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Abstract: The worldwide reduction in the use of antibiotics in animal feed is fueling the need for
alternatives for the prevention and control of poultry intestinal diseases such as necrotic enteritis (NE),
which is caused by Clostridium perfringens. This is the first report on the use of an intestinal epithelial
chicken cell line (CHIC-8E11) to study the pathogenic traits of C. perfringens and to investigate the
mode of action of cell-free supernatants (CFS) from probiotic Lactobacillus acidophilus AG01 and
Bifidobacterium animalis subsp. lactis AG02 in reducing the pathogenicity of C. perfringens. The cell
adhesion, permeability and cytotoxicity were assessed under challenge with four C. perfringens
strains isolated from broiler NE episodes of differing geographical origin (CP1–UK; CP10–Sweden;
25037–CP01 and CP22–USA). All the C. perfringens strains could adhere to the CHIC-8E11 cells,
with varying affinity (0.05–0.48% adhesion across the strains). The CFS from one out of two strains
(CP22) increased the cell permeability (+4.5-fold vs. the control, p < 0.01), as measured by the
fluorescein isothiocyanate-dextran (FD4) content, with NetB toxin implicated in this effect. The
CFS from all the strains was cytotoxic against the CHIC-8E11 cells in a dose- and strain-dependent
manner (cytotoxicity 23–62% across the strains when dosed at 50 µL/mL, as assessed by the MTT
cell viability assay). Pre-treatment of the cells with CFS from B. animalis subsp. lactis AG02 but not
L. acidophilus AG01 reduced the cell adhesion of three out of four C. perfringens strains (by 77–85%
vs. the control, p < 0.001) and reduced the negative effect of two NetB-positive strains on the cell
permeability. The CFS of both probiotics alleviated the cytotoxicity of all the C. perfringens strains,
which was dependent on the dose. The results confirm the suitability of the CHIC-8E11 cell line for
the study of host–pathogen cell interactions in the context of NE caused by C. perfringens and reveal a
beneficial mode of action of B. animalis subsp. lactis AG02 in reducing C. perfringens cell adhesion and,
together with L. acidophilus AG01, in reducing C. perfringens cytotoxicity.

Keywords: probiotic; broilers; chicken intestinal epithelial cells; Clostridium perfringens; necrotic
enteritis; NetB

1. Introduction

Clostridium perfringens (C. perfringens) is a Gram-positive anaerobic bacterium that is a
commensal member of the intestinal microbiota of poultry but is also the causative agent
of necrotic enteritis (NE). In the presence of certain pre-disposing factors, C. perfringens
can over proliferate and become pathogenic. For example, when there is an imbalance in
the composition of the intestinal microbiota, such as may be caused by changes in diet
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composition [1], the use of therapeutics [2], or other host and environmental factors [3].
Necrotic enteritis is a major disease in poultry. It affects ~40% of commercial broiler flocks,
causing diarrhea and high mortality in 2–5-week-old birds and costing the global broiler
industry up to USD six billion annually [4]. C. perfringens strains can produce 18 or more
different toxins [5], including α, β, ε and NetB toxins. These are secreted by the bacterium
during disease pathogenesis. In vitro, they can be collected from bacterial cultures as part
of the cell-free supernatant (CFS). The NetB toxin, produced by type G strains [6], has been
identified as the key virulence factor for NE and can cause symptoms even in the absence
of the pathogen itself [7]. No effective vaccines against NE are currently available.

In the past, antibiotics and anticoccidials added to feed were used as prophylactic
measures to control and prevent NE caused by C. perfringens. The recent prohibition of
antibiotics in feed in major regions of the world and concern over C. perfringens emerging
as a reservoir of antibiotic resistance genes [8] have fueled interest in the development
of effective alternatives. The approaches studied to date variously rely on the positive
modulation of the host immune response, improved intestinal barrier integrity, production
of antimicrobials, pathogen inhibition and competitive exclusion. They include probiotics,
prebiotics, postbiotics, short-chain fatty acids, plant extracts and essential oils [9–14].

Recently reclassified into 23 genera by Zheng et al. [15], Lactobacillus are among the ma-
jor bacterial genera naturally present in the intestinal microbiota of poultry [16]. They have
been identified as probiotic candidates because of the well-established beneficial effects
on gut health and immunity as well as antimicrobial activity [17]. In broilers challenged
orally with C. perfringens, it has been shown that L. acidophilus supplementation improves
weight gain and reduces intestinal lesion scores, mRNA expression of pro-inflammatory
cytokines, ileal populations of Escherichia coli and serum endotoxin content [18]. Further
studies have shown that some Lactobacillus sp. produce antimicrobial compounds, includ-
ing organic acids, antifungal peptides and bacteriocins, which alter the pathogen gene
expression or otherwise inhibit pathogenic bacteria [19,20]. A range of probiotic effects
of Bifidobacterium sp. in poultry have also been reported in numerous in vitro and in vivo
studies [21,22], including in broilers challenged with C. perfringens or with Salmonella
typhimurium [23,24]. The reported effects range from improved weight gain and other
growth indicators, to pathogen exclusion, to increased production of inflammatory cy-
tokines and certain blood serum parameters. These data have suggested a potential role for
Lactobacillus and Bifidobacterium probiotics in reducing the pathogenicity of major poultry
pathogens [25]. This has recently been tested in vivo in broilers in the context of a mild
NE infection initiated by oral challenge with a NetB+ strain of C. perfringens [26]. The
authors observed improved broiler performance (body weight and feed conversion ratio)
and reduced NE lesions in birds supplemented with L. acidophilus AG01 and B. animalis
subsp. lactis AG02 administered via the waterline, as compared to the challenged control,
by 42 d of age.

The present study sought to investigate the in vitro mode of action of the two pro-
biotic strains recently shown by van der Klein et al. [26] to have a beneficial effect on
NE-challenged broilers in vivo. A novel chicken enterocyte cell line, CHIC clone 8E11
(Tentamus Pharma & Med Deutschland GmbH), was used in preference over established
human (e.g., Caco-2) or pig (e.g., IPEC-J1 and IPEC-J2) cell models. This model is likely to
be more representative of the poultry gut epithelial response to pathogen challenge due to
the subtle but distinct differences between humans and poultry in the biochemical structure
and functioning of the intestinal epithelial cell layer [27,28]. The CHIC-8E11 model has
started to be applied to the study of pathogen–host cell interactions [29–32]; for example, to
identify novel genes and mutations involved in host cell adhesion in pathogenic E. coli [30]
and in Salmonella enterica isolates [31]. However, to date, only one study has used the model
to study C. perfringens–host cell interactions, specifically to look at the production of the
anti-inflammatory cytokine IL-10 by C. perfringens-challenged cells [33]. In the present
study, we used the CHIC-8E11 cell line to evaluate the wider pathogenic effects of C. per-
fringens and the potential of probiotic bacteria to reduce those effects. We first confirmed
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the chicken origin and characteristics of the cell line and then used it to characterize the
adhesion to host cells, pathogen exclusion, effects on cell permeability and the cytotoxicity
of four C. perfringens strains and of pure NetB toxin. We then investigated the potential of
CFS obtained from the probiotic strains L. acidophilus AG01 and B. animalis subsp. lactis
AG02 to beneficially alter these effects.

2. Materials and Methods
2.1. Reagents and Materials

The NetB toxin was purchased from Prof. Filip Van Immerseel (Ghent University,
Merelbeke, Belgium) at a concentration of 1 mg/mL. All the culture media, equipment
and reagents were purchased from Thermo Fisher Scientific (Roskilde, Denmark), unless
otherwise stated.

2.2. Cell Line, Bacterial Strains and Culture Conditions

The CHIC-8E11 cell line was kindly donated by Prof. Dr. Peter Schierack and Dr.
Muhammad Moman Khan of the Institute of Biotechnology, Brandenburg University of
Technology, Senftenberg, Germany. The cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM)/Ham’s F-12 mixture (Sigma Aldrich, Dorset, UK) supplemented with
1 mM L-glutamine and penicillin–streptomycin and 10% fetal bovine serum, incubated at
37 ◦C in an atmosphere of 5% CO2 and passaged using standard protocols.

Prior to its use in the experimental work, the CHIC-8E11 cell line was confirmed
as being of chicken origin by using RT-PCR to evaluate the protein expression using
chicken-specific PCR primers. For this preliminary work, the CHIC 8E11, IPEC-J2 (DSMZ,
Braunschweig, Germany) and Caco-2 (DSMZ, Braunschweig, Germany) cells were cultured
in DMEM, DMEM/F-12 and RPMI-1640, respectively, until confluency. The cells were
lysed, RNA extracted, and RT-PCR performed in accordance with the procedures described
by Shen et al. [34]. The results of this preliminary work are presented in Table S1 in the
Supplementary Materials. The CHIC-8E11 cells expressed the major chicken epithelial
cell proteins CDX1, CDH3, SOX9 and cytokine IL-8, which were not expressed in the
human Caco-2 or porcine IPEC-J2 cells. In addition, the expression of proteins related
to mesenchymal cells (vimentin and desmin), fibroblasts (ACTA-2) and stem cells (Lgr-5,
Pcna and HopX) further confirmed the CHIC-8E11 model as being representative of the
structural complexity of the poultry intestinal epithelium [35].

