract is important to replenish and maintain the mucus
barrier; however, this function can be disrupted by bacteria and their toxins. This can
lead to pathological conditions like chronic inflammatory diseases [51]. In co-inoculation
and pre-inoculation experiments many of the LBP strains were able to significantly re-
duce the invasion of the AIEC strain F44A-1 in cell lines that were covered with mucin
(i.e., HT-29-MTX and co-culture of Caco-2:HT-29-MTX cells) as opposed to Caco-2 cells
alone that are void of mucin. This may suggest that production of mucin is an important
characteristic in these cell lines against adhesion or invasion of AIEC strains. It must
be noted, however, that some lactobacillus strains are able to regulate mucin production
through up regulating mucin gene expression [51]. In our study, we did not see a higher
invasion of AIEC in non-mucin producing Caco-2 cells which could be partly due to the
decreased paracellular permeability in this cell line as shown previously [52]. Here, in
addition to competitive binding, another aspect to consider is that pre-inoculation may
be promoting mucin production in these cell lines. Longer incubation periods and mea-
surement of mucin production may provide further mode of action. Moreover, research to
explore suitable concentrations of LBP candidates in an improved model of cells that better
mimic the GI tract physiology could shed more light on the suitability of these candidates
as biotherapeutic agents for human use.

In conclusion, we showed that the LBP candidates tested in this study significantly
reduce the adhesion and invasion of the AIEC F44-1 strain in cell lines used although this
efficacy varied among the strains. Pre-inoculation of the cell lines with the LBP candidates
followed by the challenge with this pathogen was in most cases associated with a further
reduction in adhesion and invasion of AIEC, although in some cases, this was cell line
dependent. Further tests are needed to evaluate the potential of these strains before they
can be introduced as an option for treatment of IBD.

Author Contributions: Conceptualization and methodology, M.K., A.K. and E.H.; formal analysis
and visualization, B.S.; investigation, C.C.C., A.A.S. and K.G.; resources, M.K. and W.F.; data curation,
B.S. and M.K.; writing—original draft preparation, B.S.; writing—review and editing, M.K., E.H.,
A.K. and S.C.; supervision, M.K., A.K. and E.H.; project administration, M.K. and W.F.; funding
acquisition, M.K. All authors have read and agreed to the published version of the manuscript.



Biomedicines 2022, 10, 2245 11 of 13

Funding: This research was funded by student scholarships through the University of the Sunshine
Coast, and a top-up scholarship (B.S) from Servatus Biopharmaceuticals, the APC was funded by
Servatus Biopharmaceuticals.

Data Availability Statement: Data available from corresponding author upon reasonable request.

Conflicts of Interest: The authors declare that there is no conflict of interest with the organization
that sponsored this research and publications arising from this research. Servatus Biopharmaceuticals
provided the LBP strains and had input towards the study design and final report. However, the
company was not involved in data collection, analysis or interpretation of the results.

References
1. Ananthakrishnan, A.N. Epidemiology and risk factors for IBD. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 205–217. [CrossRef]
2. Halfvarson, J.; Brislawn, C.J.; Lamendella, R.; Vázquez-Baeza, Y.; Walters, W.A.; Bramer, L.M.; Amato, M.D.; Bonfiglio, F.;

McDonald, D.; Gonzalez, A.; et al. Dynamics of the human gut microbiome in inflammatory bowel disease. Nat. Microbiol. 2017,
2, 17004. [CrossRef] [PubMed]

3. de Souza, H.S.P.; Fiocchi, C. Immunopathogenesis of IBD: Current state of the art. Nat. Rev. Gastroenterol. Hepatol. 2015, 13, 13–27.
[CrossRef] [PubMed]

4. Vejborg, R.M.; Hancock, V.; Petersen, A.M.; Krogfelt, K.A.; Klemm, P. Comparative genomics of Escherichia coli isolated from
patients with inflammatory bowel disease. BMC Genom. 2011, 12, 316. [CrossRef]

