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Abstract: This study delves into the temporal dynamics of bacterial interactions in the gastroin-
testinal tract, focusing on how probiotic strains and pathogenic bacteria influence each other and
human health. This research explores adhesion, competitive exclusion, displacement, and inhibition
of selected diarrhoeagenic Escherichia coli (D-EAEC) and potential probiotic strains under various
conditions. Key findings reveal that adhesion is time-dependent, with both D-EAEC K2 and probiotic
L. plantarum FS2 showing increased adhesion over time. Surprisingly, L. plantarum FS2 outperformed
D-EAEC K2 in adhesion and exhibited competitive exclusion and displacement, with inhibition of
adhesion surpassing competitive exclusion. This highlights probiotics’ potential to slow pathogen
attachment when not in competition. Pre-infecting with L. plantarum FS2 before pathogenic infec-
tion effectively inhibited adhesion, indicating probiotics’ ability to prevent pathogen attachment.
Additionally, adhesion correlated strongly with interleukin-8 (IL-8) secretion, linking it to the host’s
inflammatory response. Conversely, IL-8 secretion negatively correlated with trans-epithelial elec-
trical resistance (TEER), suggesting a connection between tight junction disruption and increased
inflammation. These insights offer valuable knowledge about the temporal dynamics of gut bacteria
interactions and highlight probiotics’ potential in competitive exclusion and inhibiting pathogenic
bacteria, contributing to strategies for maintaining gastrointestinal health and preventing infections.

Keywords: EAEC strains; LAB strains; inflammation; intestinal barrier; tight junctions; cytokine
secretion; interleukin-8 (IL-8); bacterial infection dose (BID); epithelial cells; adhesion behaviour

1. Introduction

The intricate interplay between microbial communities within the human gastroin-
testinal tract has emerged as a pivotal factor influencing overall health [1,2]. Among the
diverse array of microbes inhabiting the gut, enteroaggregative Escherichia coli (EAEC)
has drawn particular attention due to its pathogenic nature and its association with gas-
trointestinal infections. EAEC stands out as a significant contributor to diarrheal diseases
worldwide [3,4]. Recognized for its ability to adhere to the intestinal mucosa, EAEC
often forms biofilms, complicating treatment and contributing to its persistence within
the host [5,6]. Epidemiologically, EAEC has been implicated in both sporadic cases and
outbreaks, affecting individuals across diverse age groups and geographical locations [7].
Its clinical relevance extends beyond acute gastroenteritis, as persistent infections have
been associated with chronic sequelae, highlighting the need for a deeper understanding of
the pathogen-host interactions [8,9].

EAEC, distinguished by its aggregative adherence and biofilm-forming capabilities,
represents a significant public health concern globally [10,11]. The factors contributing
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to EAEC’s pathogenicity, including adhesion mechanisms and biofilm formation, play
a crucial role in its ability to persist within the host’s gastrointestinal tract [11,12]. This
persistence contributes to the global epidemiology of EAEC infections, with a notable
impact on public health. Understanding these factors is essential for devising effective
strategies to mitigate the burden of EAEC-related gastrointestinal illnesses. EAEC exhibits
remarkable diversity in infection dynamics, adhesion mechanisms, IL-8 secretion, and
inflammatory responses within the gastrointestinal tract [10,13]. Variances in virulence fac-
tors, antimicrobial resistance profiles, and genetic makeup contribute to distinct pathogenic
potentials among EAEC strains [14,15]. This diversity intricately shapes the host–pathogen
interface, influencing the severity and duration of inflammatory cascades through IL-8
secretion [16,17]. Understanding this multifaceted diversity is pivotal for tailoring targeted
interventions, shedding light on the complex interactions governing EAEC infections, and
offering insights for innovative strategies in gastrointestinal health maintenance.

The pivotal role of epithelial cells lining the gastrointestinal mucosa in sensing and
responding to microbial challenges underscores the importance of understanding host
defence mechanisms [18]. In instances of infection and inflammation, these cells deploy
interleukin-8 (IL-8) as part of the host’s defence mechanism [19,20]. This study delves
into the intricate interactions at the host–pathogen interface, with a specific focus on
how EAEC influences IL-8 secretion and its subsequent impact on the host’s immune
response. The focal point of this research is the complex relationship between EAEC and
the inflammatory response within the gastrointestinal tract. The cascade triggered by EAEC
infections involves the activation of various host factors, with IL-8 emerging as a pivotal
player in this intricate process [20]. Functioning as a potent chemokine, IL-8 orchestrates the
recruitment and activation of immune cells, thereby shaping the overall immune landscape
within the gastrointestinal tract [21,22]. This dynamic interaction is crucial for deciphering
the underlying mechanisms of EAEC pathogenesis, laying the groundwork for potential
targeted therapeutic interventions [6].

In the intricate landscape of gastrointestinal infections, IL-8 takes centre stage as a
central player, initiating an inflammatory response to combat invading pathogens [23,24].
Particularly within the context of EAEC infections, IL-8′s role becomes pronounced, influ-
encing the severity and duration of the inflammatory cascade within the gastrointestinal
tract [23,25]. The comprehensive exploration of EAEC pathogenicity, coupled with an
in-depth analysis of its interaction with IL-8, yields valuable insights into the delicate
balance governing gastrointestinal health. This understanding opens potential avenues for
therapeutic interventions aimed at restoring equilibrium within the intricate host–pathogen
interplay [23,25]. Beyond its role in infection, IL-8 holds significant implications for gas-
trointestinal health [26]. Its intricate involvement in maintaining mucosal integrity, immune
surveillance, and overall homeostasis within the gastrointestinal mucosa emphasizes the
paramount importance of a well-regulated IL-8 response [27,28]. Dysregulation of IL-8
levels is associated with pathological conditions within the gut, including inflammatory
bowel diseases (IBD) and various gastrointestinal infections [29]. This study places a spe-
cific emphasis on IL-8 due to its relevance in the context of EAEC infections. The link
between EAEC, IL-8 dysregulation, and the development of gastrointestinal pathologies
provides a rationale for exploring targeted interventions. By modulating IL-8 responses,
this research aims to contribute to the restoration of gastrointestinal health. The synergistic
exploration of EAEC pathobiology and IL-8 dynamics offers a holistic understanding of the
complex interplay shaping gastrointestinal health, paving the way for innovative strategies
in disease prevention and intervention.

In this context, our study investigates several critical factors that influence IL-8 se-
cretion and barrier integrity, including EAEC strain specificity, the impact of the Bacterial
Infection Dose (BID), bacterial modes of infection, and the duration of infection (treatment
time, TT). Our objective is to unravel the complex mechanisms underlying the crosstalk
between EAEC-induced inflammation, LAB-mediated protection, and the maintenance of
intestinal barrier function. This knowledge will not only advance our understanding of
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host–pathogen interactions but also shed light on the potential of LAB strains as therapeutic
agents for gastrointestinal health.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

In this study, we employed two strains of diarrhoeagenic E. coli, namely 3591-87 and
K2, alongside a non-diarrhoeagenic E. coli strain, (ND-EAEC) N23. These strains were
isolated from unpasteurized fresh milk, except for 3591-87, which served as a positive
clinical reference control [30,31] (Table 1). For our investigation, we selected two lactic acid
bacteria (LAB) strains, L. plantarum FS2 and P. pentosaceus D39. These LAB strains exhibited
promising probiotic characteristics and were chosen from a previous study involving the
traditional non-alcoholic fermentation of maize to produce a West African gruel known as
‘Ogi’ [32]. Additional details regarding the LAB strains, including the probiotics used in
this study and their respective culturing conditions, are detailed in Table 1.

Table 1. Bacterial strains, sources, and culturing conditions for selected enteroaggregative E. coli
(EAEC) and lactic acid bacteria (LAB) strains.

Bacteria Strain Characteristic Source

EAEC, 3591-87 a Clinical and diarrhoeagenic (positive reference strain) NICD of NHLS c

EAEC, K2 a Diarrhoeagenic Unpasteurised fresh milk d

EAEC, N23 a Non-Diarrhoeagenic Unpasteurised fresh milk d

B. bifidum, ATCC 11863 b Reference probiotic bacteria ATTC Collections e

L. plantarum, FS2 b Promising probiotic characteristics Traditional fermented food (ogi) f

P. pentosaceus, D39 b Promising probiotic characteristics Traditional fermented food (ogi) f

a These strains were revived and cultured in tryptone soy broth, periodically plated on tryptone soy agar and
on sorbitol McConkey agar for enumeration and incubated statically (37 ◦C, 18 h). b These LAB were revived
and cultured in de Mann Rogosa and Sharpe (MRS) broth, plated on MRS agar for enumeration and incubated
statically (37 ◦C, 18 h). c This EAEC strain was obtained from the National Institute for Communicable Diseases
(NICD), a division of the National Health Laboratory Service (NHLS), Johannesburg, Republic of South Africa.
d These strains were obtained as isolates from previous studies [30,31]. e Obtained from American Type Culture
Collection (ATCC, USA). f Obtained as isolates from previous studies [32].

2.2. Cell Culturing and Maintenance Conditions

We obtained human epithelial intestinal cells from colorectal adenocarcinoma, specif-
ically Caco-2 cells (ATCC catalogue number, HTB-37, Manassas, VA, USA). These cells
were maintained in Dulbecco’s modified Eagle medium (DMEM; Gibco, ThermoFisher,
Waltham, MA, USA) supplemented with 4500 mg/L D-glucose, non-essential amino acids,
and 110 mg/L of sodium pyruvate, as previously described [33].

To support their growth, the medium was further enriched with 10% (v/v) gamma-
irradiated, heat-inactivated foetal bovine serum (FBS, Gibco, ThermoFisher, Waltham, MA,
USA) and 1% penicillin-streptomycin. The cells were primarily cultured in T75 (75 cm2) cell
culture flasks (catalogue number 658940, Greiner Bio-One GmbH, Frickhausen, Germany).
Subculturing occurred at 60 to 70% confluence, with a 1:3 ratio, followed by incubation
at 37 ◦C with 5% CO2 in a CO2 humidified environment (95% air) using an incubator
(Healforce, HF 212UV, Hong Kong, China). Subculturing took place every 3–5 days after
trypsinization with 0.5% trypsin-EDTA (ThermoFisher, Waltham, MA, USA).

The cell monolayers were considered polarized when their trans-epithelial electrical
resistance (TEER) values measured at least 1000 Ω cm2. Therefore, for this study, we
utilized polarized Caco-2 cell monolayers (PCC-2CMLs) with TEER values ranging from
approximately 1000 to 2000 Ω cm2, based on previous research [34]. Monolayers with TEER
values below 1000 Ω cm2 were excluded due to the potential for increased permeability.