The L. acidophilus AG01 and B. animalis subsp. lactis AG02 were obtained from the
Danisco Global Culture Collection (DGCC; Niebüll, Germany) and cultured on MRS
broth (Man–Rogosa–Sharpe, BD Difco, Grenoble, France) at 37 ◦C in anaerobic conditions
(Anaerocult, Merck, Darmstadt, Germany).

Four C. perfringens strains, CP1, CP10, 25037-CP01 and CP22, originally isolated from
infectious NE episodes, were obtained from the Danisco Culture Collection. All had
previously been characterized as expressing at least one of two known virulence factors (a
toxin and/or NetB toxin) based on whole-genome sequencing, as summarized in Table 1.
All the strains were cultured in tryptic soy broth (TSB) at 37 ◦C in anaerobic conditions.

Table 1. Expression of genes encoding virulence factors by C. perfringens strains used in the study.

C. perfringens Strain No. Country of Origin and
Year of Isolation

Expression of Gene Encoding
Virulence Factor

α Toxin NetB Toxin

CP1 UK—2017 + -
CP10 SWE—2018 + -

25037-CP01 USA—2016 + +
CP22 USA—2016 + +
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2.3. Preparation of Cell-Free Supernatant (CFS)

The cell-free supernatant (CFS) from the C. perfringens strains was collected from
overnight liquid cultures grown in brain heart infusion (BHI) broth at 37 ◦C under condi-
tions of 5% CO2. This produced a suspension with a maximum optical density (OD) of
1.5 ± 0.3, as determined spectrophotometrically at 600 nm following calibration against a
blank sample of the culture medium. The cultures were centrifuged at 4000× g for 20 min,
and then the supernatants were removed and filtered through a 0.2 µm Nalgene filter to
obtain the CFS. The CFS was stored at −20 ◦C until later use.

The cell-free supernatant from L. acidophilus AG01 and B. animalis subsp. lactis AG02
was prepared from cultures grown in MRS for 48 h at 37 ◦C under conditions of 5% CO2.
The absorbance of the resulting suspensions was read at 600 nm and the concentration
adjusted to an OD of 1 by the addition of culture medium, as necessary. The bacterial
suspensions were then plated on agar, grown and the colonies counted. It was determined
that an OD of 1 was equivalent to a bacterial concentration of 1 × 107 colony-forming units
(CFU)/mL. This final concentration was used to prepare the CFS for each probiotic strain
as described for C. perfringens above. These were stored under the same conditions as for
the C. perfringens CFS.

2.4. Cell Adhesion Assay

Without probiotic pre-treatment: The cell adhesion assay was performed according
to the protocol described by Letourneau et al. [36]. Briefly, isolated CHIC-8E11 cells were
seeded in 96-well cell culture plates at a density of 2.0 × 104 cells/well (equivalent to
2.0 × 105 cells/mL) at a total volume of 100 mL and grown for 48 h until 80% conflu-
ence. Fresh cultures of the C. perfringens strains CP1, CP10, 25037-CP01 and CP22, grown
overnight, were then measured by the OD at 600 nm, their concentrations adjusted to an
OD of 1 and the cells loaded directly onto the CHIC-8E11 cells at a dose level of 50 mL/mL
(CFUloaded). The plates were then centrifuged for 2 min at 3500× g and incubated for 1 h at
37 ◦C in conditions of 5% CO2. The cells were then washed five times with PBS and lysed
with cold 0.1% Triton X-100 solution. The cell lysate suspensions were plated on TSB agar
following a 10-fold serial dilution and the C. perfringens colonies counted (CFUadhered). The
adhesion affinity of C. perfringens to the CHIC-8E11 cells was calculated according to the
following formula:

C. perfringens adhesion (%) = [(CFUadhered)/(CFUloaded)] × 100 (1)

With probiotic CFS pre-treatment: The CHIC-8E11 cells were seeded in cell culture
plates and grown to confluence as before. The culture media were then replaced with
fresh media and CFS from L. acidophilus AG01 or B. animalis subsp. lactis AG02 (in each
case, 3 mL/well, generated from 3 × 107 CFU/mL) was added (CFUloaded) and the plates
incubated overnight at 37 ◦C in 5% CO2. Cell culture medium without probiotic CFS served
as the control. After incubation, the cells were washed with phosphate-buffered saline (PBS)
before the addition of freshly cultured cells (CFU) of the C. perfringens strains CP1, CP10,
25037-CP01 or CP22 in culture medium, prepared as before and with the OD adjusted to 1,
at a dose level of 50 mL/mL. The plates were centrifuged, incubated, washed, cells lysed
and plated on TSB agar for C. perfringens colony counting (CFUadhered) and calculation of
the percentage adhesion, as in the ‘without probiotic pre-treatment’ assay. The reduction in
the percentage adhesion in the probiotic pre-treated treatments compared to the response
in the medium control was calculated according to the following formula:

Reduction in C. perfringens adhesion (%) = [1 − (C. perfringens adheredwith probiotic CFS/C. perfringens adheredwithout probiotic CFS)] × 100

2.5. Cell Permeability Assay

Without probiotic pre-treatment: The effect of the C. perfringens CFS and NetB toxin on
the CHIC-8E11 cell permeability was assessed using the fluorescein isothiocyanate-dextran
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(FITC-D) permeability assay. Isolated CHIC-8E11 cells were seeded in 96-well cell culture
plates fitted with permeable inserts (Thincert Pore 0.4 µm, Greiner Bio-one, Kremsmünster,
Austria) at a density of 2.0 × 105 cells per ml of complete cultivation medium (without
phenol red), at a total volume of 100 µL. The cells were differentiated for 21 days into
polarized epithelial cells (with serum at the apical surface of the cells and without serum at
the basolateral surface). On day 7, the cells were moved to asymmetric conditions using the
serum-free cultivation medium on the apical side and the complete medium on the basal
side of the inserts. Differentiation was allowed to continue, refreshing the media every three
days. The cells in the inserts were then challenged with the CFS from C. perfringens strains
25037-CP01 and CP22 (50 µL/mL), NetB toxin (1 µg/mL), or culture medium only (as a
control) and incubated for a further 2 h at 37 ◦C in an atmosphere of 5% CO2. Thereafter,
the medium in the apical side was removed, the cells were washed with PBS and 4 kDa
FITC-dextran was added (FD4; 10 µg/mL), and the cells incubated for a further 3 h under
the same conditions as before. The content of the basal compartment of the inserts was then
collected and the fluorescence measured at 485/535 nm. An independent serial dilution
of FD4 in complete medium was performed and an OD/FD4 standard curve produced to
determine the amount of FD4 from the measurements of the OD. The cell permeability was
expressed as the amount of FD4 (µg) in the basolateral compartment.

With probiotic CFS pre-treatment: CHIC-8E11 cells were seeded in 96-well cell culture
plates fitted with permeable inserts, differentiated for 21 days, and on d 7, moved to
asymmetric conditions, as before. On day 20, the CFS from L. acidophilus AG01 or B. animalis
subsp. lactis AG02 (3 µL, generated from 3 × 107 CFU/mL) was added to the apical
compartment of the cell culture inserts and the cells incubated at 37 ◦C in an atmosphere of
5% CO2 overnight. The cells in the culture inserts were then challenged with the CFS from
C. perfringens strains 25037-CP01 or CP22, NetB toxin, or culture medium only (as a control)
in the same way as described for the cell adhesion assay and incubated for a further 2 h
under the same conditions as before. Thereafter, the FITC-dextran assay was performed
as described for the cells without probiotic pre-treatment, the amount of FD4 in the apical
and basal compartments of the wells was determined, and the percentage permeability
calculated according to the following equation:

Permeability (%) = (FD4 contentbasolateral/FD4 contentapical) × 100 (2)

The reduction in cell permeability in the probiotic CFS pre-treated wells compared to
the control wells without probiotic CFS pre-treatment was then calculated according to the
following formula:

Reduction in permeability (%) = [1 − (Permeability with probiotic CFS %/Permeability without probiotic CFS %)] × 100 (3)

2.6. Cytotoxicity Assay

First, the cytotoxicity of the CFS from the probiotics themselves (L. acidophilus AG01,
B. animalis AG02) and of the CFS from C. perfringens 25037-CP01, C. perfringens CP22, and
pure NetB toxin, directly on the CHIC-8E11 cells was investigated using the MTT assay.
Then, the cytotoxicity induced by C. perfringens 25037-CP01, CP22, or NetB toxin when
the CHIC-8E11 cells were pre-treated overnight with L. acidophilus AG01 or B. animalis
AG02 CFS was investigated, and the percentage reduction in cytotoxicity calculated. The
experimental details of the different treatments are described in Table 2.