5. Francescone, R.; Hou, V.; Grivennikov, S.I. Cytokines, IBD, and colitis-associated cancer. Inflamm. Bowel Dis. 2015, 21, 409–418. [CrossRef]
6. Grivennikov, S.; Karin, E.; Terzic, J.; Mucida, D.; Yu, G.-Y.; Vallabhapurapu, S.; Scheller, J.; Rose-John, S.; Cheroutre, H.;

Eckmann, L.; et al. IL-6 and Stat3 are required for survival of intestinal epithelial cells and development of colitis-associated
cancer. Cancer Cell 2009, 15, 103–113. [CrossRef] [PubMed]

7. Collins, P.D. Editorial: Evidence is growing for protective effects of 5-aminosalicylates against colitis-associated cancer. Aliment.
Pharmacol. Ther. 2017, 45, 1553–1554. [CrossRef]

8. Zhang, M.; Viennois, E.; Prasad, M.; Zhang, Y.; Wang, L.; Zhang, Z.; Han, M.K.; Xiao, B.; Xu, C.; Srinivasan, S.; et al. Edible
ginger-derived nanoparticles: A novel therapeutic approach for the prevention and treatment of inflammatory bowel disease and
colitis-associated cancer. Biomaterials 2016, 101, 321–340. [CrossRef] [PubMed]

9. Cammarota, G.; Ianiro, G.; Cianci, R.; Bibbò, S.; Gasbarrini, A.; Currò, D. The involvement of gut microbiota in inflammatory
bowel disease pathogenesis: Potential for therapy. Pharmacol. Ther. 2015, 149, 191–212. [CrossRef] [PubMed]

10. Man, S.; Kaakoush, N.; Mitchell, H. The role of bacteria and pattern-recognition receptors in Crohn’s disease. Nat. Rev.
Gastroenterol. Hepatol. 2011, 8, 152–168. [CrossRef]

11. Baumgart, M.; Dogan, B.; Rishniw, M.; Weitzman, G.; Bosworth, B.; Yantiss, R.; Orsi, R.H.; Wiedmann, M.; McDonough, P.;
Kim, S.G.; et al. Culture independent analysis of ileal mucosa reveals a selective increase in invasive Escherichia coli of novel
phylogeny relative to depletion of Clostridiales in Crohn’s disease involving the ileum. ISME J. 2007, 1, 403–418. [CrossRef]

12. Drouet, M.; Vignal, C.; Singer, E.; Djouina, M.; Dubreuil, L.; Cortot, A.; Desreumaux, P.; Neut, C. AIEC colonization and pathogenicity:
Influence of previous antibiotic treatment and preexisting inflammation. Inflamm. Bowel Dis. 2012, 18, 1923–1931. [CrossRef]

13. Liévin-Le Moal, V.; Servin, A.L. Anti-infective activities of lactobacillus strains in the human intestinal microbiota: From probiotics
to gastrointestinal anti-infectious biotherapeutic agents. Clin. Microbiol. Rev. 2014, 27, 167–199. [CrossRef]

14. Yan, F.; Polk, D.B. Probiotics and immune health. Curr. Opin. Gastroenterol. 2011, 27, 496–501. [CrossRef]
15. O’Toole, P.W.; Marchesi, J.R.; Hill, C. Next-generation probiotics: The spectrum from probiotics to live biotherapeutics. Nat.

Microbiol. 2017, 2, 17057. [CrossRef]
16. O’Shea, E.F.; Cotter, P.D.; Stanton, C.; Ross, R.P.; Hill, C. Production of bioactive substances by intestinal bacteria as a basis for

explaining probiotic mechanisms: Bacteriocins and conjugated linoleic acid. Int. J. Food Microbiol. 2012, 152, 189–205. [CrossRef]
17. Saulnier, D.M.; Santos, F.; Roos, S.; Mistretta, T.-A.; Spinler, J.K.; Molenaar, D.; Teusink, B.; Versalovic, J. Exploring metabolic

pathway reconstruction and genome-wide expression profiling in Lactobacillus reuteri to define functional probiotic features.
PLoS ONE 2011, 6, e18783. [CrossRef]