We employed Caco-2 cells from passages 30–39 for all experiments, ensuring that the
cell cultures were routinely examined and confirmed to be free of bacterial and mycoplasma
contamination before each use. At least two hours prior to conducting various experiments,
the cells were nourished with serum- and antibiotic-free medium.
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2.3. Preparation of Epithelial Cells for Inflammation Assays

Caco-2 cells were seeded at a density of 5.0× 105 cells/1.12 cm2 using Corning 12-well
plates with sterile Coaster Snapwell collagen-coated filter inserts (Transwell®-COL, 12 mm
diameter, 1.12 cm2 cell growth area, 0.4 µm pore with CN, 3493, Corning B.V., Glendale, AZ,
USA). After seeding, the cells underwent a 21-day differentiation process. In preparation
for bacterial infection, PCC-2CMLs were washed with phosphate-buffered saline (PBS)
three times to remove foetal bovine serum (FBS) and antibiotics. Approximately 2 h prior to
infection, freshly prepared DMEM (contained 4500 mg/L D-glucose, non-essential amino
acids, and 110 mg/L sodium pyruvate but without FBS and antibiotics) was added to both
the apical and basolateral compartments of the wells, with and without epithelial cells
facilitating the subsequent experiments.

2.4. The Effects of EAEC and LAB on Epithelial Barrier Integrity

In this study, we assessed the ability of selected LAB strains to protect and maintain
epithelial-like PCC-2CMLs from the damaging effects of diarrhoeagenic EAEC. Briefly, 18 h old
bacterial cultures were standardized [6.0 × 108 CFU/mL for EAEC and 6.0 × 109 CFU/mL
for LAB (Table 1)] using PBS and a McFarland densitometer (DEN-1 Model, Grant bio,
Sia Biosan, Riga, Latvia). These strains were then homogenized in serum- and antibiotic-free
DMEM to achieve final bacterial densities of (EAEC, 6.0× 107 and LAB, 6.0 × 108 CFU/mL).

Selected wells containing PCC-2CMLs were either monoinfected by replacing the cell
culture medium in the apical chambers with 25 µL of DMEM-bacterial suspension and PBS
or coinfected with combinations of 25 µL each of an EAEC strain (3591-87, K2, and N23)
and a LAB strain (B. bifidum ATCC 11863, L. plantarum FS2, and P. pentosaceus D39, as listed
in Table 2). These challenged PCC-2CMLs were then incubated at 37 ◦C in the presence
of 5% CO2 for 6 h. We measured the initial and final resistance across the PCC-2CMLs
to determine TEER. Additionally, 25 µL of supernatants from the apical chamber were
harvested and stored at −20 ◦C for subsequent IL-8 assay [34].

Table 2. Enteroaggregative E. coli (EAEC) and lactic acid bacteria (LAB) interaction template used for
infecting Caco-2 cell monolayers for most experiments.

LAB Strains
EAEC Strains

3591-87 K2 N23

11863 3591-87 + 11863 K2 + 11863 N23 + 11863
FS2 3591-87 + FS2 K2 + FS2 N23 + FS2
D39 3591-87 + D39 K2 + D39 N23 + D39

Note: The EAEC strains include 3591-87, K2, K3, K16, and N23 and the LAB include L. acidophilus, ATCC 4356 and
Bifidobacterium bifidum, ATCC 11863, L. plantarum, FS2, and P. pentosaceus, D39, respectively.

2.5. Effect of the Bacterial Infection Dose (BID) on Epithelial Barrier Integrity

We monitored the effect of the D-EAEC K2 infection dose on TEER and IL-8 induction
as previously reported [35] with a few modifications. Briefly, EAEC K2 cultures (18 h old)
were standardized (1.5 × 109 CFU/mL) as previously described (Section 2.2). The bacterial
cells were homogenized with serum- and antibiotic-free DMEM to a final concentration of
(1.5 × 108 CFU/mL). This bacterial cell-culture medium suspension was taken through ten-
fold serial dilutions with further homogenizations to obtain various bacterial concentrations
up to 1.5 × 102 CFU/mL and then used to challenge PCC-2CMNLs by replacing the
serum- and antibiotic-free DMEM with the bacterial suspension followed by incubation
(Section 2.2). The initial and final resistance measurements were taken across the PCC-
2CMLs for the estimation of TEER, whilst supernatants were harvested and kept (−20 ◦C)
for IL-8 assay as previously described [34].
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2.6. Bacterial Infection Mode and Treatment Time (TT) Effects on Epithelial Barrier Integrity

This assay was carried out to determine the effect of TT and bacterial infection mode;
1. Simultaneously with EAEC and LAB; 2. With EAEC an hour before LAB; or 3. LAB an
hour before EAEC on TEER and IL-8 of the PCC-2CMNLs termed bacterial competitive
exclusion from adhesion assay (BCEFAA), bacterial displacement from adhesion assay
(BDFAA), and bacterial inhibition from adhesion assay (BIFAA), respectively. This study
was restricted to EAEC K2 and L. plantarum FS2. Bacterial cultures (18 h old) were stan-
dardized (1.5 × 108 and 1.5 × 109 CFU/mL) (Section 2.2) and used to infect PCC-2CMNLs
in different modes [33] resulting in final BIDs of 7.5 × 107 and 7.5 × 108 CFU/well for
EAEC and LAB, respectively. The challenged PCC-2CMNLs were incubated (37, 5% CO2)
and assessed for their initial and final TEERs (at 4, 8, 12, 16, 20, 24 and 28 h) whilst their
corresponding supernatants were collected from the apical chambers and stored (−20 ◦C)
for IL-8 assay as previously described [34].

2.7. Bacterial Mode of Infection and TT Effects on Adhesion

This study aimed to determine the effects of TT and different modes of infection on the
competence of bacterial adhesion to PCC-2CMNLs. The selected bacterial cultures (EAEC
K2 and L. plantarum FS2, 18 h old) were standardized as described earlier (Section 2.2). The
PCC-2CMNLs were mono- and coinfected in different modes with the selected bacteria [33]
and resulting final bacterial infection densities (Section 2.2). The experimental setups were
then incubated (Section 2.2). The bacterial cells (EAEC and LAB) were evaluated for their
competence for adhesion to the monolayers (2, 4, 8, 12, 16, 20, 24 and 28 h).

2.8. Interleukin 8 (IL-8) Assay

A commercially available sandwich Enzyme Linked-Immunosorbent Assay (ELISA)
kits (Elabscience Biotechnology Inc., Houston, TX, USA) (CN, E-EL-H0048) was purchased
and used to evaluate IL-8 strictly according to the manufacturer’s instructions. Briefly,
anti-human IL-8 pre-coated 96 well strip plates were individually treated with serially
diluted reference standards and then incubated [room temperature (RT), 1 h]. The plates
were washed (3×) with PBS followed by treatment of each well with biotinylated antibody
reagent and incubation (RT, 1 h). The plates were washed again (3×) followed by treatment
with 100 µL of streptavidin-horseradish peroxidase (HRP) solution, covered with Petri film
and then incubated (25 ◦C, 30 min). This was followed by washing (3×) and then treatment
of each well with 100 µL of TMB (3,3′,5,5′-tetramethylbenzidine). The plates were further
incubated (RT, 30 min, dark room). Each well was finally treated with 100 µL of the stop
solution to terminate the reactions. The optical density readings (500 nm) of the plates
were measured using a filter-based multi-mode microplate reader (FLUOstar Omega, BMG
LabTech, Ortenberg, Germany). The entire experiment was repeated by replacing the seri-
ally diluted reference standards with the thawed and preincubated (RT, 15 min) harvested
supernatants. The IL-8 concentrations of the samples were calculated with reference to the
linear equation generated from the optical densities of the reference standards.

2.9. Trans-Epithelial Electrical Resistance (TEER) Assay

This assay was carried out by following previously laid down protocols [34] with a few
modifications. The electrical resistance was measured across the monolayers (from the api-
cal to the basolateral sides) using a Millicell ERS-2 electrode (MERSSTX01) volts/ohmmeter
resistance system (Millipore Corporation, Bedford, MA, USA). To obtain the true resistance
values, the background resistance for the cell culture membrane inserts with (the serum-
and antibiotic-free) medium was subtracted from the initial and final resistance readings.
The TEER value was obtained as a product of the resistance value and the cell culture insert
membrane area in cm2.
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2.10. Statistical Analysis

All experiments were independently conducted in triplicates. Except for the analysis
of the effects of bacterial treatment and TT on bacterial adhesion and TEER using a two-
way analysis of variance (ANOVA), all other data were subjected to analysis using the
one-way ANOVA tool-pack of Statgraphics Centurion XIX [36]. Results were compared at a
95% confidence level, and mean values with p ≤ 0.05 were deemed statistically significant.
Multiple range tests were performed using Fisher’s least significant difference. The obtained
data was primarily utilized to create bar charts, visually representing the statistical findings.
Correlation analysis was conducted by pairing variables, including bacterial adhesion,
TEER and IL-8 secretion from the Caco-2 monolayers, at a 95% confidence level using the
correlation analysis tool-pack of Statgraphics Centurion XIX [36].

3. Results and Discussion
3.1. Cytokine Secretion from Caco-2 Monolayers in the Presence or Absence of EAEC and LAB

Our results demonstrate that both EAEC and LAB induce the secretion of the proin-
flammatory cytokine interleukin-8 (IL-8) from PCC-2CMNLs. However, the amount of
IL-8 induced by LAB strains was significantly lower (p < 0.05) than that induced by EAEC
strains (Figure 1).
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Figure 1. The effect of enteroaggregative E. coli (EAEC) and lactic acid bacteria (LAB) on the induction
of interleukin 8 (IL-8) from polarized Caco-2 cell monolayers. The EAEC include diarrhoeagenic
3591-87 and K2 and a non-diarrhoeagenic (N23) strains. B. bifidum; ATCC, 11863 L. plantarum,
FS2 and P. pentosaceus, D39 constitute the lactic acid bacteria (LAB) strains. Each bar is a mean of
two independent replicates (n = 4) with its corresponding standard deviation. Bars with different
letters (a–k) indicate significant differences (p < 0.05) according to Fisher’s LSD test.

In monoinfections with EAEC strains, D-EAEC K2 induced the highest level of IL-8
secretion, followed by the clinical positive reference D-EAEC 3591-87, and then ND-EAEC
N23, resulting in fold increases of 14.5, 13.3, and 4.2, respectively, compared to control
setups. These results aligned with findings by [33] during which D-EAEC K2 and ND-EAEC
N23 exhibited the highest and the lowest adhesion scores, respectively.

The selected LAB strains exhibited varying degrees of mitigation against the three
EAEC strains in their ability to induce IL-8 secretion, depending on strain specificity.
Particularly, against the clinical D-EAEC reference strain 3591-87, P. pentosaceus D39 re-
duced IL-8 induction the most, followed by B. bifidum ATCC 11863, and then L. plantarum
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FS2, with reductions of 198.53 pg/mL (52.4%), 184.9 pg/mL (48.8%), and 145.8 pg/mL
(38.5%), respectively.