Without probiotic pre-treatment: The cytotoxicity of the CFS from L. acidophilus AG01,
B. animalis AG02, Net B toxin, C. perfringens 25036-CP01 and C. perfringens CP22 against the
CHIC-8E11 cells was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
cell viability assay (CyQUANT MTTTM Cell Viability Assay). Isolated CHIC-8E11 cells were
seeded in 96-well cell culture plates as before and grown to confluency. The culture media
were then replaced with fresh media before introducing the CFS from L. acidophilus AG01,
B. animalis AG02, C. perfringens strain CP1, CP10, 25037-CP01 or CP22 (all at 10, 20, 30, 40
and 50 µL/mL), or pure NetB toxin (added at 1 or 2 µg/mL), and the plates were then
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incubated for 4 h at 37 ◦C in an atmosphere of 5% CO2. Culture medium without C. perfringens
CFS served as the control. After incubation, MTT stock solution was added and the assay
procedure followed in accordance with the manufacturer’s instructions. The absorbance in
the control and treated samples was read at 570 nm, where a higher absorbance indicated
greater cell viability due to the known (pre-established) positive correlation between the
absorbance and the percentage of non-viable cells. The cytotoxicity was expressed as the
percentage absorbance in the treatment (test) wells compared to the control wells, according
to the following formula:

Cytotoxicity % = [1 − (OD Test/OD control)] × 100. (4)

Table 2. Experimental details of the different treatments tested in the cytotoxicity assay.

Treatment
No. Treatment Details

Data Expressed as:
C, % Cytotoxicity, or

RC, % Reduction in Cytotoxicity

Baseline treatments; CHIC-8E11 cells treated with. . .

1 Medium control (at 10, 20, 30, 40 and 50 µL/mL) C
2 CFS L. acidophilus AG01 (at 10, 20, 30, 40 and 50 µL/mL) C
3 CFS B. animalis subsp. lactis AG02 (at 10, 20, 30, 40 and 50 µL/mL) C
4 CFS 25037-CP01 (at 10, 20, 30, 40 and 50 µL/mL) C
5 CFS CP22 (at 10, 20, 30, 40 and 50 µL/mL) C
6 NetB toxin (at 1 µg/mL) C

Experimental treatments; CHIC-8E11 cells treated with. . .

7
CFS L. acidophilus AG01 (at 10, 20, 30, 40 and 50 µL/mL)
overnight pre-treatment, followed by 4 h contact time with 30
µL/mL of 25037-CP01 CFS

RC vs. T4
(at 30 µL/mL)

8
CFS L. acidophilus AG01 (at 10, 20, 30, 40 and 50 µL/mL)
overnight pre-treatment, followed by 4 h contact time with 30
µL/mL of CP22 CFS

RC vs. T5
(at 30 µL/mL)

9
CFS B. animalis AG02 (at 10, 20, 30, 40 and 50 µL/mL) overnight
pre-treatment followed by 4 h contact time with 30 µL/mL of
25037-CP01 CFS

RC vs. T4
(at 30 µL/mL)

10
CFS B. animalis AG02 (at 10, 20, 30, 40 and 50 µL/mL) overnight
pre-treatment, followed by 4 h contact time with 30 µL/mL of
CP22 CFS

RC vs. T5
(at 30 µL/mL)

11
CFS L. acidophilus AG01 (at 10, 20, 30, 40 and 50 µL/mL)
overnight pre-treatment, followed by 4 h contact time with 1
µL/mL of NetB toxin

RC vs. T6
(at 1 µL/mL)

12
CFS B. animalis AG02 (at 10, 20, 30, 40 and 50 µL/mL) overnight
pre-treatment, followed by 4 h contact time with 31 µL/mL of
NetB toxin

RC vs. T6
(at 1 µL/mL)

With probiotic CFS pre-treatment: CHIC-8E11 cells were seeded in 96-well cell culture
plates and grown to confluency as before. The media were replaced with fresh media
and probiotic CFS (L. acidophilus AG01 or B. animalis subsp. lactis AG02, according to the
treatment) was added at a volume of 10, 20, 30, 40 or 50 µL/mL. The plates were then
incubated overnight at 37 ◦C in an atmosphere of 5% CO2. Cells without the addition of
probiotic CFS served as the control. After incubation, the CFS from C. perfringens strain
25037-CP01 or CP22 (30 µL/mL), or pure NetB toxin (1 µg/mL), was added. The plates
were further incubated for 4 h under the same conditions as before. Thereafter, MTT stock
solution was added, the assay procedure followed, the absorbance measured, and the
percentage cytotoxicity calculated, as before.

2.7. CHIC-8E11 Protein Expression without or with Probiotic CFS Pre-Treatment

Isolated CHIC-8E11 cells were seeded in 96-well cell culture plates fitted with per-
meable inserts and differentiated for 21 days as described for the cell permeability assay.
On d 20, the CFS from L. acidophilus AG01 (3 mL, generated from 3 × 107 CFU/mL) or
B. animalis subsp. lactis AG02 (3 mL, generated from 3 × 107 CFU/mL) was added to the
apical side of each insert and the cells incubated overnight at 37 ◦C in an atmosphere of
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5% CO2. Cells (CHIC-8E11) in culture medium without added probiotic CFS served as the
control. After incubation, the cells were washed and then analyzed by 5% SDS solution. The
lysate was collected and the expression of cytokines, chemokines and transcription factors
measured by proteomics, as described by Shen et al. [34]. The sequence similarity to known
chicken cell proteins was evaluated using the Chicken UniProt database, as described by
Shen et al. [34].

2.8. Statistical Analysis

Data from all except the protein expression experiments were analyzed by the Kruskal–
Wallis H test (one-way ANOVA on the ranks) to determine significant differences between
groups. Differences were considered statistically significant at p < 0.05. For the protein
expression data, a multivariate latent class model (LCA) was fitted to the proteomics
manifestations, testing multiple pairwise treatment comparisons by the associated t-tests,
controlling the false discovery rate (FDR) at a level of 5%. All the statistical analyses were
conducted in Graph Pad Prism Software (version 9).

3. Results
3.1. Pathogenic Effects of C. perfringens against CHIC-8E11 Cells

Cell adhesion: The percentage adhesion of C. perfringens cells (as the CFU) to CHIC-
8E11 cells after 1 h of incubation is shown in Figure 1A. There was significant variation
among the C. perfringens strains; the percentage adhesion was greater for 25037-CP01, CP22
and CP10 than for CP1 (respectively, by 0.42, 0.28 and 0.22% points; p < 0.05).
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Figure 1. Adhesion of different strains of C. perfringens (as colony-forming units, CFUs) to CHIC-
8E11 cells (A) and the effect of the CFS from different strains of C. perfringens on CHIC-8E11 cell
permeability (B). (A) Adhesion was measured after 1 h at 37 ◦C in 5% CO2 and expressed as the
percentage of CFUs adhered to CHIC-8E11 cells out of the total CFUs loaded onto cells at the start
of the incubation. Experiments were performed three times with three replicates per experiment
(nine replicates in total). (B) Permeability was measured using the fluorescein isothiocyanate-dextran
(FITC-D) permeability assay and expressed as the amount (µg) of FD4 in the basolateral compartment
of the cell culture inserts after 2 h incubation with C. perfringens CFS or NetB at 37 ◦C in an atmosphere
of 5% CO2. Experiments were performed 3 times with 1–3 replicates per experiment (7 replicates in
total). Values represent means ± SD; ***, **, *, statistically significantly different at p < 0.001, p < 0.01
and p < 0.1, respectively; n.s., non-significant at p < 0.05.
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Cell permeability: Incubation of CHIC-8E11 cells with the CFS from C. perfringens
strain CP22 or with pure NetB increased the FD4 content (µg) of the basolateral compart-
ment of the cell culture inserts (indicating increased cell permeability) compared with the
control (91.6 ± 17.5 µg in CP22 and 78.15 ± 19.01 µg in NetB, vs. 16.9 ± 3.8 µg in the
control; p < 0.01; Figure 1B). Challenge with the CFS from strain 25037-CP01 numerically
but not statistically significantly increased the basolateral FD4 content (59.6 ± 10.2 µg in
treatment 25037-CP01 vs. 16.9 ± 3.8 µg in the control).

Cell viability: Cell-free supernatant from all the C. perfringens strains (CP1, CP10,
25037-CP01 and CP22) and pure NetB toxin induced the cytotoxicity of CHIC-8E11 cells
after 4 h incubation (Figure 2). The effects were dose- and strain-dependent. Pure NetB
toxin added at 1 or 2 µg/mL had the greatest cytotoxic effect (75–70% cytotoxicity after 4 h;
NetB was not administered above 2 µg/mL because of its observed strong cytotoxic effect),
followed by the CFS from NetB-positive CP22 (45–62% cytotoxicity across dose levels
of 10–50 µL/mL), NetB-positive 25037-CP01 (35–56% cytotoxicity), NetB-negative CP10
(1–24% cytotoxicity) and NetB-negative CP1 (0.3–25% cytotoxicity). The dose-response
effect plateaued above 30 µL/mL for all the strains except CP10.
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Figure 2. Effect of the cell-free supernatant (CFS) from C. perfringens (CP) strains and NetB
on CHIC-8E11 cell viability. Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium cell viability assay after 4 h incubation with C. perfringens CFS or NetB at 37 ◦C
in an atmosphere of 5% CO2. Results are expressed as the cytotoxicity percentage compared with
the control treatment that contained cell culture medium but no CFS or NetB. Experiments were
performed three times with two or three replicates per treatment (eight replicates in total). Values
represent means ± SD. Differences between treatments were non-significant at p < 0.05.