18. Hummel, S.; Veltman, K.; Cichon, C.; Sonnenborn, U.; Schmidt, M.A. Differential targeting of the E-Cadherin/β-Catenin complex by
gram-positive probiotic lactobacilli improves epithelial barrier function. Appl. Environ. Microbiol. 2012, 78, 1140–1147. [CrossRef]

19. Nishiyama, K.; Sugiyama, M.; Mukai, T. Adhesion properties of lactic acid bacteria on intestinal mucin. Microorganisms
2016, 4, 34. [CrossRef]

20. Pagnini, C.; Corleto, V.D.; Martorelli, M.; Lanini, C.; D’Ambra, G.; Di Giulio, E.; Delle Fave, G. Mucosal adhesion and anti-
inflammatory effects of Lactobacillus rhamnosus GG in the human colonic mucosa: A proof-of-concept study. World J. Gastroenterol.
2018, 24, 4652–4662. [CrossRef]

21. Wang, L.; Cao, H.; Liu, L.; Wang, B.; Walker, W.A.; Acra, S.A.; Yan, F. Activation of epidermal growth factor receptor mediates
mucin production stimulated by p40, a lactobacillus rhamnosus GG-derived protein. J. Biol. Chem. 2014, 289, 20234–20244.
[CrossRef] [PubMed]

22. Irving, P.M.; Gibson, P.R. Infections and IBD. Nat. Clin. Pract. Gastroenterol. Hepatol. 2008, 5, 18–27. [CrossRef]

http://doi.org/10.1038/nrgastro.2015.34
http://doi.org/10.1038/nmicrobiol.2017.4
http://www.ncbi.nlm.nih.gov/pubmed/28191884
http://doi.org/10.1038/nrgastro.2015.186
http://www.ncbi.nlm.nih.gov/pubmed/26627550
http://doi.org/10.1186/1471-2164-12-316
http://doi.org/10.1097/MIB.0000000000000236
http://doi.org/10.1016/j.ccr.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19185845
http://doi.org/10.1111/apt.14072
http://doi.org/10.1016/j.biomaterials.2016.06.018
http://www.ncbi.nlm.nih.gov/pubmed/27318094
http://doi.org/10.1016/j.pharmthera.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25561343
http://doi.org/10.1038/nrgastro.2011.3
http://doi.org/10.1038/ismej.2007.52
http://doi.org/10.1002/ibd.22908
http://doi.org/10.1128/CMR.00080-13
http://doi.org/10.1097/MOG.0b013e32834baa4d
http://doi.org/10.1038/nmicrobiol.2017.57
http://doi.org/10.1016/j.ijfoodmicro.2011.05.025
http://doi.org/10.1371/journal.pone.0018783
http://doi.org/10.1128/AEM.06983-11
http://doi.org/10.3390/microorganisms4030034
http://doi.org/10.3748/wjg.v24.i41.4652
http://doi.org/10.1074/jbc.M114.553800
http://www.ncbi.nlm.nih.gov/pubmed/24895124
http://doi.org/10.1038/ncpgasthep1004


Biomedicines 2022, 10, 2245 12 of 13

23. Spigaglia, P.; Barbanti, F.; Mastrantonio, P. Multidrug resistance in European Clostridium difficile clinical isolates. J. Antimicrob.
Chemother. 2011, 66, 2227–2234. [CrossRef]

24. Sholeh, M.; Krutova, M.; Forouzesh, M.; Mironov, S.; Sadeghifard, N.; Molaeipour, L.; Maleki, A.; Kouhsari, E. Antimicrobial
resistance in Clostridioides (Clostridium) difficile derived from humans: A systematic review and meta-analysis. Antimicrob.
Resist. Infect. Control 2020, 9, 158. [CrossRef] [PubMed]