Concerning D-EAEC K2, B. bifidum ATCC 11863 demonstrated the highest mitigation
of IL-8 secretion, followed by L. plantarum FS2, and then P. pentosaceus D39, with reductions
of 265.6, 230.2, and 203.7 pg/mL, corresponding to 64.4%, 55.6%, and 49.4%, respectively. L.
plantarum FS2 showed the most significant mitigation against ND-EAEC N23, followed by
P. pentosaceus D39, and then B. bifidum ATCC 11863, resulting in reductions of 63.3, 48.6,
and 39.5 pg/mL, signifying 53.5%, 41.3%, and 33.4%, respectively.

These results were unexpected, as we anticipated L. plantarum FS2 to have the highest
mitigatory effect against the selected EAEC strains. This is because this LAB strain exhibited
the highest adhesion ability to the PCC-2CMNLs and demonstrated excellent competitive
exclusion, displacement, and inhibitory abilities against most EAEC strains [33].

Numerous studies have shown that various cytokines regulate intercellular tight
junctions, cytoskeletal structure, and function [37]. IL-8 is a well-known proinflammatory
cytokine that recruits neutrophils, antigen-presenting cells, and other immune cells to sites
of tissue injury or infection. It has also been associated with pathogen-induced alterations
in intercellular tight junctions [38].

Our current study reveals that, except for ND-EAEC N23, the other two D-EAEC
strains were associated with significant increases in IL-8 secretion. In contrast, the selected
LAB strains were mostly associated with lower levels of IL-8 expression, suggesting the
potential for mitigating intestinal epithelial inflammation while preserving epithelial barrier
integrity and function.

Our results indicate that monoinfection with the pathogens, EAEC 3591-87 and K2,
led to higher levels of inflammation (IL-8 secretion) than coinfections with the selected
LAB strains. These findings were consistent with [39,40]. In contrast, inflammation due to
monoinfection with LAB was significantly lower (p < 0.05) than that with the pathogens
agreeing with results from [39].

Earlier studies have indicated that the levels of induced IL-8 moderately correlate
with endothelial and epithelial permeability, suggesting that IL-8 can be a reliable in vitro
biomarker for assessing the severity of inflammatory-related illnesses. However, it is worth
noting that IL-8 may not immediately reflect changes in endothelial/epithelial permeability
and may take up to two days to significantly affect the permeability of the model [39]. This
delay is attributed to the low levels of secreted IL-8, which predominantly occur during the
first post-infection day.

3.2. BID Effect on IL-8 Induction

The results regarding the effect of the bacterial infection dose (BID) on EAEC K2′s
ability to induce IL-8 from the differentiated Caco-2 cell monolayers (DCC-2CMLs) indicate
a dose-dependent relationship (Figure 2). IL-8 secretion increased from the control setups
to those treated with a final bacterial concentration of 3.7 log10 (CFU/well), resulting in an
increase of 208.4 pg/mL (4.1-fold). Subsequently, the IL-8 induction ability of this D-EAEC
strain continued to increase, reaching 262.4, 309.4, 315.4, 325.5, 345.8, and 360.3 pg/mL,
signifying 4.9, 5.6, 5.7, 5.9, 6.2, and 6.4-fold increases relative to the controls for the DCC-
2CMLs infected with 4.7, 5.7, 6.7, 7.7, 8.7, and 9.7 log10 (CFU/well), respectively.

The adhesion and colonization of the gut by enteropathogens stimulate the host’s
innate inflammatory response, leading to the secretion of IL-8 and other pro-inflammatory
substances. This, in turn, attracts neutrophils and other inflammatory cells to the site of
infection. However, prolonged, and excessive neutrophil infiltration can lead to persis-
tent inflammation, ultimately resulting in cell damage, deterioration of epithelial barrier
function, and the onset of diarrhoea.
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Our results clearly demonstrate that the selected LAB strains did not trigger IL-8
secretion from the PCC-2CMLs. Moreover, a LAB dose of approximately 108 CFU/mL
proved effective in preventing IL-8 secretion by the PCC-2CMLs, consistent with prior
research findings [35]. These results suggest that the selected LAB strains may have the
potential to prevent enteropathogens from inducing IL-8 secretion.

It is worth noting that enteropathogen-induced gut inflammation can alter the compo-
sition and stability of the gut microbiome, disrupt colonization resistance, and promote
the proliferation of pathogens within the gut [41]. The fact that L. plantarum FS2 and P. pen-
tosaceus D39 competitively excluded, displaced, and inhibited D-EAEC from the intestinal
epithelium suggests that they could be promising candidates for the development of func-
tional foods. Per our expectations however, our findings presented a divergent perspective
compared to the data reported in prior studies [42]. Specifically, our results revealed a
direct correlation between the BID and the IL-8 response of intestinal epithelial cells.

Our results align with our expectations, demonstrating a proportional relationship
between the BID and the IL-8 response of intestinal epithelial cells. As the BID increases,
the adherence of enteropathogens to the epithelial cells also increases, leading to elevated
secretion of the proinflammatory cytokine, consistent with previous findings [35].

3.3. Bacterial Infection Mode and TT Effects on IL-8 Secretion

Our findings (Figure 3), reveal a significant impact of TT (incubation time) on EAEC
K2′s ability to induce the secretion of IL-8 in contrast to untreated DCC-2CMLs and those
treated with L. plantarum FS2 (p < 0.05). Unlike LAB, the IL-8 induction ability of EAEC K2
displayed a progressive increment after the 8th, 12th, 16th, 20th, 24th, and 28th hours, by
0.5, 1.2, 2.1, 2.4, 3.0, and 3.3-fold, respectively.
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Figure 3. The effect of bacterial (enteroaggregative E. coli, EAEC, K2 and L. plantarum, FS2) infection
mode and treatment time on IL-8 induction from polarised Caco-2 cell monolayers. Each bar is a
mean of two independent replicates (n = 4) with its corresponding standard deviation. Bars with
different letters (a–m) indicate significant differences (p < 0.05) according to Fisher’s LSD test.

Results from the BCEFAA showed continuous increments from the 4th to the 8th and
12th hours, by 0.4 and 0.9-fold, respectively compared to the 4th hour, after which the rate
of increment declined from the 16th hour onwards, with values of 0.7, 0.6, 0.4, and 0.3-fold
relative to the 4th hour, respectively. Similarly, results from the BDFAA demonstrated
increments in IL-8 secretion from the 4th to the 12th hour, with an additional 0.7-fold
compared to the 4th hour. This increase gradually reduced up to the 28th hour, with an
additional 0.3-fold relative to the 4th hour. Likewise, results from the BIFAA showed a
gradual increase in IL-8 secretion up to the 12th hour, by 0.7-fold, which subsequently
reduced up to the 28th hour, by 0.4-fold compared to the 4th hour.

Our results indicate that from the 4th to the 12th hour, both BCEFAA and BDFAA did
not reduce but rather increased IL-8 secretion due to pathogen virulence. This observation
could be attributed to the fact that the reduction in IL-8 induction required a relatively
longer period. These two modes of infection eventually led to a reduction in IL-8 secretion
from the 16th to the 28th hour.

The IL-8 induction pattern during BIFAA differed from the two previous modes of
bacterial infection. No difference was observed between the setup for infection of the Caco-
2 monolayers with pure EAEC K2 alone and those infected with Lactobacillus plantarum
FS2, followed by EAEC K2 during BIFAA after the 8th hour. This suggests that the prior
infection of DCC-2CMLs with LAB before EAEC K2 could not confer any protection against
pathogen virulence. From the 12th to the 28th hour, this infection mode consistently
reduced the IL-8 secretion effect of EAEC K2.

Our results showed significant reductions in epithelial barrier function caused by
enteropathogens’ virulence, coupled with IL-8 secretion mainly based on BID and TT
which further support findings from earlier studies [35,43]. Studies involving coinfection,
such as Anaplasma phagocytophilum and B. burgdorferi, have shown that secreted IL-8 levels
correspond to tight junction formation (TEER), suggesting IL-8′s role as a biomarker for
assessing the severity of infections [44] Disruption of intercellular tight junction proteins
and increased endothelial permeability have been linked to higher IL-8 secretion [45].
Consequently, higher severity, as indicated by increased endothelial permeability, may
be associated with elevated IL-8 levels, as demonstrated in monoinfection with EAEC
compared to coinfection with the selected LAB.
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In a separate study on HIV infection, higher IL-8 levels were associated with enhanced
viral replication [46]. Moreover, increased endothelial permeability correlated with higher
viral dose [47], also supporting the findings of this study.

3.4. Effects of Bacterial Monoinfection on TEER

The results obtained from monoinfected DCC-2CMLs revealed distinct effects on TEER.
B. bifidum ATCC 11863 caused a 6.2% reduction in TEER compared to the control setups
(non-infected DCC-2CMLs), decreasing from 104.6% to 98.5%. Similarly, monoinfection
with L. plantarum FS2 and P. pentosaceus D39 led to a TEER deterioration of 9.0% and 7.3%,
bringing TEER values down to 95.6% and 97.3%, respectively from the experimental control
(Figure 4).

Microorganisms 2023, 11, x FOR PEER REVIEW 10 of 20 
 

 

correspond to tight junction formation (TEER), suggesting IL-8′s role as a biomarker for 

assessing the severity of infections [44] Disruption of intercellular tight junction proteins 

and increased endothelial permeability have been linked to higher IL-8 secretion [45]. 

Consequently, higher severity, as indicated by increased endothelial permeability, may be 

associated with elevated IL-8 levels, as demonstrated in monoinfection with EAEC com-

pared to coinfection with the selected LAB. 

In a separate study on HIV infection, higher IL-8 levels were associated with en-

hanced viral replication [46]. Moreover, increased endothelial permeability correlated 

with higher viral dose [47], also supporting the findings of this study. 

3.4. Effects of Bacterial Monoinfection on TEER 

The results obtained from monoinfected DCC-2CMLs revealed distinct effects on 

TEER. B. bifidum ATCC 11863 caused a 6.2% reduction in TEER compared to the control 

setups (non-infected DCC-2CMLs), decreasing from 104.6% to 98.5%. Similarly, mo-

noinfection with L. plantarum FS2 and P. pentosaceus D39 led to a TEER deterioration of 

9.0% and 7.3%, bringing TEER values down to 95.6% and 97.3%, respectively from the 

experimental control (Figure 4). 