3.2. Effect of Pre-Treatment with Probiotics on C. perfringens Pathogenic Effects

Cell adhesion: Overnight pre-treatment of CHIC-8E11 cells with the CFS from probiotic
B. animalis subsp. lactis AG02 markedly reduced the cell adhesion of the C. perfringens
strains CP10, 25037-CP01 and CP22 (respectively, by 84.8 ± 3.7, 77.4 ± 14.0, and 82.3 ± 15.6,
vs. control; p < 0.001), but it had no significant effect on the CP1 adhesion (Figure 3).
Pre-treatment of CHIC-8E11 cells with the CFS from probiotic L. acidophilus AG01 had no
statistically significant effect on the cell adhesion by any C. perfringens strain.
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Figure 3. Percentage reduction in the adhesion of C. perfringens (CP) to CHIC-8E11 cells following pre-
treatment with probiotic cell-free supernatant (CFS). The reduction in the adhesion percentage in the
probiotic CFS pre-treated groups was compared to the response in the medium control. Experiments
were performed three times with three replicates per experiment (nine replicates in total). Values
represent means ± SD. ***, statistically significant at p < 0.001.

Cell permeability: Overnight treatment of CHIC-8E11 cells with the CFS (30 µL/mL)
from L. acidophilus AG01 had no significant effect on the cell permeability as compared to the
control, while the CFS from B. animalis subsp. lactis AG02 significantly improved (p < 0.01)
the enterocyte barrier (Supplementary Materials, Figure S1). Overnight pre-treatment of
CHIC-8E11 cells with the CFS from B. animalis subsp. lactis AG02 significantly reduced
the increase in the permeability of cells challenged with the CFS from C. perfringens strains
25037-CP01 or CP22 (respectively, by 40% points (p < 0.05) and by 44% points (p < 0.01), vs.
no probiotic preculture; Figure 4). The increase in the permeability of cells challenged with
the CFS from strain 25037-CP01 or CP22 was numerically but not statistically significantly
reduced by pre-treatment of the cells with the CFS from probiotic L. acidophilus AG01.

Cell viability: The effect of the various treatments on the viability of CHIC-8E11 cells
(as indicated by the % cytotoxicity) is shown in Table 3. The culture medium (medium
control) had no effect on the cell viability. Overnight treatment of the CHIC-8E11 cells with
10 to 50 µL/mL CFS from L. acidophilus AG01 or B. animalis AG02 induced cytotoxicity
at a relatively low level, of 11.17% (±0.28) with L. acidophilus AGO1 CFS administered
at 50 µL/mL and 9.52% ± 0.28) with B. animalis AG02 CFS administered at 30 µL/mL
of B. animalis AG02 CFS. In contrast, incubation of CHIC-8E11 cells with C. perfringens
25037-CP01 or CP22 CFS at the lowest dose (10 µL/mL) induced cytotoxicity at a level
of 34.57% (±0.06) and 45.22% (±0.11), respectively, whereas pure NetB toxin applied at
1 µg/mL induced cytotoxicity at a level of 74.60% (±0.04).

Overnight pre-treatment of CHIC-8E11 cells with the CFS from L. acidophilus AG01 or
B. animalis subsp. lactis AG02, prior to challenge for 4 h with the CFS from C. perfringens
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strains 25037-CP01 or CP22, or with pure NetB toxin, numerically but not significantly
reduced the cytotoxicity percentage compared with the control treatment (Table 3). The
magnitude of the reduction appeared to be dependent on the concentration of the probi-
otic CFS applied (greater with an increasing concentration) and differed between the two
probiotic strains. At the lowest probiotic CFS concentration (10 µL/mL), there were no
reductions in the cytotoxicity of the C. perfringens CFS from strains 25037-CP01 or CP22
against CHIC-8E11 cells, but there was a numerical reduction in the cytotoxicity of NetB
(−4% and −20%, vs. the control, for cells pre-treated with CFS from L. acidophilus AG01
and B. animalis subsp. lactis AG02, respectively). At the highest probiotic CFS concentration
(50 µL/mL), both probiotic strains numerically reduced the cytotoxicity of the CFS from
strains 25037-CP01, and CP22, and of NetB against CHIC-8E11 cells but with differing
efficacy: the CFS from B. animalis subsp. lactis AG02 was numerically more effective than
that from L. acidophilus AG01 at reducing the cytotoxicity of CP22 (−21% vs. 16%, respec-
tively) and NetB (−34% vs. −18%, respectively), whereas the two probiotics were equally
effective at reducing the cytotoxicity of strain 25037-CP01 (−24% and −24%, respectively,
vs. control).
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Figure 4. Permeability change in CHIC-8E11 cells challenged with C. perfringens cell-free supernatant
(CFS) following pre-treatment with probiotic CFS. Permeability was measured using the fluorescein
isothiocyanate-dextran (FITC-D) permeability assay and is expressed as a percentage of the amount
(µg) of FD4 in the basolateral compartment of cell culture inserts relative to that in the apical
compartment after 2 h incubation with C. perfringens CFS. The reduction in permeability (%) was
calculated relative to the medium control (without probiotic CFS pre-treatment). Experiments
were performed 3 times with 1–3 replicates per experiment (5 replicates in total). Values represent
means ± SD. *, statistically significant at p < 0.05; **, statistically significant at p < 0.01; n.s., non-
significant at p < 0.05.
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Table 3. Percentage cytotoxicity of CHIC-8E11 cells induced by the CFS from probiotic L. acidophilus
AG01, probiotic B. animalis AG02, C. perfringens strain 25036-CP01, C. perfringens strain CP22, or
NetB toxin, and the percentage reduction in cytotoxicity induced by C. perfringens or NetB toxin
when the CHIC-8E11 cells were pre-treated overnight with L. acidophilus AG01 or B. animalis AG02
CFS. Cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium cell
viability assay. Experiments were performed three times with two or three replicates per experiment
(eight replicates in total). Values represent means (±SD). Differences between treatments were not
statistically significantly different at p < 0.05.

Response Measure

Treatment
No. Dose of Application to CHIC-8E11 Cells

1 µg/mL 10 µL/mL 20 µL/mL 30 µL/mL 40 µL/mL 50 µL/mL

Cytotoxicity (%) of
baseline treatments

(±SD)

1 nd 0 (0.04) 0 (0.04) 0 (0.04) 0 (0.04) 0 (0.06)
2 nd 1.12 (0.05) 6.65 (0.17) 4.64 (0.06) 10.3 (0.09) 11.17 (0.28)
3 nd 7.78 (0.28) 7 (0.41) 9.52 (0.28) 6.2 (0.32) 7.26 (0.35)
4 nd 34.57 (0.06) 44.73 (0.03) 55.77 (0.04) 51.71 (0.03) 51.15 (0.02)
5 nd 45.22 (0.11) 57.78 (0.02) 63.04 (0.05) 65.19 (0.12) 61.70 (0.02)
6 74.60 (0.04) nd nd nd nd nd

Reduction in
cytotoxicity (%)

induced by
probiotic

pre-treatment vs.
baseline treatment 1

(±SD)

7 nd −7.75 (0.02) −1.47 (0.16) 13.31 (3.59) 15.50 (2.02) 24.39 (3.37)
8 nd −3.71 (0.67) 16.85 (2.50) 9.01 (0.34) 13.48 (2.54) 24.42 (4.75)
9 nd −8.45 (0.69) 2.15 (0.04) 5.72 (0.79) 13.84 (5.40) 16.07 (2.40)

10 nd −19.92
(0.18) 0.78 (0.37) 10.78 (0.02) 19.60 (0.3) 21.23 (0.33)

11 nd 4.10 (0.25) 5.21 (0.59) 17.80 (1.36) 10.56 (1.07) 15.50 (0.005)
12 nd 20.24 (2.08) 23.02 (1.02) 26.70 (3.32) 29.22 (0.20) 33.76 (3.75)

1 Details of the comparator treatments in each case are given in Table 2. nd, not determined.

Protein expression: Compared to the control treatment, the CFS from probiotic B. animalis
subsp. lactis AG02 significantly upregulated the CHIC-8E11 expression of Bcl-2-like protein
(+38% area under the curve (AUC) vs. control, p < 0.05; Figure 5A), whereas the CFS from
L. acidophilus AG01 upregulated the expression of stress-70 protein (+11% AUC vs. control,
p < 0.05; Figure 5E). Both upregulated the expression of TGF-beta activated kinase 1/MAP3K7-
binding protein 2 (+36% and +36% AUC for L. acidophilus AG01 and B. animalis subsp. lactis
AG02, respectively, vs. control, p < 0.05; Figure 5F) and downregulated the expression of
death-associated protein 1 (−38% and −59% AUC for L. acidophilus AG01 and B. animalis
subsp. lactis AG02, respectively, vs. control, p < 0.05; Figure 5B) and TNF-α-induced protein 2
(−39% and −26% AUC for L. acidophilus AG01 and B. animalis subsp. lactis AG02, respectively,
vs. control, p < 0.05; Figure 5D). The expressions of prostaglandin endoperoxide synthase 1
(Figure 5C), fatty acid synthase (Figure 5G) and threonine synthase-like 2 (Figure 5H) were
not significantly affected by the tested CFSs.