25. Ciurea, C.N.; Kosovski, I.B.; Mare, A.D.; Toma, F.; Pintea-Simon, I.A.; Man, A. Candida and candidiasis-opportunism versus
pathogenicity: A review of the virulence traits. Microorganisms 2020, 8, 857. [CrossRef] [PubMed]

26. Angelis, I.D.; Turco, L. Caco-2 cells as a model for intestinal absorption. Curr. Protoc. Toxicol. 2011, 47, 20.6.1–20.6.15.
[CrossRef] [PubMed]

27. Hidalgo, I.J.; Raub, T.J.; Borchardt, R.T. Characterization of the human colon carcinoma cell line (Caco-2) as a model system for
intestinal epithelial permeability. Gastroenterology 1989, 96, 736–749. [CrossRef]

28. Gagnon, M.; Zihler Berner, A.; Chervet, N.; Chassard, C.; Lacroix, C. Comparison of the Caco-2, HT-29 and the mucus-secreting
HT29-MTX intestinal cell models to investigate Salmonella adhesion and invasion. J. Microbiol. Methods 2013, 94, 274–279. [CrossRef]

29. Lesuffleur, T.; Barbat, A.; Dussaulx, E.; Zweibaum, A. Growth adaptation to methotrexate of HT-29 human colon carcinoma
cells is associated with their ability to differentiate into columnar absorptive and mucus-secreting cells. Cancer Res. 1990,
50, 6334–6343.

30. Béduneau, A.; Tempesta, C.; Fimbel, S.; Pellequer, Y.; Jannin, V.; Demarne, F.; Lamprecht, A. A tunable Caco-2/HT29-MTX
co-culture model mimicking variable permeabilities of the human intestine obtained by an original seeding procedure. Eur. J.
Pharm. Biopharm. 2014, 87, 290–298. [CrossRef]

31. Astley, D.J.; Masters, N.; Kuballa, A.; Katouli, M. Commonality of adherent-invasive Escherichia coli isolated from patients with
extraintestinal infections, healthy individuals and the environment. Eur. J. Clin. Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin.
Microbiol. 2021, 40, 181–192. [CrossRef] [PubMed]

32. Katouli, M.; Nettebladt, C.G.; Muratov, V.; Ljungqvist, O.; Bark, T.; Svenberg, T.; Möllby, R. Selective translocation of coliform
bacteria adhering to caecal epithelium of rats during catabolic stress. J. Med. Microbiol. 1997, 46, 571–578. [CrossRef] [PubMed]

33. UK Health Security Agency (UKHSA) Culture Collections. Available online: https://www.culturecollections.org.uk/products/
celllines/generalcell/detail.jsp?refId=12040401&collection=ecacc_gc (accessed on 20 July 2022).

34. Chen, X.M.; Elisia, I.; Kitts, D.D. Defining conditions for the co-culture of Caco-2 and HT29-MTX cells using Taguchi design.
J. Pharmacol. Toxicol. Methods 2010, 61, 334–342. [CrossRef]

35. Hatje, E.; Neuman, C.; Katouli, M. Interaction of Aeromonas strains with lactic acid bacteria via Caco-2 cells. Appl. Environ.
Microbiol. 2014, 80, 681–686. [CrossRef]

36. Owrangi, B.; Masters, N.; Kuballa, A.; O’Dea, C.; Vollmerhausen, T.L.; Katouli, M. Invasion and translocation of uropathogenic
Escherichia coli isolated from urosepsis and patients with community-acquired urinary tract infection. Eur. J. Clin. Microbiol. Infect.
Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2018, 37, 833–839. [CrossRef]

37. Vollmerhausen, T.L.; Woods, J.L.; Faoagali, J.; Katouli, M. Interactions of uroseptic Escherichia coli with renal (A-498) and
gastrointestinal (HT-29) cell lines. J. Med. Microbiol. 2014, 63, 1575–1583. [CrossRef]