 

Figure 4. The effect of enteroaggregative E. coli (EAEC) and lactic acid bacteria (LAB) on transepi-

thelial electrical resistance (TEER) of polarised Caco-2 cell monolayers. The EAEC include diarrhoe-

agenic 3591-87 and K2 and a non-diarrhoeagenic (N23) strains. B. bifidum; ATCC, 11863 L. plantarum, 

FS2 and P. pentosaceus, D39 constitute the lactic acid bacteria (LAB) strains. Each bar is a mean of 

two independent replicates (n = 4) with its corresponding standard deviation. Bars with different 

letters (a–h) indicate significant differences (p < 0.05) according to Fisher’s LSD test. 

Among the EAEC strains, D-EAEC K2 significantly decreased TEER scores by 46.0 to 

58.6% (p < 0.05). Following this, the clinical positive reference strain D-EAEC 3591-87 ex-

hibited a decrease of 39.1%, resulting in a TEER of 65.5%, and ND-EAEC N23 showed the 

least reduction of 18.7%, with a TEER of 86.0%. Our findings for both EAEC and LAB 

strains underscored the strain-specific effects, aligning with prior studies [33]. 

The measurement of TEER plays a pivotal role in assessing structural and functional 

maintenance, directly linked to epithelial barrier integrity and permeability [35,48]. TEER 

measurements rely on both cellular and shunt resistances, which operate in parallel. In-

terestingly, none of the three LAB strains demonstrated any detrimental effects; instead, 

they improved and maintained epithelial barrier integrity, consistent with earlier research 

findings [35,49]. 

In a separate study, certain LAB strains, such as Lactobacillus rhamnosus HN001, L. 

rhamnosus L34, Lactobacillus acidophilus, and L. plantarum, were reported to significantly 

Figure 4. The effect of enteroaggregative E. coli (EAEC) and lactic acid bacteria (LAB) on transepithe-
lial electrical resistance (TEER) of polarised Caco-2 cell monolayers. The EAEC include diarrhoeagenic
3591-87 and K2 and a non-diarrhoeagenic (N23) strains. B. bifidum; ATCC, 11863 L. plantarum, FS2
and P. pentosaceus, D39 constitute the lactic acid bacteria (LAB) strains. Each bar is a mean of two
independent replicates (n = 4) with its corresponding standard deviation. Bars with different letters
(a–h) indicate significant differences (p < 0.05) according to Fisher’s LSD test.

Among the EAEC strains, D-EAEC K2 significantly decreased TEER scores by 46.0
to 58.6% (p < 0.05). Following this, the clinical positive reference strain D-EAEC 3591-87
exhibited a decrease of 39.1%, resulting in a TEER of 65.5%, and ND-EAEC N23 showed
the least reduction of 18.7%, with a TEER of 86.0%. Our findings for both EAEC and LAB
strains underscored the strain-specific effects, aligning with prior studies [33].

The measurement of TEER plays a pivotal role in assessing structural and functional
maintenance, directly linked to epithelial barrier integrity and permeability [35,48]. TEER
measurements rely on both cellular and shunt resistances, which operate in parallel. In-
terestingly, none of the three LAB strains demonstrated any detrimental effects; instead,
they improved and maintained epithelial barrier integrity, consistent with earlier research
findings [35,49].

In a separate study, certain LAB strains, such as Lactobacillus rhamnosus HN001,
L. rhamnosus L34, Lactobacillus acidophilus, and L. plantarum, were reported to significantly
reduce pathogen virulence [50]. On the other hand, LAB strains like L. plantarum and
L. rhamnosus were shown to stimulate the host immune response [51,52]. Our current study
indicates that the selected LAB strains have a positive impact on improving intercellular
tight junctions.
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3.5. Effects of LAB and EAEC Coinfection on TEER

The co-infection of the EAEC with the three selected LAB strains demonstrated varying
abilities of the latter in ameliorating TEER levels, which had been adversely affected by
the deteriorative effects of EAEC on the PCC-2CMLs. After a six-hour treatment period,
PCC-2CMLs, previously monoinfected with D-EAEC K2, displayed the most substantial
TEER restoration. Notably, P. pentosaceus D39 led this restoration, achieving a remarkable
improvement of 30.2%, with TEER levels increasing from 58.6% to 88.8% (Figure 4).

L. plantarum FS2 also exhibited notable competence in countering the effects of D-
EAEC K2, resulting in a TEER increase of 25.8%, reaching 84.4%. Additionally, P. pentosaceus
D39 effectively restored TEER levels disrupted by D-EAEC 3591-87, showing a substantial
22.2% increase, reaching 87.7%. Furthermore, B. bifidum ATCC 11863 demonstrated its
efficacy by achieving an 18.8% TEER increase when countering the effects of D-EAEC K2,
with levels reaching 77.8%. Lastly, B. bifidum ATCC 11863 also exhibited an 18.8% TEER
increase when combating D-EAEC 3591-87, resulting in a TEER value of 84.4%.

The reductions in TEER, leading to cellular structural damage and cytokine induction,
exhibited variations among bacterial species and strains, irrespective of pathogenicity.
Notably, scanning electron micrographs showed that coculturing PCC-2CMLs with EAEC
for 18 h predominantly deteriorated the integral structure of the Caco-2 cells (Figure 5).
Specifically, D-EAEC 3591-87 and K2 had a more pronounced impact on reducing TEER in
PCC-2CMLs compared to their non-diarrheagenic counterpart, EAEC N23, as well as the
LAB strains (as observed in Figure 4).
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Figure 5. Scanning electron micrographs showing the adhesion of enteroaggregative E. coli and Lacid
bacteria strains to differentiated Caco-2 (epithelial) monolayers. Plates (A1,A2) shows untreated
differentiated Caco-2 cell monolayers whilst Plates (B–D) shows the adhesion of diarrhoeagenic
enteroaggregative E. coli (D-EAEC) 3591-87 and K2, and then non-diarrhoeagenic enteroaggregative
E. coli (ND-EAEC), N23, respectively. Plates (E–G) also shows Caco-2 cell monolayers infected with B.
bifidum, ATCC 11863; L. plantarum, FS2, and P. pentosaceus, D39, respectively. The white arrows were
either pointing at EAEC and LAB cells attached to the epithelial cells.

In our current study, PCC-2CMLs underwent challenges by EAEC in the presence
or absence of different adhering LAB strains. At the end of the treatment, unchallenged
monolayers maintained their TEER values, thus preserving their intestinal barrier integrity,
consistent with reported findings [35]. This observation was consistent with the results
obtained for PCC-2CMLs treated with the selected LAB. In these cases, the TEER values for
the PCC-2CMLs remained relatively stable, highlighting the LAB’s ability to uphold inter-
cellular barrier integrity and function [53,54]. However, when PCC-2CMLs were challenged
with D-EAEC, reductions in TEER were observed, as previously reported [35,55]. These
reductions in TEER indicate deteriorations in intestinal barrier integrity and demonstrate
some strain-dependent effects, aligning with prior studies [35,56].

Interestingly, the three LAB strains, when cocultured independently with PCC-2CMLs
over the 6 h incubation period, did not appear to significantly influence TEER levels. It’s
worth noting that reductions in TEER can result from cytotoxic pore formation in cells, but
this phenomenon also depends on the physiological regulation of intercellular tight junc-
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tions [57,58]. These tight junctions are primarily maintained by proteins such as claudins,
occludins, and zonal occludins (ZO), including ZO-1, ZO-2, and ZO-3 proteins [59,60].

3.6. BID Effect on TEER

The impact of the bacterial infection dose (BID) on TEER was assessed using EAEC K2
as the model organism. The results depicted in Figure 6 illustrate an exponential decline in
TEER as the BID increases.
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Figure 6. The effect of bacterial (enteroaggregative E. coli, EAEC, K2) infection dose on transep-
ithelial electrical resistance (TEER) of polarized Caco-2 cell monolayers. Each bar is a mean of
two independent replicates (n = 4) with its corresponding standard deviation. Bars with different
letters (a–f) indicate significant differences (p < 0.05) according to Fisher’s LSD test.

Uninfected PCC-2CMLs exhibited the highest TEER value, indicating the integrity of
intercellular tight junctions, which are essential for maintaining epithelial barrier integrity
and function (97.3%). However, upon exposure to a BID of 0.36 log10/well, the epithelial
barrier’s integrity, represented by TEER, experienced a significant (p < 0.05) reduction
of 20.8%, resulting in a TEER value of 76.4%. This deterioration continued as the BID
increased to 1.36 log10/well, leading to a further decline in TEER by 38.7%, resulting in a
TEER value of 58.5%.

The trend persisted until the epithelial barrier’s integrity reached a drastic reduction
by 95.2%, culminating in a final TEER value of only 2.0%. This study unequivocally
demonstrates the direct relationship between the BID and epithelial barrier integrity (TEER),
with higher BID values corresponding to lower TEER values and compromised intercellular
tight junctions.

As previously reported [61,62], bacterial adhesion tends to increase with the infection
dose. Notably, adherent bacteria like the EAEC strain utilized in our study predominantly
attach to the apical sides of the epithelium [61,63]. Consequently, the variation in TEER
induction with BID aligns with expectations, as earlier reported [35,54].

3.7. Bacterial Mode of Infection and TT Effects on TEER

Our results reveal that PCC-2CMLs, which were monoinfected with D-EAEC K2,
experienced a significant deterioration in their intercellular tight junctions from the 4th
(61.4%) to the 28th hour (4.6%) of treatment, representing deviations from their controls
ranging from 40.0% to 104.5%, respectively (Figure 7). The various modes of coinfect-
ing the intestinal epithelium showed that infecting PCC-2CMLs with L. plantarum FS2
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an hour before introducing D-EAEC K2 (Figure 7) was the most effective approach for
maintaining intercellular tight junctions. This was followed by simultaneous coinfection
of the two bacteria. Conversely, pre-infecting the monolayers with D-EAEC K2 an hour
before introducing L. plantarum FS2 was generally the least effective in ameliorating the
epithelial barrier. These results were not surprising because with simultaneous coinfection,
the LAB was introduced to counter the EAEC right from the start. Moreover, when the
monolayers were infected with the LAB an hour before the pathogen, the former could
initiate some prophylactic processes before the introduction of the latter. Consequently,
when the pathogen was first introduced, the therapeutic capacity of the LAB might have
been delayed compared to the other two modes of infection.
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Figure 7. The effect of bacterial (enteroaggregative E. coli, EAEC, K2 and L. plantarum, FS2) infection
mode and treatment time on transepithelial electrical resistance (TEER) of polarised Caco-2 cell
monolayers. Each bar is a mean of two independent replicates (n = 4) with its corresponding standard
deviation. Bars with different letters (a–s) indicate significant differences (p < 0.05) according to
Fisher’s LSD test.