Microorganisms 2024, 12, x FOR PEER REVIEW 13 of 22 
 

 

subsp. lactis AG02, respectively, vs. control, p < 0.05; Figure 5D). The expressions of pros-

taglandin endoperoxide synthase 1 (Figure 5C), fatty acid synthase (Figure 5G) and thre-

onine synthase-like 2 (Figure 5H) were not significantly affected by the tested CFSs. 

m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

200

400

600

800

A
re

a

 n.s.

**

 
m

ed
iu

m
 c
on

tro
l

A
G

01

A
G

02

0

2,000

4,000

6,000

8,000

A
re

a

*

**

 
m

ed
iu

m
 c
on

tro
l

A
G

01

A
G

02

0

1,000

2,000

3,000

4,000

A
re

a

 n.s.

 n.s.

 
(A) Bcl-2-like protein (B) Death-associated protein 1 (C) Prostaglandin endoperoxide synthase 1 

m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

2,000

4,000

6,000

A
re

a

**

*

 m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

100,000

200,000

300,000

A
re

a

*

n.s.

 
m

ed
iu

m
 c
on

tro
l

A
G

01

A
G

02

0

2,000

4,000

6,000

8,000

10,000

A
re

a

*

*

 

(D) TNF-α-induced protein 2 (E) Stress-70 protein (F) TGF-beta-activated kinase 1 (MAP3K7)-

binding protein 

m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

50,000

100,000

150,000

200,000

250,000

A
re

a

 n.s.

 n.s.

 m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

20,000

40,000

60,000

80,000

A
re

a

 n.s.

 n.s.

 

 

(G) Fatty acid synthase (H) Threonine synthase-like 2  

Figure 5. Cont.



Microorganisms 2024, 12, 839 12 of 21

Microorganisms 2024, 12, x FOR PEER REVIEW 13 of 22 
 

 

subsp. lactis AG02, respectively, vs. control, p < 0.05; Figure 5D). The expressions of pros-

taglandin endoperoxide synthase 1 (Figure 5C), fatty acid synthase (Figure 5G) and thre-

onine synthase-like 2 (Figure 5H) were not significantly affected by the tested CFSs. 

m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

200

400

600

800

A
re

a

 n.s.

**

 
m

ed
iu

m
 c
on

tro
l

A
G

01

A
G

02

0

2,000

4,000

6,000

8,000

A
re

a

*

**

 
m

ed
iu

m
 c
on

tro
l

A
G

01

A
G

02

0

1,000

2,000

3,000

4,000

A
re

a

 n.s.

 n.s.

 
(A) Bcl-2-like protein (B) Death-associated protein 1 (C) Prostaglandin endoperoxide synthase 1 

m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

2,000

4,000

6,000

A
re

a

**

*

 m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

100,000

200,000

300,000

A
re

a

*

n.s.

 
m

ed
iu

m
 c
on

tro
l

A
G

01

A
G

02

0

2,000

4,000

6,000

8,000

10,000

A
re

a

*

*

 

(D) TNF-α-induced protein 2 (E) Stress-70 protein (F) TGF-beta-activated kinase 1 (MAP3K7)-

binding protein 

m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

50,000

100,000

150,000

200,000

250,000

A
re

a

 n.s.

 n.s.

 m
ed

iu
m

 c
on

tro
l

A
G

01

A
G

02

0

20,000

40,000

60,000

80,000

A
re

a

 n.s.

 n.s.

 

 

(G) Fatty acid synthase (H) Threonine synthase-like 2  

Figure 5. (A–H) Effect of the pre-treatment of CHIC-8E11 cells with probiotic CFS on the expression
of cell proteins. Experiments were performed three times with two replicates per treatment (six
replicates in total). Data represent means ± SD. * statistically significant at p < 0.05; **, statistically
significant at p < 0.01; n.s., non-significant at p < 0.05.

4. Discussion

The need for effective alternatives to antibiotics in feed is being driven by their prohi-
bition in many regions of the world, by changes in consumer preferences, and by growth of
the ‘one health’ concept, which recognizes and supports the inter-relationships between
human, animal and environmental health. Studying probiotics as potential alternatives to
antibiotics for controlling and reducing C. perfringens pathogenicity in the context of NE
requires a representative model of poultry intestinal responses. As recently highlighted
by Marks et al. [37], a reliable, standardized, chicken enterocyte cell model (such as the
CHIC-8E11 cell line model) would offer a more representative means of studying in vitro
host–pathogen interactions than existing human or porcine cell models, but it requires
further study. The present study aimed to use the novel CHIC-8E11 cell line to characterize
the key pathogenic traits of C. perfringens (cell adhesion, disruption of intestinal barrier in-
tegrity and cytotoxicity) and then to evaluate the modulating effect of two probiotic strains
on those traits. In performing this research, it was recognized that our knowledge of the
characteristics of the CHIC-8E11 cell line and its applicability to the study of pathogen–host
cell interactions is still developing and that further studies will be needed to fully assess its
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merits and limitations. On the one hand, the cell line has been relatively well characterized,
including its expression of multiple elementary cell components (epithelial cells special-
ized for nutrient absorption (enterocytes), antimicrobial peptide secretion (Paneth cells) or
mucus secretion (goblet cells)) as well as physiological resemblance (stem cells and Paneth
cells are located at the base of epithelial crypts while the others face toward the lumen).
On the other hand, under experimental conditions, the cells are flat, stretched and equally
exposed to media, CFS and bacteria, which does not fully replicate what would happen
in vivo, where any combination of exposure scenarios could occur. Thus, it is important
not to over-extrapolate the results to the in vivo situation. Some authors have attempted to
overcome the limitations of a 2-dimensional cell line model by using 3D animal models
such as intestinal organoid models [38]. Avian mini gut models or ‘enteroïds’ have been
developed as a model to study host–pathogen interactions [39] and used to study the effect
of infection of the epithelial apical surface with Salmonella Typhimurium, influenza A virus
and Eimeria tenella. The findings of the present study could usefully be compared with
those from the application of C. perfringens with and without probiotic pre-treatment to the
enteroïd model to further validate the applicability of the CHIC-8E11 model.

Following the preliminary work that confirmed the CHIC-8E11 cell line was of chicken
origin and exhibited the expected structural complexity of the intestinal epithelium, the
subsequent experiments focused on evaluating the CHIC-8E11 cell responses to three
key pathogenic traits of C. perfringens implicated in NE: (1) the adhesion to intestinal
epithelial cells that is the critical first step in bacterial colonization and cell invasion [40]
and that induces the rapid upregulation of toxin production that increases subsequent
pathogenicity [41]; (2) the reduction in cell permeability that reduces the gut barrier integrity,
potentially allowing the entry and systemic spread of C. perfringens and secreted toxins [42];
and (3) the reduction in cell viability that results in damage to the epithelial layer, which is
the critical barrier regulating the passage of nutrients across the epithelium and preventing
bacterial infiltration of the intestinal lining.

The cell adhesion assay results demonstrated that all four C. perfringens strains were
capable of adhering to CHIC-8E11 cells, albeit it at a low level (<1% across all the treatments).
The percentage values reported in the literature vary widely across studies and pathogen
strains, but the values reported here fall within that range and are therefore not unusual.
For example, Trejo et al. [43] reported adhesion percentages of 0.5–2% across treatments
for UV-treated and non-irradiated strains of Clostridium difficile to human Caco-2/TC7
cells. The protocol followed in our study involved a relatively short period of contact
between the pathogen CFU and CHIC-8E11 cells (6 h) compared to some other studies
in the literature that have used 12 h. This may also have given rise to the low level of
response. The washing of the cells five times prior to centrifugation was expected to have
removed any unadhered bacteria from the experimental sample (and to have selected only
those that were strongly attached or that had invaded the CHIC-8E11 cells). Thus, the
subsequent centrifugation step was not expected to have effected any significant change in
the percentage adhesion. However, this was not tested. Therefore, the differences in the
adhesion percentage between the treatments should be interpreted as relative rather than
absolute differences. The comparison between the treatments with and without probiotic
treatment was of more interest in this analysis than the capability of CP to adhere to CHIC-
8E11 cells per se. Nevertheless, the results indicated that the affinity of attachment varied
significantly among the strains. The variation in the adhesion percentage suggests variation
in the relative virulence of the different C. perfringens strains and the higher percentage
adhesion of NetB-positive strains 25037-CP01 and CP22 relative to NetB-negative strain
CP1 implicates NetB toxin, or another factor associated with NetB-positive strains, as
being important for adhesion. In vivo, bacterial adhesion is thought to be mediated by the
combined action of fimbriae appendages, flagella and biofilms produced on the bacterial
cell surface [44,45]. Recent studies by Lepp et al. [46,47] have implicated a specific domain
present within the genome of 68–85% of NetB-positive strains of C. perfringens isolated
from poultry (that is absent from the majority of NetB-negative strains) that encodes an
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adhesive pilus, which binds to collagen in vitro and participates in adherence. This would
explain the higher adhesion of the NetB+ strains in the present study. Other toxins secreted
by the strains 25037-CP01 and CP22, both of which are G strains, could also have aided
in the adhesion process, although this was not evaluated. For example, the toxin TpeL
that is produced by type A and G strains has been implicated in the adhesion process of
pathogenic C. perfringens [40] to host cells.