38. Elmi, A.; Nasher, F.; Jagatia, H.; Gundogdu, O.; Bajaj-Elliott, M.; Wren, B.; Dorrell, N. Campylobacter jejuni outer membrane
vesicle-associated proteolytic activity promotes bacterial invasion by mediating cleavage of intestinal epithelial cell E-cadherin
and occludin. Cell. Microbiol. 2016, 18, 561–572. [CrossRef] [PubMed]

39. Zhang, Y.Z.; Li, Y.Y. Inflammatory bowel disease: Pathogenesis. World J. Gastroenterol. 2014, 20, 91–99. [CrossRef]
40. Sartor, R.B. Therapeutic manipulation of the enteric microflora in inflammatory bowel diseases: Antibiotics, probiotics, and

prebiotics. Gastroenterology 2004, 126, 1620–1633. [CrossRef]
41. Joossens, M.; Huys, G.; Cnockaert, M.; de Preter, V.; Verbeke, K.; Rutgeerts, P.; Vandamme, P.; Vermeire, S. Dysbiosis of the faecal

microbiota in patients with Crohn’s disease and their unaffected relatives. Gut 2011, 60, 631–637. [CrossRef]
42. Martinez-Medina, M.; Aldeguer, X.; Lopez-Siles, M.; González-Huix, F.; López-Oliu, C.; Dahbi, G.; Blanco, J.E.; Blanco, J.; Garcia-

Gil, J.L.; Darfeuille-Michaud, A. Molecular diversity of Escherichia coli in the human gut: New ecological evidence supporting the
role of adherent-invasive E. coli (AIEC) in Crohn’s disease. Inflamm. Bowel Dis. 2009, 15, 872–882. [CrossRef]

43. Bretin, A.; Dalmasso, G.; Barnich, N.; Bonnet, R.; Nguyen, H.T. Alteration in microbiota composition contributes to chronic
inflammatory response triggered by Crohn’s disease-associated AIEC infection in GCN2 deficient mice. Gastroenterology 2017,
152, S988. [CrossRef]

44. Darfeuille-Michaud, A.; Boudeau, J.; Bulois, P.; Neut, C.; Glasser, A.-L.; Barnich, N.; Bringer, M.-A.; Swidsinski, A.; Beaugerie, L.;
Colombel, J.-F. High prevalence of adherent-invasive Escherichia coli associated with ileal mucosa in Crohn’s disease. Gastroen-
terology 2004, 127, 412–421. [CrossRef]

45. Bernet, M.F.; Brassart, D.; Neeser, J.R.; Servin, A.L. Lactobacillus acidophilus LA 1 binds to cultured human intestinal cell lines
and inhibits cell attachment and cell invasion by enterovirulent bacteria. Gut 1994, 35, 483–489. [CrossRef] [PubMed]

46. Todoriki, K.; Mukai, T.; Sato, S.; Toba, T. Inhibition of adhesion of food-borne pathogens to Caco-2 cells by Lactobacillus strains.
J. Appl. Microbiol. 2001, 91, 154–159. [CrossRef] [PubMed]

47. Tuomola, E.M.; Salminen, S.J. Adhesion of some probiotic and dairy Lactobacillus strains to Caco-2 cell cultures. Int. J. Food
Microbiol. 1998, 41, 45–51. [CrossRef]