The current study further substantiates the mechanisms by which probiotics exert their
beneficial effects while emphasizing the competence of the selected LAB in safeguarding
polarized epithelial cells against the deleterious effects of diarrhoeagenic E. coli at various
levels. Additionally, our results illustrate that treatment with the selected LAB mitigated
the detrimental effects of the D-EAEC strain on the epithelial barrier integrity and function.
Furthermore, we demonstrated that the selected D-EAEC strains led to reductions in TEER,
potentially increasing epithelial permeability. These findings imply that the selected LAB
strains may be valuable for protecting and maintaining intercellular tight junctions and
epithelial barrier integrity, aligning with earlier reports [64].

While various Lactobacillus strains have been reported in clinical studies to confer
beneficial health effects on their hosts through mechanisms such as bactericidal or bacterio-
static agents [65], regulation of immunomodulatory effects [66], or competitive exclusion
of pathogens [33], their precise mechanisms of action remain unclear. The current findings
suggest that L. plantarum FS2, P. pentosaceus D39, and B. bifidum ATCC 11863 can main-
tain intestinal barrier functions to varying degrees by preventing disruptions caused by
enteropathogens. This is achieved through the upregulation of TEER in PCC-2CMLs and
the downregulation of permeability by limiting the secretion of inflammatory cytokines,
among other mechanisms, as earlier reported [67,68].
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3.8. Bacterial Mode of Infection and TT Effects on TEER

In this study, we investigated the dynamic interactions between probiotic strains
and pathogenic bacteria within the context of gastrointestinal health. Specifically, we
explored the adhesion behaviour of D-EAEC K2 and L. plantarum FS2 to DCC-2CMLs over
varying durations of exposure, shedding light on the temporal aspect of bacterial adhesion.
Gastrointestinal infections are often linked to disruptions in the composition and function
of the gut microbiome, making probiotics crucial players in maintaining human health,
especially in the era of antibiotic-resistant pathogens. These experiments were designed
with the objective of offering valuable insights into the probiotics’ abilities in competitive
exclusion, displacement, and inhibition when confronted with the selected EAEC strains.

While the adhesion of D-EAEC K2 to DCC-2CMLs was significantly greater (p < 0.05)
than that of L. plantarum FS2 at specific time points (12 and 24 h), both strains exhibited
progressive, statistically significant increases in adhesion with increasing exposure time
(TT), ranging from 25.6% to 73.2% for D-EAEC K2 and 24.3% to 70.9% for L. plantarum FS2
(Figure 8). This observation highlights the time-dependent nature of bacterial adhesion.
Gastrointestinal infections often result from imbalances in the composition and function
of the human gut microbiome [69,70]. Probiotics play a crucial role in shaping the gut
microbiome and contributing to overall human health. In the face of antibiotic-resistant
pathogens [71], novel treatments and preventive techniques like probiotics have become
indispensable. Our results demonstrate that the L. plantarum FS2 have varying abilities
in competitive exclusion, displacement, and inhibition against the selected EAEC strains,
confirming earlier research findings [33,72].
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Figure 8. The effect of infection mode and treatment time on the adhesion of enteroaggregative
E. coli, (EAEC), K2 and L. plantarum, FS2 to polarised Caco-2 cell monolayers. Each bar is a mean of
two independent replicates (n = 4) with its corresponding standard deviation. Bars with different
letters (a–s) indicate significant differences (p < 0.05) according to Fisher’s LSD test.

In our study, DCC-2CMLs were infected by the two antagonistic bacteria, D-EAEC
K2 and L. plantarum FS2, using three different infection modes: BCEFAA, BDFAA, and
BIFAA. L. plantarum FS2 consistently outcompeted EAEC K2 in adhesion (p < 0.05), with a
progressive increase from 6.1% to 44.0% over 2 to 28 h (Figure 8).

Additionally, L. plantarum FS2 progressively displaced EAEC K2 with TT. At 2, 4, 8,
12, 16, 20, 24, and 28 h, LAB displaced EAEC K2 by 5.5, 20.7, 16.9, 24.8, 24.8, 34.2, 40.0, and
54.0%, respectively. Surprisingly, LAB’s displacement ability exceeded their competitive
exclusion capacity, contrary to our expectations, suggesting that in the absence of competing
LAB, EAEC cells adhered more slowly to epithelial cells, as previously confirmed [33].
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Pre-infecting DCC-2CMLs with L. plantarum FS2 an hour before EAEC K2 infection
progressively inhibited EAEC K2 adhesion. LAB inhibited EAEC K2 by 7.7, 14.7, 20.6, 29.6,
32.9, 39.0, 40.7, and 60.4% at 2, 4, 8, 12, 16, 20, 24, and 28 h, respectively. Remarkably, the
degree of inhibition of EAEC K2 adhesion consistently exceeded competitive exclusion and
displacement, aligning with prior research [73].

Furthermore, our results (Figure 9) suggest that, unlike D-EAEC K2, L. plantarum FS2
did not exhibit a correlation between adhesion and TEER variables (R = 0.6440; p > 0.05),
partially aligning with earlier studies [74]. Interestingly, both bacteria demonstrated a linear
relationship between adhesion and IL-8 secretion, with strong positive correlations between
their adhesion abilities and IL-8 secretion (R = 0.9552; p < 0.05) and (R = 0.9546; p < 0.05) for
EAEC K2 and L. plantarum FS2, respectively (Figure 9). These findings disagreed with a
previous report [75]. Additionally, both EAEC K2 and L. plantarum FS2 induced significant
IL-8 secretion when TEER values were low and vice versa, as indicated by strong negative
correlations (R = 0.9740; p < 0.05) and (R = 0.7906; p < 0.05) for EAEC K2 and L. plantarum
FS2, respectively (Figure 9). Notably, no prior study has reported a correlation between
IL-8 induction and TEER to our knowledge.
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Figure 9. Relationship between bacterial (enteroaggregative E. coli, EAEC, K2 and L. plantarum, FS2)
(a) adhesion and transepithelial electrical resistance (TEER); (b) adhesion and interleukin 8 (IL-8);
(c) transepithelial electrical resistance (TEER) and interleukin 8 (IL-8) induction of Caco-2 monolayers.
Each data point is a mean of two independent replicates (n = 4).

The results and discussions in this study illuminate crucial insights into the intricate
interplay between EAEC, specific LAB, and the host intestinal environment. Notably, both
EAEC and LAB induce IL-8, emphasizing their impact on intestinal inflammation. The
study unveils strain-specific variations in LAB’s ability to mitigate IL-8 secretion induced
by different EAEC strains, with L. plantarum FS2 emerging as a standout candidate. These
findings carry significant clinical implications, suggesting the potential of certain LAB
strains, especially L. plantarum FS2, in mitigating intestinal inflammation and preserving
epithelial barrier integrity. Moreover, the study delves into the dynamics of the BID and TT
on IL-8 induction and epithelial barrier integrity. The results establish a direct relationship
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between the BID and IL-8 secretion, providing insights into the importance of controlling
bacterial load in infections. The time-dependent nature of adhesion between EAEC and
LAB, with L. plantarum FS2 exhibiting superior inhibition of EAEC adhesion, adds a layer of
complexity to understanding these interactions. The observed correlations between adhe-
sion, IL-8 secretion, and barrier integrity further contribute to the nuanced understanding
of gut microbiome dynamics. Particularly, the strong positive correlation between adhesion
abilities and IL-8 secretion for both EAEC and L. plantarum FS2 underscores the intricate
relationship between bacterial interactions and host immune responses.

The present study, much like many others, is not exempt from limitations and biases.
The study reveals strain-specific effects of LAB in mitigating IL-8 secretion, which may limit
the generalizability of the findings. Future studies should consider exploring a broader
spectrum of LAB strains to establish a comprehensive understanding of their potential
applications. While IL-8 serves as a reliable biomarker for inflammation, relying solely
on this cytokine may overlook the broader inflammatory landscape. Exploring additional
cytokines and markers related to gut health could provide a more comprehensive picture.
The study utilizes an in vitro model (DCC-2CMLs) to simulate interactions between bacteria
and epithelial cells. Translating these findings to in vivo scenarios requires caution due to
the inherent differences in the complexity of the gut environment.

The study references prior research to support certain expectations, potentially in-
troducing publication bias. A systematic review approach could mitigate this bias by
considering a broader range of relevant literature. The selection of specific EAEC and LAB
strains might introduce bias based on their inherent characteristics. A more randomized
selection of strains could enhance the study’s objectivity.

Future research activities need to consider investigating a wider array of LAB strains
to identify the most effective strains in mitigating IL-8 secretion and maintaining barrier
integrity. In vivo studies need to be conducted to validate the observed effects in a more
complex and dynamic gut environment, to provide a more accurate representation of
potential outcomes. A multi-marker approach needs to be explored by assessing various
cytokines and biomarkers related to gut health to capture a more nuanced understanding
of the inflammatory response. The long-term effects of LAB supplementation on gut health
need to be investigated, considering factors such as gut microbiome composition and
overall host well-being. The gap between laboratory findings and clinical relevance needs
to be bridged by conducting studies that directly assess the impact of LAB supplementation
on individuals with gastrointestinal conditions.

While the current study contributes valuable insights, addressing these limitations
and biases, along with exploring new avenues for research, will enhance the robustness and
applicability of the findings in advancing our understanding of the complex interactions
within the gut microbiome.

4. Conclusions

In conclusion, the study investigated interactions between enteroaggregative E. coli
(EAEC) and specific lactic acid bacteria (LAB) in relation to cytokine secretion, barrier in-
tegrity, and bacterial adhesion. The results indicate that EAEC induces the proinflammatory
cytokine IL-8, suggesting a role in intestinal inflammation. Certain LAB strains, especially
L. plantarum FS2, demonstrated several potentials in reducing IL-8 secretion and preserv-
ing barrier integrity, making them promising candidates for promoting gastrointestinal
health. This study emphasized the importance of controlling bacterial load in infections
and highlighted time-dependent aspects of adhesion. L. plantarum FS2 showed excep-
tional ability to inhibit EAEC adhesion, indicating its potential in preventing infections.
Complex relationships between adhesion, cytokine secretion, and barrier integrity were
observed, suggesting avenues for further research. Overall, the current study advances our
understanding of gut microbiome dynamics and offers insights into using probiotics for
improving gastrointestinal health.



Microorganisms 2023, 11, 2942 17 of 20

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

Funding: This research received no external funding.

Data Availability Statement: The supporting data for the results of this study can be found at
https://doi.org/10.25403/UPresearchdata.21746339.v1. Accessed on 15 November 2023.