It is well known that the intestinal barrier is disrupted in both clinical and subclinical
NE, the latter of which may develop during another gastrointestinal infection (for example,
that caused by Eimeria parasites) in the presence of C. perfringens. Latorre et al. and
Akerele et al. both observed increased gut permeability (increased levels of serum FITC-
dextran) in broilers following C. perfringens and/or Eimeria challenge [42,48]. The effector
molecules and their modes of action are not fully understood. However, in vitro and ex vivo
studies have shown that a variety of C. perfringens-secreted toxins, including enterotoxin
(CPE) [49], epsilon toxin [50] and delta-toxin [51,52], can interact with tight junctions in
the epithelium that control the diffusion of substances across the paracellular space. These
interactions impair the functionality of the tight junctions, leading to increased epithelial
permeability. In the present study, the CFS from C. perfringens strain CP22 significantly
increased the permeability of the CHIC-8E11 cells after 2 h incubation, consistent with the
literature suggesting that substances within the CFS secreted by the pathogen disrupted
the barrier integrity. The specific nature of these substances cannot be confirmed, but
the 3.6-fold increase (above the control) in the basolateral FD4 content (above control) in
the NetB-positive CP22 treatment implicates NetB in this effect. Although the CFS from
the other NetB-positive strain (25037-CP01) did not statistically significantly increase cell
permeability, the trend in the data was in the same direction. To the best of the authors’
knowledge, a direct effect of NetB toxin on chicken intestinal cell permeability (or on that
of intestinal cells from other species models) has not previously been reported. Whether
tight junction proteins were a target for NetB in this effect is unknown; increased IL-
10 production has been implicated as a response of CHIC-8E11 cells to challenge with
C. perfringens-derived NetB and α-toxin [53] or with Campylobacter jejuni [54] but was not
evident (as assessed by PCR [54].

The cell viability assay results demonstrated that the CHIC-8E11 cells were permissive
to the CFS from pathogenic C. perfringens strains. All the strains resulted in measurable
cytotoxicity after 4 h of incubation, with marked variation among the strains and dose
levels in the potency of effect. It is hypothesized that the strain effect could have been linked
to the specific toxins present in the CFS and to their relative concentrations. Specifically, the
very high, apparently dose-related, cytotoxic effect of pure NetB (>70% cytotoxicity against
CHIC-8E11 cells when administered at 1 or 2 µL/mL) implicates it as a causative agent
in the observed cytotoxicity of the NetB-positive 25037-CP01 and CP22. This is consistent
with the literature describing NetB as having a direct cytotoxic effect on poultry intestinal
cells in NE that is attributable to its induction of pore formation in the cell membrane,
which results in cell leakage and apoptosis [7]. Indeed, Keyburn et al. showed that a
NetB mutant of C. perfringens was unable to induce gut lesions in infected poultry, directly
implicating NetB in the pathogenic effects of C. perfringens on poultry intestinal cells [7]. For
the cytotoxic effect to be mediated, the NetB toxin must initially bind to a receptor located
on the cell membrane [55], which in the present in vitro simulation will have been limited
by the number of cells present in the incubation. The plateauing of the cytotoxicity of the
CFS from 25037-CP01 and CP22 above 30 mL/mL could therefore reflect the saturation of
receptor sites within the available cells present in each well. Meanwhile, the lower cytotoxic
effect of the CFS from the NetB-negative, a-positive, strains CP1 and CP10 could have
been due to the presence of a-toxin in the CFS; a-toxin is well established as a major causal
factor of NE in poultry, causing cell lysis by the hydrolysis of phosphatidylcholine and
sphingomyelin in the cell membrane [56]. Other (unidentified) toxins and active substances
present in the CFS could also have contributed to the observed cytotoxic effects of the
tested strains; C. perfringens secretes 18 or more different toxins as well as bacteriocins
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and hydrolytic enzymes, all of which contribute to its virulence and pathogenicity in NE
in vivo [57].

In the second part of the study, in which the effect of the CFS from the probiotic strains
on the CHIC-8E11 response to C. perfringens challenge was evaluated, several beneficial
and complimentary effects were observed. It is acknowledged that these effects must be
interpreted with some caution because, whilst the percentage changes were sizeable and
sometimes significant, the absolute values (for example, from the adhesion assay) were
often low and therefore the biological relevance of the percentage changes is unknown.
Nevertheless, we considered that comparing the relative (%) differences between probiotic
pre-treated and untreated groups may generate useful insights into the mode of effect of
the probiotics for further study in in vivo trials. The marked and significant reduction in
the adhesion of three out of four C. perfringens strains (CP10, 25037-CP01 and CP22) to the
CHIC-8E11 cells following their pre-treatment with the CFS from B. animalis subsp. lactis
AG02, and the numerical reduction in the adhesion of two out of four C. perfringens strains
(CP10 and 25037-CP01) following their pre-treatment with the CFS from L. acidophilus AG01,
suggests the presence of beneficial effector molecule(s) in the CFS from both probiotics
that disrupted or blocked adhesion. The differing responses of the different strains suggest
phenotypic diversity in the susceptibility of different C. perfringens strains to effector
molecules present in the CFS. This was previously observed by Garde et al., who reported
strain-dependent growth inhibition of C. perfringens in response to metabolites secreted
by lactic acid bacteria with antimicrobial activity [58]. This pathogen diversity underlines
the need to select probiotics with a wide spectrum of efficacy and/or to select multiple
probiotics with complementary activity to achieve a consistently beneficial effect across
varied settings in the field. The efficacy of the two probiotic strains tested herein against
three out of four C. perfringens strains is promising in this regard.

The cell-free supernatant from B. animalis subsp. lactis AG02, but not from L. acidophilus
AG01, significantly reduced the negative effect of C. perfringens CFS on CHIC-8E11 cell
permeability and was equally effective against the strains 25037-CP01 and CP22 (40–44%
reduction achieved across both strains). The duration of this beneficial effect is unknown.
However, this is not so relevant for the in vivo situation, where repeated application
of the probiotics via the regular consumption of feed would be expected to extend the
duration of the beneficial effect. Given the critical role of epithelial barrier integrity in
regulating the passage of substances into the body from the gut lumen, and the knowledge
that this permeability is impaired in NE [42], an improvement in barrier integrity due
to the CFS from B. animalis subsp. lactis AG02 would be expected to reduce toxin and
bacterial translocation and C. perfringens pathogenesis. Indeed, in vivo supplementation
of C. perfringens-challenged birds with a combination of the two probiotics (L. acidophilus
AG01 and B. animalis subsp. lactis AG02) has been observed to reduce the lesion score back
to the level of the control treatment without pathogen [26]. Beneficial effects on broiler
gut barrier integrity have also been observed for other probiotic species: authors showed
that dietary supplementation with L. plantarum reduced serum FITC-dextran absorption,
indicating a positive impact on gut permeability in (unchallenged) broilers [59], whilst
Zhao et al. [60] observed upregulated expression of tight junction proteins in C. perfringens-
challenged broilers supplemented with probiotic B. licheniformis H2. In vitro, Al-Sadi et al.
demonstrated that a strain of B. bifidum improved epithelial integrity, and in a live mouse
model, this was found to be due to a tightening of the intestinal tight junctions that was
linked to the attachment of the bacterium to the Toll-like receptor 2 (TLR-2) complex on
the apical surface of the enterocyte membrane [61]. Studies of other probiotic genera
have similarly implicated tight junctions as a key target for probiotic effects on gut barrier
integrity [62,63].

The measured cytotoxic effect of the CFS from the probiotics themselves on CHIC-
8E11 cells was low (less than 10%), suggesting that the cell permeability measurements
were measuring permeability and not cytotoxicity, which might otherwise allow dextran to
diffuse across the cell membrane and be recorded as a change in permeability. The beneficial
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effects of the probiotics on the C. perfringens-induced effects on cell permeability and
viability were achieved by pre-treatment with the CFS rather than the intact organism. This
suggests that the effects were mediated via effector molecules within the CFS rather than via
binding of the probiotic to a cell surface receptor. Bifidobacterium sp. can produce a variety of
antimicrobial compounds, including short-chain fatty acids, hydrogen peroxide, nitric oxide
and bacteriocins [64], any of which could affect the outer membrane of C. perfringens cells
and/or its capacity to adhere to host cells. The protein expression results may also provide
some insight here: both BCL-2-like protein and TAB2 (TGF-β-activated kinase 1 (Map3K7)-
binding protein) were upregulated and TNF-a-induced protein 2 was downregulated in
the CHIC-8E11 cells following their pre-treatment with the CFS from B. animalis subsp.
lactis AG02 (but not by pre-treatment with the CFS from L. acidophilus AG01). The Bcl-2-like
protein is an anti-apoptotic protein that protects the permeabilization of the outer membrane
to preserve its integrity [65], so its upregulation could have served to reduce epithelial
permeability, whereas TAB2 is involved in IL-1 signaling, which regulates inflammation
through the NF-kB pathway [66].