http://doi.org/10.1093/jac/dkr292
http://doi.org/10.1186/s13756-020-00815-5
http://www.ncbi.nlm.nih.gov/pubmed/32977835
http://doi.org/10.3390/microorganisms8060857
http://www.ncbi.nlm.nih.gov/pubmed/32517179
http://doi.org/10.1002/0471140856.tx2006s47
http://www.ncbi.nlm.nih.gov/pubmed/21400683
http://doi.org/10.1016/S0016-5085(89)80072-1
http://doi.org/10.1016/j.mimet.2013.06.027
http://doi.org/10.1016/j.ejpb.2014.03.017
http://doi.org/10.1007/s10096-020-04066-5
http://www.ncbi.nlm.nih.gov/pubmed/33063232
http://doi.org/10.1099/00222615-46-7-571
http://www.ncbi.nlm.nih.gov/pubmed/9236741
https://www.culturecollections.org.uk/products/celllines/generalcell/detail.jsp?refId=12040401&collection=ecacc_gc
https://www.culturecollections.org.uk/products/celllines/generalcell/detail.jsp?refId=12040401&collection=ecacc_gc
http://doi.org/10.1016/j.vascn.2010.02.004
http://doi.org/10.1128/AEM.03200-13
http://doi.org/10.1007/s10096-017-3176-4
http://doi.org/10.1099/jmm.0.076562-0
http://doi.org/10.1111/cmi.12534
http://www.ncbi.nlm.nih.gov/pubmed/26451973
http://doi.org/10.3748/wjg.v20.i1.91
http://doi.org/10.1053/j.gastro.2004.03.024
http://doi.org/10.1136/gut.2010.223263
http://doi.org/10.1002/ibd.20860
http://doi.org/10.1016/S0016-5085(17)33347-4
http://doi.org/10.1053/j.gastro.2004.04.061
http://doi.org/10.1136/gut.35.4.483
http://www.ncbi.nlm.nih.gov/pubmed/8174985
http://doi.org/10.1046/j.1365-2672.2001.01371.x
http://www.ncbi.nlm.nih.gov/pubmed/11442725
http://doi.org/10.1016/S0168-1605(98)00033-6


Biomedicines 2022, 10, 2245 13 of 13

48. Hilgendorf, C.; Spahn-Langguth, H.; Regårdh, C.G.; Lipka, E.; Amidon, G.L.; Langguth, P. Caco-2 versus Caco-2/HT29-MTX
co-cultured cell lines: Permeabilities via diffusion, inside- and outside-directed carrier-mediated transport. J. Pharm. Sci. 2000, 89,
63–75. [CrossRef]

49. Guerin, J.; Soligot, C.; Burgain, J.; Huguet, M.; Francius, G.; El-Kirat-Chatel, S.; Gomand, F.; Lebeer, S.; Roux, Y.; Borges, F.; et al.
Adhesive interactions between milk fat globule membrane and Lactobacillus rhamnosus GG inhibit bacterial attachment to
Caco-2 TC7 intestinal cell. Coll. Surf. B Biointerfaces 2018, 167, 44–53. [CrossRef]

50. Ingrassia, I.; Leplingard, A.; Darfeuille-Michaud, A. Lactobacillus casei DN-114 001 inhibits the ability of adherent-invasive
Escherichia coli isolated from Crohn’s disease patients to adhere to and to invade intestinal epithelial cells. Appl. Environ.
Microbiol. 2005, 71, 2880–2887. [CrossRef]

51. Cornick, S.; Tawiah, A.; Chadee, K. Roles and regulation of the mucus barrier in the gut. Tissue Barriers 2015, 3, e982426. [CrossRef]
52. Darling, N.J.; Mobbs, C.L.; González-Hau, A.L.; Freer, M.; Przyborski, S. Bioengineering novel in vitro co-culture models that

represent the human intestinal mucosa with improved Caco-2 structure and barrier function. Front. Bioeng. Biotechnol. 2020, 8, 992.
[CrossRef] [PubMed]

http://doi.org/10.1002/(SICI)1520-6017(200001)89:1&lt;63::AID-JPS7&gt;3.0.CO;2-6
http://doi.org/10.1016/j.colsurfb.2018.03.044
http://doi.org/10.1128/AEM.71.6.2880-2887.2005
http://doi.org/10.4161/21688370.2014.982426
http://doi.org/10.3389/fbioe.2020.00992
http://www.ncbi.nlm.nih.gov/pubmed/32984279

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Cell Lines and Cell Culture 
	Adhesion Assays 
	Invasion Assay 
	Statistical Analysis 

	Results 
	Colonization Experiment 
	Invasion of AIEC 
	Correlation between Adhesion and Invasion 

	Discussion 
	References