Acknowledgments: I would like to express my sincere gratitude to the Postgraduate Scholarship
Office of the University of Pretoria for their invaluable support in the form of a doctoral research
bursary. Additionally, we extend our heartfelt appreciation to Karen Keddy, Marshagne Smith, Crystal
Viljoen, and Naseema Bulbulia, all of the National Stock Culture Collections at the National Institute
for Communicable Diseases, for generously providing the clinical reference enteroaggregative E. coli
strains that significantly contributed to our study. We extend our humble appreciation to Thulani
Sibanda and Matthew Aijuka for their expert guidance, which laid the foundation for this work
during its most critical stages. Lastly, a very special thank you to June Cheptoo Serem for your
invaluable contributions, including reagents, and glassware, precisely when they were most needed.
To all who supported us in diverse ways, we extend our profound gratitude.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rajoka, M.S.R.; Shi, J.; Mehwish, H.M.; Zhu, J.; Li, Q.; Shao, D.; Huang, Q.; Yang, H. Interaction between diet composition and gut

microbiota and its impact on gastrointestinal tract health. Food Sci. Hum. Wellness 2017, 6, 121–130. [CrossRef]
2. Illiano, P.; Brambilla, R.; Parolini, C. The mutual interplay of gut microbiota, diet and human disease. FEBS J. 2020, 287, 833–855.

[CrossRef] [PubMed]
3. Ikumapayi, U.N.; Boisen, N.; Hossain, M.J.; Betts, M.; Lamin, M.; Saha, D.; Kwambana-Adams, B.; Dione, M.; Adegbola, R.A.;

Roca, A. Identification of subsets of enteroaggregative Escherichia coli associated with diarrheal disease among under 5 years of
age children from Rural Gambia. Am. J. Trop. Med. Hyg. 2017, 97, 997–1004. [CrossRef] [PubMed]

4. Cabrera-Sosa, L.; Ochoa, T.J. Escherichia coli diarrhea. In Hunter’s Tropical Medicine and Emerging Infectious Diseases; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 481–485.

5. Aijuka, M.; Buys, E.M. Persistence of foodborne diarrheagenic Escherichia coli in the agricultural and food production environment:
Implications for food safety and public health. Food Microbiol. 2019, 82, 363–370. [CrossRef] [PubMed]

6. Pakbin, B.; Bruck, W.M.; Rossen, J.W.A. Virulence Factors of Enteric Pathogenic Escherichia coli: A Review. Int. J. Mol. Sci. 2021,
22, 9922. [CrossRef]

7. Modgil, V.; Mahindroo, J.; Narayan, C.; Kalia, M.; Yousuf, M.; Shahi, V.; Koundal, M.; Chaudhary, P.; Jain, R.; Sandha, K.S.; et al.
Comparative analysis of virulence determinants, phylogroups, and antibiotic susceptibility patterns of typical versus atypical
Enteroaggregative E. coli in India. PLoS Negl. Trop. Dis. 2020, 14, e0008769. [CrossRef]

8. Miliwebsky, E.; Jure, M.Á.; Farfan, M.J.; Palermo, M.S. Interactions of Pathogenic Escherichia coli with Gut Microbiota. In Trending
Topics in Escherichia coli Research: The Latin American Perspective; Springer: Berlin/Heidelberg, Germany, 2023; pp. 277–294.

9. Woodward, S.E.; Krekhno, Z.; Finlay, B.B. Here, there, and everywhere: How pathogenic Escherichia coli sense and respond to
gastrointestinal biogeography. Cell. Microbiol. 2019, 21, e13107. [CrossRef]

10. Ellis, S.J.; Crossman, L.C.; McGrath, C.J.; Chattaway, M.A.; Holken, J.M.; Brett, B.; Bundy, L.; Kay, G.L.; Wain, J.; Schuller, S.
Identification and characterisation of enteroaggregative Escherichia coli subtypes associated with human disease. Sci. Rep. 2020,
10, 7475. [CrossRef]

11. Dias, R.C.B.; Tanabe, R.H.S.; Vieira, M.A.; Cergole-Novella, M.C.; Dos Santos, L.F.; Gomes, T.A.T.; Elias, W.P.; Hernandes, R.T.
Analysis of the Virulence Profile and Phenotypic Features of Typical and Atypical enteroaggregative Escherichia coli (EAEC)
Isolated From Diarrheal Patients in Brazil. Front. Cell. Infect. Microbiol. 2020, 10, 144. [CrossRef]

12. Govindarajan, D.K.; Viswalingam, N.; Meganathan, Y.; Kandaswamy, K. Adherence patterns of Escherichia coli in the intestine and
its role in pathogenesis. Med. Microecol. 2020, 5, 100025. [CrossRef]

13. Sauvaitre, T.; Van Landuyt, J.; Durif, C.; Roussel, C.; Sivignon, A.; Chalancon, S.; Uriot, O.; Van Herreweghen, F.; Van de Wiele, T.;
Etienne-Mesmin, L. Role of mucus-bacteria interactions in Enterotoxigenic Escherichia coli (ETEC) H10407 virulence and interplay
with human microbiome. Npj Biofilms Microbiomes 2022, 8, 86. [CrossRef]

14. Montealegre, M.C.; Talavera Rodríguez, A.; Roy, S.; Hossain, M.I.; Islam, M.A.; Lanza, V.F.; Julian, T.R. High genomic diversity
and heterogenous origins of pathogenic and antibiotic-resistant Escherichia coli in household settings represent a challenge to
reducing transmission in low-income settings. Msphere 2020, 5, 00704–00719. [CrossRef] [PubMed]

https://doi.org/10.25403/UPresearchdata.21746339.v1
https://doi.org/10.1016/j.fshw.2017.07.003
https://doi.org/10.1111/febs.15217
https://www.ncbi.nlm.nih.gov/pubmed/31955527
https://doi.org/10.4269/ajtmh.16-0705
https://www.ncbi.nlm.nih.gov/pubmed/28820687
https://doi.org/10.1016/j.fm.2019.03.018
https://www.ncbi.nlm.nih.gov/pubmed/31027795
https://doi.org/10.3390/ijms22189922
https://doi.org/10.1371/journal.pntd.0008769
https://doi.org/10.1111/cmi.13107
https://doi.org/10.1038/s41598-020-64424-3
https://doi.org/10.3389/fcimb.2020.00144
https://doi.org/10.1016/j.medmic.2020.100025
https://doi.org/10.1038/s41522-022-00344-6
https://doi.org/10.1128/mSphere.00704-19
https://www.ncbi.nlm.nih.gov/pubmed/31941809


Microorganisms 2023, 11, 2942 18 of 20

15. Geurtsen, J.; de Been, M.; Weerdenburg, E.; Zomer, A.; McNally, A.; Poolman, J. Genomics and pathotypes of the many faces of
Escherichia coli. FEMS Microbiol. Rev. 2022, 46, fuac031. [CrossRef] [PubMed]

16. Modgil, V.; Narayan, C.; Kaur, H.; Yadav, V.K.; Chaudhary, N.; Kant, V.; Mohan, B.; Bhatia, A.; Taneja, N. Analysis of the virulence
and inflammatory markers elicited by Enteroaggregative Escherichia coli isolated from clinical and non-clinical sources in an
experimental infection model, India. Microbiol. Res. 2022, 13, 882–897. [CrossRef]

17. Moran-Garcia, N.; Lopez-Saucedo, C.; Becerra, A.; Meza-Segura, M.; Hernandez-Cazares, F.; Guerrero-Baez, J.; Galindo-Gomez,
S.; Tsutsumi, V.; Schnoor, M.; Mendez-Tenorio, A.; et al. A Novel Adult Murine Model of Typical Enteroaggregative Escherichia
coli Infection Reveals Microbiota Dysbiosis, Mucus Secretion, and AAF/II-Mediated Expression and Localization of beta-Catenin
and Expression of MUC1 in Ileum. Front. Cell. Infect. Microbiol. 2022, 12, 885191. [CrossRef] [PubMed]

18. Cho, Y.H.; Renouf, M.J.; Omotoso, O.; McPhee, J.B. Inflammatory bowel disease-associated adherent-invasive Escherichia coli have
elevated host-defense peptide resistance. FEMS Microbiol. Lett. 2022, 369, fnac098. [CrossRef] [PubMed]

19. Denney, L.; Ho, L.P. The role of respiratory epithelium in host defence against influenza virus infection. Biomed. J. 2018, 41,
218–233. [CrossRef] [PubMed]

20. Chang, A.M.; Bamashmous, S.; Darveau, R.P.; Rajapakse, S. An Ayurvedic herbal extract inhibits oral epithelial cell IL-8 responses
to host and bacterial agonists. BMC Complement. Med. Ther. 2020, 20, 62. [CrossRef]

21. Yang, M.; Zhang, G.; Wang, Y.; He, M.; Xu, Q.; Lu, J.; Liu, H.; Xu, C. Tumour-associated neutrophils orchestrate intratumoural
IL-8-driven immune evasion through Jagged2 activation in ovarian cancer. Br. J. Cancer 2020, 123, 1404–1416. [CrossRef]

22. Huang, F.C. The Interleukins Orchestrate Mucosal Immune Responses to Salmonella Infection in the Intestine. Cells 2021, 10, 3492.
[CrossRef]

23. Izquierdo, M.; Lopez, J.; Gallardo, P.; Vidal, R.M.; Ossa, J.C.; Farfan, M.J. Bacteria from gut microbiota associated with diarrheal
infections in children promote virulence of Shiga toxin-producing and enteroaggregative Escherichia coli pathotypes. Front. Cell.
Infect. Microbiol. 2022, 12, 867205. [CrossRef] [PubMed]

24. Joon, A.; Chandel, S.; Ghosh, S. Enteroaggregative Escherichia coli induced activation of epidermal growth factor receptor
contributes to IL-8 secretion by cultured human intestinal epithelial cells. Microbes Infect. 2023, 25, 105166. [CrossRef] [PubMed]

25. Chandel, S.; Joon, A.; Kaur, S.; Ghosh, S. Role of ST6GAL1 and ST6GAL2 in subversion of cellular signaling during enteroaggrega-
tive Escherichia coli infection of human intestinal epithelial cell lines. Appl. Microbiol. Biotechnol. 2023, 107, 1405–1420. [CrossRef]
[PubMed]

26. Li, S.; Heng, X.; Guo, L.; Lessing, D.J.; Chu, W. SCFAs improve disease resistance via modulate gut microbiota, enhance immune
response and increase antioxidative capacity in the host. Fish. Shellfish. Immunol. 2022, 120, 560–568. [CrossRef] [PubMed]

27. Huang, F.-C.; Lu, Y.-T.; Liao, Y.-H. Beneficial effect of probiotics on Pseudomonas aeruginosa–infected intestinal epithelial cells
through inflammatory IL-8 and antimicrobial peptide human beta-defensin-2 modulation. Innate Immun. 2020, 26, 592–600.
[CrossRef] [PubMed]

28. Burgueño, J.F.; Abreu, M.T. Epithelial Toll-like receptors and their role in gut homeostasis and disease. Nat. Rev. Gastroenterol.
Hepatol. 2020, 17, 263–278. [CrossRef] [PubMed]