The probiotic CFS increased the expression of proteins involved in the anti-inflammatory
TGF-beta pathway. Meanwhile, certain pro-inflammatory cytokine pathways were down-
regulated (prostaglandin endoperoxide and TNF-α). In addition, the results suggested that
the probiotic CFS may have enhanced epithelial cell viability via increased expression of
the BCL-2 and stress-70 proteins and the inhibition of apoptosis death-associated protein
1. An imbalance between pro-inflammatory and anti-inflammatory cytokines results in
disease progression and tissue damage and limits the resolution of intestinal inflammation.
It has been well documented that C. perfringens infection induces inflammatory cytokine
production in the intestine of broilers [67]. Based on the collective results, it is hypothe-
sized that the pre-treatment of CHIC-8E11 cells with the probiotic CFS protected the cells
from pathogenic inflammation caused by C. perfringens via establishing a balance between
immunity and tolerance. Further studies are needed to test this hypothesis.

The effect of the CFS from each of the probiotic strains on C. perfringens-induced
cytotoxicity suggests that both probiotics exerted independent beneficial effects. However,
the absence of statistical significance when compared to the response of the control treat-
ment limits the ability to draw firm conclusions. The numerical reductions in cytotoxicity
following probiotic pre-treatment were 15 to 25% when applied at the maximum dose level
of 50 µL/mL. The (numerically) differential degree of effect of the probiotics against the
individual C. perfringens strains may suggest a complementarity between the two strains.
A beneficial effect of L. acidophilus AG01 CFS in reducing C. perfringens cytotoxicity would
be consistent with the recent findings of Guo et al., in which the CFS from Lactobacilli
cultures suppressed the growth of C. perfringens after 24 h of incubation and significantly
reduced their cytotoxic effect against chicken intestinal epithelial cells (as indicated by
measurements of the lactate dehydrogenase release) [68]. Similarly, a beneficial effect of
B. animalis AG02 CFS in reducing C. perfringens-induced cytotoxicity would be consistent
with the findings of Shanmugasundaram et al., who observed that B. animalis CFS reduced
the proliferation of C. perfringens after 24 h of incubation in a positive dose-dependent
manner [23]. Guo et al. showed that the beneficial effect of Lactobacillus sp. CFS was
mediated via a decrease in the production of a-toxin as well as by direct degradation of
the a-toxin by the probiotic CFS [67]. This mode of action could be equally relevant to the
present study, given that both tested C. perfringens strains (CP22 and 25037-CP01) were
a-toxin-positive strains. The observation that the CFSs from both probiotics were also
effective at (numerically) reducing the cytotoxicity induced by administration to cells of the
NetB toxin itself additionally suggests a mode of action targeted at NetB. Further studies
are needed to confirm this.

5. Conclusions

This study represents the first report of the use of an intestinal epithelial chicken
cell model, CHIC-8E11, to study key pathogenic traits of C. perfringens and to assess the
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potential of two probiotic strains to mitigate those effects. There are some limitations
associated with the use of the in vitro cell line model, which is two-dimensional and cannot
fully replicate the complexity of the in vivo gut architecture and physiology, and also with
the interpretation of our results, where the response levels were low in absolute terms,
so that the biological significance of the percentage differences between the treatments
cannot be established (e.g., in the cell adhesion assays). However, in general, the present
results confirm the suitability of the cell line for future studies of C. perfringens pathogen–
host cell interactions in the context of NE and suggest that it could be useful for the
screening of probiotics and development of approaches for the prevention of NE, in the
same way that human cell line models have proved invaluable for the development of
human medicines [69].

All four tested C. perfringens strains were found capable of adhering to CHIC-8E11 cells,
with varying degrees of affinity; the CFS from one strain (CP22) increased the permeability
of the CHIC-8E11 cells, with NetB toxin implicated in this effect, and the CFSs from all the
strains were cytotoxic against CHIC-8E11 cells in a dose-dependent manner that varied
across the strains and was apparently linked to the NetB content. The pre-treatment of
CHIC-8E11 cells with the CFS from L. acidophilus AG01 numerically reduced the adhesion
of two out of four C. perfringens strains to the CHIC-8E11 cells, whereas pre-treatment of
CHIC-8E11 cells with the CFS from B. animalis subsp. lactis AG02 markedly and significantly
reduced the adhesion of three out of four C. perfringens strains to the CHIC-8E11 cells and
reduced the negative effect of the two NetB-positive strains on the cell permeability. In
addition, the CFS from either probiotic was effective in reducing the C. perfringens-induced
cytotoxicity and appeared to exhibit a complementarity of effect against the individual
strains. These results support the combination of L. acidophilus AG01 and B. animalis
subsp. lactis AG02 in future in vitro and in vivo assays to further assess their potential as
alternatives to antibiotics for the prevention and control of NE in broilers.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/microorganisms12040839/s1, Figure S1: Effect of the CFS from
two probiotic strains, L. acidophilus AG01 and B. animalis AG02 (30 µL/mL), on the CHIC-8E11 cell
permeability; Table S1: Proteins, TaqMan ID numbers and expression results for the CHIC 8E11 cell
line verification.

Author Contributions: Conceived and designed the experiment: M.B., D.K., C.S. and K.G. Performed
the experiment: D.K., C.S., A.C.U. and S.Y.B. Statistical analysis of data: D.K., C.S. and N.C. Wrote
and revised the paper: D.K., C.S., K.G. and M.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no specific grant from any funding agency in the public or not-for-
profit sectors.

Data Availability Statement: The datasets generated in this study are available upon request from
the corresponding author.

Acknowledgments: The authors thank Muhammad Moman Khan and Jörg Weinreich of the Institute
of Biotechnology, Brandenburg University of Technology, Senftenberg, Germany, for providing the
CHIC-8E11 cell line. The authors also thank Joelle Buck (Newbury, UK) for her assistance with the
writing of this manuscript, which was sponsored by Danisco Animal Nutrition and Health, IFF, the
Netherlands, in accordance with the Good Publication Practice guidelines.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper. All the
authors are employees of Danisco Animal Nutrition (IFF).

https://www.mdpi.com/article/10.3390/microorganisms12040839/s1
https://www.mdpi.com/article/10.3390/microorganisms12040839/s1


Microorganisms 2024, 12, 839 18 of 21

Abbreviations

AUC Area under the curve
CFU Colony-forming unit
CP Clostridium perfringens
CFS Cell-free supernatant
d Day(s)
FBS Fetal bovine serum
FD4 FITC-dextran (4 KD)
LCA Latent class model
MRS Man–Rogosa–Sharpe broth
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
OD Optical density
PBS Phosphate-buffered saline
TNF Tumor necrosis factor
TSB Tryptic soy broth

References
1. Kogut, M.H. Role of diet-microbiota interactions in precision nutrition of the chicken: Facts, gaps, and new concepts. Poult. Sci.

2022, 101, 101673. [CrossRef] [PubMed]
2. Kairmi, S.H.; Taha-Abdelaziz, K.; Yitbarek, A.; Sargolzaei, M.; Spahany, H.; Astill, J.; Shojadoost, B.; Alizadeh, M.; Kulkarni, R.R.;

Parkinson, J.; et al. Effects of therapeutic levels of dietary antibiotics on the cecal microbiome composition of broiler chickens.
Poult. Sci. 2022, 101, 101864. [CrossRef] [PubMed]

3. Kers, J.G.; Velkers, F.C.; Fischer, E.A.J.; Hermes, G.D.A.; Stegeman, J.A.; Smidt, H. Host and Environmental Factors Affecting the
Intestinal Microbiota in Chickens. Front. Microbiol. 2018, 9, 235. [CrossRef] [PubMed]

4. Wade, B.; Keyburn, A. The true cost of necrotic enteritis. Poult. World 2015, 31, 16–17.
5. Revitt-Mills, S.A.; Rood, J.I.; Adams, V. Clostridium perfringens extracellular toxins and enzymes: 20 and counting. Microbiol. Aust.