29. Celiberto, L.S.; Graef, F.A.; Healey, G.R.; Bosman, E.S.; Jacobson, K.; Sly, L.M.; Vallance, B.A. Inflammatory bowel disease and
immunonutrition: Novel therapeutic approaches through modulation of diet and the gut microbiome. Immunology 2018, 155,
36–52. [CrossRef]

30. Aijuka, M.; Santiago, A.E.; Giron, J.A.; Nataro, J.P.; Buys, E.M. Enteroaggregative Escherichia coli is the predominant diarrheagenic
E. coli pathotype among irrigation water and food sources in South Africa. Int. J. Food Microbiol. 2018, 278, 44–51. [CrossRef]

31. Ntuli, V.; Njage, P.M.; Buys, E.M. Extended-spectrum β-lactamase, shigatoxin and haemolysis capacity of O157 and non-O157 E.
coli serotypes from producer-distributor bulk milk. Int. Dairy J. 2017, 66, 126–134. [CrossRef]

32. Fayemi, O.E.; Buys, E.M. Effect of Lactobacillus plantarum on the survival of acid-tolerant non-O157 Shiga toxin-producing E. coli
(STEC) strains in fermented goat’s milk. Int. J. Dairy Technol. 2017, 70, 399–406. [CrossRef]

33. Agbemavor, W.S.K.; Buys, E.M. Presumptive probiotic bacteria from traditionally fermented African food challenge the adhesion
of enteroaggregative E. coli. J. Food Saf. 2021, 41, e12905. [CrossRef]

34. Aijuka, M.; Santiago, A.E.; Girón, J.A.; Nataro, J.P.; Buys, E.M. Escherichia coli isolated from food sources and irrigation water: A
potential risk for causing intestinal dysfunction? Food Control 2019, 102, 139–148. [CrossRef]

35. Lodemann, U.; Strahlendorf, J.; Schierack, P.; Klingspor, S.; Aschenbach, J.R.; Martens, H. Effects of the probiotic Enterococcus
faecium and pathogenic Escherichia coli strains in a pig and human epithelial intestinal cell model. Scientifica 2015, 2015, 235184.
[CrossRef] [PubMed]

36. Statpoint Technologies INC Statgraphics Centurion XIX, software version 19.1.1; Statpoint Technologies, Inc.: Warrenton, VA,
USA, 2020.

37. Cai, J.; Culley, M.K.; Zhao, Y.; Zhao, J. The role of ubiquitination and deubiquitination in the regulation of cell junctions. Protein
Cell. 2018, 9, 754–769. [CrossRef] [PubMed]

38. Domínguez-Díaz, C.; Varela-Trinidad, G.U.; Muñoz-Sánchez, G.; Solórzano-Castanedo, K.; Avila-Arrezola, K.E.; Iñiguez-Gutiérrez,
L.; Delgado-Rizo, V.; Fafutis-Morris, M. To Trap a Pathogen: Neutrophil Extracellular Traps and Their Role in Mucosal Epithelial
and Skin Diseases. Cells 2021, 10, 1469. [CrossRef] [PubMed]

39. Soo, K.; Tham, C.; Khalid, B.; Basir, R.; Chee, H. IL-8 as a potential in-vitro severity biomarker for dengue. Trop. Biomed. 2019, 36,
1027–1037.

https://doi.org/10.1093/femsre/fuac031
https://www.ncbi.nlm.nih.gov/pubmed/35749579
https://doi.org/10.3390/microbiolres13040062
https://doi.org/10.3389/fcimb.2022.885191
https://www.ncbi.nlm.nih.gov/pubmed/35706909
https://doi.org/10.1093/femsle/fnac098
https://www.ncbi.nlm.nih.gov/pubmed/36208952
https://doi.org/10.1016/j.bj.2018.08.004
https://www.ncbi.nlm.nih.gov/pubmed/30348265
https://doi.org/10.1186/s12906-020-2850-8
https://doi.org/10.1038/s41416-020-1026-0
https://doi.org/10.3390/cells10123492
https://doi.org/10.3389/fcimb.2022.867205
https://www.ncbi.nlm.nih.gov/pubmed/36017363
https://doi.org/10.1016/j.micinf.2023.105166
https://www.ncbi.nlm.nih.gov/pubmed/37290638
https://doi.org/10.1007/s00253-022-12321-2
https://www.ncbi.nlm.nih.gov/pubmed/36646912
https://doi.org/10.1016/j.fsi.2021.12.035
https://www.ncbi.nlm.nih.gov/pubmed/34958920
https://doi.org/10.1177/1753425920959410
https://www.ncbi.nlm.nih.gov/pubmed/32988256
https://doi.org/10.1038/s41575-019-0261-4
https://www.ncbi.nlm.nih.gov/pubmed/32103203
https://doi.org/10.1111/imm.12939
https://doi.org/10.1016/j.ijfoodmicro.2018.04.018
https://doi.org/10.1016/j.idairyj.2016.11.008
https://doi.org/10.1111/1471-0307.12340
https://doi.org/10.1111/jfs.12905
https://doi.org/10.1016/j.foodcont.2019.03.015
https://doi.org/10.1155/2015/235184
https://www.ncbi.nlm.nih.gov/pubmed/25883829
https://doi.org/10.1007/s13238-017-0486-3
https://www.ncbi.nlm.nih.gov/pubmed/29080116
https://doi.org/10.3390/cells10061469
https://www.ncbi.nlm.nih.gov/pubmed/34208037


Microorganisms 2023, 11, 2942 19 of 20

40. Garcia-Gonzalez, N.; Prete, R.; Battista, N.; Corsetti, A. Adhesion Properties of Food-Associated Lactobacillus plantarum Strains on
Human Intestinal Epithelial Cells and Modulation of IL-8 Release. Front. Microbiol. 2018, 9, 2392. [CrossRef] [PubMed]

41. Khan, I.; Bai, Y.; Zha, L.; Ullah, N.; Ullah, H.; Shah, S.R.H.; Sun, H.; Zhang, C. Mechanism of the Gut Microbiota Colonization
Resistance and Enteric Pathogen Infection. Front. Cell. Infect. Microbiol. 2021, 11, 716299. [CrossRef] [PubMed]

42. Sharma, R.; Tesfay, S.; Tomson, F.L.; Kanteti, R.P.; Viswanathan, V.K.; Hecht, G. Balance of bacterial pro- and anti-inflammatory
mediators dictates net effect of enteropathogenic Escherichia coli on intestinal epithelial cells. Am. J. Physiol. Gastrointest. Liver
Physiol. 2006, 290, G685–G694. [CrossRef]

43. Yang, J.S.; Jeon, J.H.; Jang, M.S.; Kang, S.S.; Ahn, K.B.; Song, M.; Yun, C.H.; Han, S.H. Vibrio cholerae OmpU induces IL-8
expression in human intestinal epithelial cells. Mol. Immunol. 2018, 93, 47–54. [CrossRef]

44. Grab, D.J.; Nyarko, E.; Barat, N.C.; Nikolskaia, O.V.; Dumler, J.S. Anaplasma phagocytophilum-Borrelia burgdorferi coinfection
enhances chemokine, cytokine, and matrix metalloprotease expression by human brain microvascular endothelial cells. Clin.
Vaccine Immunol. 2007, 14, 1420–1424. [CrossRef] [PubMed]

45. Jin, T.; Guan, N.; Du, Y.; Zhang, X.; Li, J.; Xia, X. Cronobacter sakazakii ATCC 29544 Translocated Human Brain Microvascular
Endothelial Cells via Endocytosis, Apoptosis Induction, and Disruption of Tight Junction. Front. Microbiol. 2021, 12, 675020.
[CrossRef] [PubMed]

46. Lehtoranta, L.; Latvala, S.; Lehtinen, M.J. Role of Probiotics in Stimulating the Immune System in Viral Respiratory Tract Infections:
A Narrative Review. Nutrients 2020, 12, 3163. [CrossRef] [PubMed]

47. Dewi, B.E.; Takasaki, T.; Kurane, I. In vitro assessment of human endothelial cell permeability: Effects of inflammatory cytokines
and dengue virus infection. J. Virol. Methods 2004, 121, 171–180. [CrossRef] [PubMed]

48. Nicolas, A.; Schavemaker, F.; Kosim, K.; Kurek, D.; Haarmans, M.; Bulst, M.; Lee, K.; Wegner, S.; Hankemeier, T.; Joore, J.; et al.
High throughput transepithelial electrical resistance (TEER) measurements on perfused membrane-free epithelia. Lab Chip 2021,
21, 1676–1685. [CrossRef]

49. Yang, Y.; Latorre, J.D.; Khatri, B.; Kwon, Y.M.; Kong, B.W.; Teague, K.D.; Graham, L.E.; Wolfenden, A.D.; Mahaffey, B.D.; Baxter,
M.; et al. Characterization and evaluation of lactic acid bacteria candidates for intestinal epithelial permeability and Salmonella
typhimurium colonization in neonatal turkey poults. Poult. Sci. 2018, 97, 724. [CrossRef] [PubMed]

50. Cosme-Silva, L.; Dal-Fabbro, R.; Cintra, L.T.A.; Dos Santos, V.R.; Duque, C.; Ervolino, E.; Mogami Bomfim, S.; Gomes-Filho, J.E.
Systemic administration of probiotics reduces the severity of apical periodontitis. Int. Endod. J. 2019, 52, 1738–1749. [CrossRef]

51. Kazun, B.; Malaczewska, J.; Kazun, K.; Kaminski, R.; Adamek-Urbanska, D.; Zylinska-Urban, J. Dietary administration of
beta-1,3/1,6-glucan and Lactobacillus plantarum improves innate immune response and increases the number of intestine immune
cells in roach (Rutilus rutilus). BMC Vet. Res. 2020, 16, 216. [CrossRef]

52. Han, S.-K.; Shin, Y.-J.; Lee, D.-Y.; Kim, K.M.; Yang, S.-J.; Kim, D.S.; Choi, J.-W.; Lee, S.; Kim, D.-H. Lactobacillus rhamnosus
HDB1258 modulates gut microbiota-mediated immune response in mice with or without lipopolysaccharide-induced systemic
inflammation. BMC Microbiol. 2021, 21, 146. [CrossRef]

53. Delgado-Diaz, D.J.; Jesaveluk, B.; Hayward, J.A.; Tyssen, D.; Alisoltani, A.; Potgieter, M.; Bell, L.; Ross, E.; Iranzadeh, A.; Allali, I.;
et al. Lactic acid from vaginal microbiota enhances cervicovaginal epithelial barrier integrity by promoting tight junction protein
expression. Microbiome 2022, 10, 141. [CrossRef]

54. Wang, C.; Cui, Y.; Qu, X. Mechanisms and improvement of acid resistance in lactic acid bacteria. Arch. Microbiol. 2018, 200,
195–201. [CrossRef] [PubMed]

55. Yuan, L.; van der Mei, H.C.; Busscher, H.J.; Peterson, B.W. Two-Stage Interpretation of Changes in TEER of Intestinal Epithelial
Layers Protected by Adhering Bifidobacteria During E. coli Challenges. Front. Microbiol. 2020, 11, 599555. [CrossRef] [PubMed]

56. Liu, Y.; Liu, Q.; Zhang, C.; Zhao, J.; Zhang, H.; Chen, W.; Zhai, Q. Strain-specific effects of Akkermansia muciniphila on the
regulation of intestinal barrier. Food Sci. Hum. Wellness 2023, 12, 1526–1537. [CrossRef]

57. Brunner, J.; Ragupathy, S.; Borchard, G. Target specific tight junction modulators. Adv. Drug. Deliv. Rev. 2021, 171, 266–288.
[CrossRef] [PubMed]

58. Uotani, T.; Murakami, K.; Uchida, T.; Tanaka, S.; Nagashima, H.; Zeng, X.L.; Akada, J.; Estes, M.K.; Graham, D.Y.; Yamaoka, Y.
Changes of tight junction and interleukin-8 expression using a human gastroid monolayer model of Helicobacter pylori infection.
Helicobacter 2019, 24, e12583. [CrossRef] [PubMed]

59. Gvoic, M.; Vukmirovic, S.; Al-Salami, H.; Mooranian, A.; Mikov, M.; Stankov, K. Bile acids as novel enhancers of CNS targeting
antitumor drugs: A comprehensive review. Pharm. Dev. Technol. 2021, 26, 617–633. [CrossRef] [PubMed]

60. Beutel, O.; Maraspini, R.; Pombo-Garcia, K.; Martin-Lemaitre, C.; Honigmann, A. Phase Separation of Zonula Occludens Proteins
Drives Formation of Tight Junctions. Cell 2019, 179, 923–936.e11. [CrossRef] [PubMed]

61. Zhang, Y.; Chen, Y.; Lo, C.; Zhuang, J.; Angsantikul, P.; Zhang, Q.; Wei, X.; Zhou, Z.; Obonyo, M.; Fang, R.H.; et al. Inhibition of
Pathogen Adhesion by Bacterial Outer Membrane-Coated Nanoparticles. Angew. Chem. Int. Ed. Engl. 2019, 58, 11404–11408.
[CrossRef]

62. Bengoechea, J.A.; Bamford, C.G. SARS-CoV-2, bacterial co-infections, and AMR: The deadly trio in COVID-19? EMBO Mol. Med.
2020, 12, e12560. [CrossRef]

63. Shigetomi, K.; Ikenouchi, J. Cell Adhesion Structures in Epithelial Cells Are Formed in Dynamic and Cooperative Ways. Bioessays
2019, 41, e1800227. [CrossRef]

https://doi.org/10.3389/fmicb.2018.02392
https://www.ncbi.nlm.nih.gov/pubmed/30349520
https://doi.org/10.3389/fcimb.2021.716299
https://www.ncbi.nlm.nih.gov/pubmed/35004340
https://doi.org/10.1152/ajpgi.00404.2005
https://doi.org/10.1016/j.molimm.2017.11.005
https://doi.org/10.1128/CVI.00308-07
https://www.ncbi.nlm.nih.gov/pubmed/17898182
https://doi.org/10.3389/fmicb.2021.675020
https://www.ncbi.nlm.nih.gov/pubmed/34163451
https://doi.org/10.3390/nu12103163
https://www.ncbi.nlm.nih.gov/pubmed/33081138
https://doi.org/10.1016/j.jviromet.2004.06.013
https://www.ncbi.nlm.nih.gov/pubmed/15381354
https://doi.org/10.1039/D0LC00770F
https://doi.org/10.3382/ps/pex361
https://www.ncbi.nlm.nih.gov/pubmed/29177460
https://doi.org/10.1111/iej.13192
https://doi.org/10.1186/s12917-020-02432-1
https://doi.org/10.1186/s12866-021-02192-4
https://doi.org/10.1186/s40168-022-01337-5
https://doi.org/10.1007/s00203-017-1446-2
https://www.ncbi.nlm.nih.gov/pubmed/29075866
https://doi.org/10.3389/fmicb.2020.599555
https://www.ncbi.nlm.nih.gov/pubmed/33329490
https://doi.org/10.1016/j.fshw.2023.02.022
https://doi.org/10.1016/j.addr.2021.02.008
https://www.ncbi.nlm.nih.gov/pubmed/33617902
https://doi.org/10.1111/hel.12583
https://www.ncbi.nlm.nih.gov/pubmed/30950121
https://doi.org/10.1080/10837450.2021.1916032
https://www.ncbi.nlm.nih.gov/pubmed/33882793
https://doi.org/10.1016/j.cell.2019.10.011
https://www.ncbi.nlm.nih.gov/pubmed/31675499
https://doi.org/10.1002/anie.201906280
https://doi.org/10.15252/emmm.202012560
https://doi.org/10.1002/bies.201800227


Microorganisms 2023, 11, 2942 20 of 20

64. Lepine, A.F.P.; de Wit, N.; Oosterink, E.; Wichers, H.; Mes, J.; de Vos, P. Lactobacillus acidophilus Attenuates Salmonella-Induced
Stress of Epithelial Cells by Modulating Tight-Junction Genes and Cytokine Responses. Front. Microbiol. 2018, 9, 1439. [CrossRef]
[PubMed]

65. Mao, Y.; Zhang, X.; Xu, Z. Identification of antibacterial substances of Lactobacillus plantarum DY-6 for bacteriostatic action. Food
Sci. Nutr. 2020, 8, 2854–2863. [CrossRef] [PubMed]

66. Vareille-Delarbre, M.; Miquel, S.; Garcin, S.; Bertran, T.; Balestrino, D.; Evrard, B.; Forestier, C. Immunomodulatory Effects
of Lactobacillus plantarum on Inflammatory Response Induced by Klebsiella pneumoniae. Infect. Immun. 2019, 87, e00570-19.
[CrossRef] [PubMed]

67. Han, X.; Lee, A.; Huang, S.; Gao, J.; Spence, J.R.; Owyang, C. Lactobacillus rhamnosus GG prevents epithelial barrier dysfunction
induced by interferon-gamma and fecal supernatants from irritable bowel syndrome patients in human intestinal enteroids and
colonoids. Gut Microbes 2019, 10, 59–76. [CrossRef] [PubMed]

68. Wang, J.; Ji, H.; Wang, S.; Liu, H.; Zhang, W.; Zhang, D.; Wang, Y. Probiotic Lactobacillus plantarum Promotes Intestinal Barrier
Function by Strengthening the Epithelium and Modulating Gut Microbiota. Front. Microbiol. 2018, 9, 1953. [CrossRef] [PubMed]

69. Zhu, S.; Jiang, Y.; Xu, K.; Cui, M.; Ye, W.; Zhao, G.; Jin, L.; Chen, X. The progress of gut microbiome research related to brain
disorders. J. Neuroinflammation 2020, 17, 25. [CrossRef] [PubMed]

70. Quigley, E.M. Nutraceuticals as modulators of gut microbiota: Role in therapy. Br. J. Pharmacol. 2020, 177, 1351–1362. [CrossRef]
71. Pamer, E.G. Resurrecting the intestinal microbiota to combat antibiotic-resistant pathogens. Science 2016, 352, 535–538. [CrossRef]
72. Davoren, M.J.; Liu, J.; Castellanos, J.; Rodríguez-Malavé, N.I.; Schiestl, R.H. A novel probiotic, Lactobacillus johnsonii 456, resists

acid and can persist in the human gut beyond the initial ingestion period. Gut Microbes 2019, 10, 458–480. [CrossRef]
73. Gueimonde, M.; Jalonen, L.; He, F.; Hiramatsu, M.; Salminen, S. Adhesion and competitive inhibition and displacement of human

enteropathogens by selected lactobacilli. Food Res. Int. 2006, 39, 467–471. [CrossRef]
74. Pilkington, G.J.; Maherally, Z.; Jassam, S.; Barbu, E.; Fillmore, H. An all human 3d in vitro model of the blood brain barrier in

nanoparticle delivery and cancer metastasis studies. Neuro-Oncol. 2014, 16, iii33. [CrossRef]
75. Morita, H.; He, F.; Fuse, T.; Ouwehand, A.C.; Hashimoto, H.; Hosoda, M.; Mizumachi, K.; Kurisaki, J.i. Adhesion of lactic acid

bacteria to Caco-2 cells and their effect on cytokine secretion. Microbiol. Immunol. 2002, 46, 293–297. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fmicb.2018.01439
https://www.ncbi.nlm.nih.gov/pubmed/30013538
https://doi.org/10.1002/fsn3.1585
https://www.ncbi.nlm.nih.gov/pubmed/32566203
https://doi.org/10.1128/IAI.00570-19
https://www.ncbi.nlm.nih.gov/pubmed/31481408
https://doi.org/10.1080/19490976.2018.1479625
https://www.ncbi.nlm.nih.gov/pubmed/30040527
https://doi.org/10.3389/fmicb.2018.01953
https://www.ncbi.nlm.nih.gov/pubmed/30197632
https://doi.org/10.1186/s12974-020-1705-z
https://www.ncbi.nlm.nih.gov/pubmed/31952509
https://doi.org/10.1111/bph.14902
https://doi.org/10.1126/science.aad9382
https://doi.org/10.1080/19490976.2018.1547612
https://doi.org/10.1016/j.foodres.2005.10.003
https://doi.org/10.1093/neuonc/nou208.39
https://doi.org/10.1111/j.1348-0421.2002.tb02698.x
https://www.ncbi.nlm.nih.gov/pubmed/12061632

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Cell Culturing and Maintenance Conditions 
	Preparation of Epithelial Cells for Inflammation Assays 
	The Effects of EAEC and LAB on Epithelial Barrier Integrity 
	Effect of the Bacterial Infection Dose (BID) on Epithelial Barrier Integrity 
	Bacterial Infection Mode and Treatment Time (TT) Effects on Epithelial Barrier Integrity 
	Bacterial Mode of Infection and TT Effects on Adhesion 
	Interleukin 8 (IL-8) Assay 
	Trans-Epithelial Electrical Resistance (TEER) Assay 
	Statistical Analysis 

	Results and Discussion 
	Cytokine Secretion from Caco-2 Monolayers in the Presence or Absence of EAEC and LAB 
	BID Effect on IL-8 Induction 
	Bacterial Infection Mode and TT Effects on IL-8 Secretion 
	Effects of Bacterial Monoinfection on TEER 
	Effects of LAB and EAEC Coinfection on TEER 
	BID Effect on TEER 
	Bacterial Mode of Infection and TT Effects on TEER 
	Bacterial Mode of Infection and TT Effects on TEER 

	Conclusions 
	References