2015, 36, 114–117. [CrossRef]
6. Emami, N.K.; Dalloul, R.A. Centennial Review: Recent developments in host-pathogen interactions during necrotic enteritis in

poultry. Poult. Sci. 2021, 100, 101330. [CrossRef] [PubMed]
7. Keyburn, A.L.; Boyce, J.D.; Vaz, P.; Bannam, T.L.; Ford, M.E.; Parker, D.; Di Rubbo, A.; Rood, J.I.; Moore, R.J. NetB, a new toxin

that is associated with avian necrotic enteritis caused by Clostridium perfringens. PLoS Pathog. 2008, 4, e26. [CrossRef] [PubMed]
8. Bendary, M.M.; Abd El-Hamid, M.I.; El-Tarabili, R.M.; Hefny, A.A.; Algendy, R.M.; Elzohairy, N.A.; Ghoneim, M.M.; Al-Sanea,

M.M.; Nahari, M.H.; Moustafa, W.H. Clostridium perfringens Associated with Foodborne Infections of Animal Origins: Insights
into Prevalence, Antimicrobial Resistance, Toxin Genes Profiles, and Toxinotypes. Biology 2022, 11, 551. [CrossRef] [PubMed]

9. Kulkarni, R.R.; Gaghan, C.; Gorrell, K.; Sharif, S.; Taha-Abdelaziz, K. Probiotics as Alternatives to Antibiotics for the Prevention
and Control of Necrotic Enteritis in Chickens. Pathogens 2022, 11, 692. [CrossRef]

10. Eid, S.; Atfehy, N.; Amer, F.; Tolba, H.; Hamed, R. Prevention of Necrotic Enteritis in Broiler Chickens by Prebiotics and Probiotics
VS Control by Antibiotics, in Vivo Study. Alex. J. Vet. Sci. 2020, 64, 143–153. [CrossRef]

11. Abd El-Ghany, W.A.; Abdel-Latif, M.A.; Hosny, F.; Alatfeehy, N.M.; Noreldin, A.E.; Quesnell, R.R.; Chapman, R.; Sakai, L.;
Elbestawy, A.R. Comparative efficacy of postbiotic, probiotic, and antibiotic against necrotic enteritis in broiler chickens. Poult.
Sci. 2022, 101, 101988. [CrossRef] [PubMed]

12. Gomez-Osorio, L.M.; Yepes-Medina, V.; Ballou, A.; Parini, M.; Angel, R. Short and Medium Chain Fatty Acids and Their
Derivatives as a Natural Strategy in the Control of Necrotic Enteritis and Microbial Homeostasis in Broiler Chickens. Front. Vet.
Sci. 2021, 8, 773372. [CrossRef] [PubMed]

13. Diaz Carrasco, J.M.; Redondo, L.M.; Redondo, E.A.; Dominguez, J.E.; Chacana, A.P.; Fernandez Miyakawa, M.E. Use of Plant
Extracts as an Effective Manner to Control Clostridium perfringens Induced Necrotic Enteritis in Poultry. Biomed. Res. Int.
2016, 3278359. [CrossRef] [PubMed]

14. Gharaibeh, M.H.; Khalifeh, M.S.; Nawasreh, A.N.; Hananeh, W.M.; Awawdeh, M.S. Assessment of Immune Response and
Efficacy of Essential Oils Application on Controlling Necrotic Enteritis Induced by Clostridium perfringens in Broiler Chickens.
Molecules 2021, 26, 4527. [CrossRef] [PubMed]

15. Zheng, J.; Wittouck, S.; Salvetti, E.; Franz, C.M.A.P.; Harris, H.M.B.; Mattarelli, P.; O’Toole, P.W.; Pot, B.; Vandamme, P.; Walter, J.;
et al. A taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended description of the genus Lactobacillus
Beijerinck 1901, and union of Lactobacilliaceae and Leuconostocaceae. Int. J. Syst. Evol. Microbiol. 2020, 70, 2782–2858. [CrossRef]
[PubMed]

16. Pan, D.; Yu, Z. Intestinal microbiome of poultry and its interaction with host and diet. Gut Microbes 2014, 5, 108–119. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.psj.2021.101673
https://www.ncbi.nlm.nih.gov/pubmed/35104729
https://doi.org/10.1016/j.psj.2022.101864
https://www.ncbi.nlm.nih.gov/pubmed/35477134
https://doi.org/10.3389/fmicb.2018.00235
https://www.ncbi.nlm.nih.gov/pubmed/29503637
https://doi.org/10.1071/MA15039
https://doi.org/10.1016/j.psj.2021.101330
https://www.ncbi.nlm.nih.gov/pubmed/34280643
https://doi.org/10.1371/journal.ppat.0040026
https://www.ncbi.nlm.nih.gov/pubmed/18266469
https://doi.org/10.3390/biology11040551
https://www.ncbi.nlm.nih.gov/pubmed/35453750
https://doi.org/10.3390/pathogens11060692
https://doi.org/10.5455/ajvs.76994
https://doi.org/10.1016/j.psj.2022.101988
https://www.ncbi.nlm.nih.gov/pubmed/35809347
https://doi.org/10.3389/fvets.2021.773372
https://www.ncbi.nlm.nih.gov/pubmed/34970616
https://doi.org/10.1155/2016/3278359
https://www.ncbi.nlm.nih.gov/pubmed/27747227
https://doi.org/10.3390/molecules26154527
https://www.ncbi.nlm.nih.gov/pubmed/34361680
https://doi.org/10.1099/ijsem.0.004107
https://www.ncbi.nlm.nih.gov/pubmed/32293557
https://doi.org/10.4161/gmic.26945
https://www.ncbi.nlm.nih.gov/pubmed/24256702


Microorganisms 2024, 12, 839 19 of 21

17. Coman, M.M.; Verdenelli, M.C.; Cecchini, C.; Silvi, S.; Orpianesi, C.; Boyko, N.; Cresci, A. In vitro evaluation of antimicrobial
activity of Lactobacillus rhamnosus IMC 501(®), Lactobacillus paracasei IMC 502(®) and SYNBIO(®) against pathogens. J. Appl.
Microbiol. 2014, 117, 518–527. [CrossRef]

18. Li, Z.; Wang, W.; Liu, D.; Guo, Y. Effects of Lactobacillus acidophilus on the growth performance and intestinal health of broilers
challenged with Clostridium perfringens. J. Anim. Sci. Biotechnol. 2018, 9, 25. [CrossRef]

19. Wang, S.; Wang, Q.; Yang, E.; Yan, L.; Li, T.; Zhuang, H. Antimicrobial Compounds Produced by Vaginal Lactobacillus crispatus
Are Able to Strongly Inhibit Candida albicans Growth, Hyphal Formation and Regulate Virulence-related Gene Expressions. Front.
Microbiol. 2017, 8, 564. [CrossRef] [PubMed]

20. Hu, C.H.; Ren, L.Q.; Zhou, Y.; Ye, B.C. Characterization of antimicrobial activity of three Lactobacillus plantarum strains isolated
from Chinese traditional dairy food. Food. Sci. Nutr. 2019, 7, 1997–2005. [CrossRef]

21. Yazhini, P.; Visha, P.; Selvaraj, P.; Vasanthakumar, P.; Chandran, V. Dietary encapsulated probiotic effect on broiler serum
biochemical parameters. Vet. World 2018, 11, 1344–1348. [CrossRef]

22. Khabirov, A.; Avzalov, R.; Tsapalova, G.; Andreeva, A.; Basharov, A. Effect of a probiotic containing lactobacilli and bifidobacterial
on the metabolic processes, litter microbiocenosis, and production indicators of broiler Pekin ducklings. Vet. World 2022,
15, 998–1005. [CrossRef]

23. Shanmugasundaram, R.; Markazi, A.; Mortada, M.; Ng, T.T.; Applegate, T.J.; Bielke, L.R.; Syed, B.; Pender, C.M.; Curry, S.;
Murugesan, G.R.; et al. Research Note: Effect of synbiotic supplementation on caecal Clostridium perfringens load in broiler
chickens with different necrotic enteritis challenge models. Poult. Sci. 2020, 99, 2452–2458. [CrossRef]

24. El-Sharkawy, H.; Tahoun, A.; Rizk, A.M.; Suzuki, T.; Elmonir, W.; Nassef, E.; Shukry, M.; Germoush, M.O.; Farrag, F.; Bin-Jumah,
M.; et al. Evaluation of Bifidobacteria and Lactobacillus Probiotics as Alternative Therapy for Salmonella typhimurium Infection in
Broiler Chickens. Animals 2020, 10, 1023. [CrossRef]

25. Khan, S.; Moore, R.J.; Stanley, D.; Chousalkar, K.K. The Gut Microbiota of Laying Hens and Its Manipulation with Prebiotics and
Probiotics to Enhance Gut Health and Food Safety. Appl. Environ. Microbiol. 2020, 86, e00600-20. [CrossRef]

26. Van der Klein, S.; Yibarek, A.; Gibbs, K. A comparison between two application strategies of a dual strain waterline probiotic
during a milk dicrotic enteritis challenge. In Proceedings of the Poultry Science Association, 112th Annual Meeting Abstracts,
Philadelphia, PA, USA, 10–13 July 2023; Abstract No. 173. pp. 84–85.

27. Velge, P.; Bottreau, E.; Quere, P.; Pardon, P.; Nicolle, J.C.; Morisson, M.; Bout, D.; Dimier, I. Establishment and characterization of
partially differentiated chicken enterocyte cell clones. Eur. J. Cell Biol. 2002, 81, 203–212. [CrossRef]

28. Carboni, J.M.; Howe, C.L.; Barwick, K.W.; Mooseker, M.S.; Morrow, J.S. Characterization of intestinal brush border cytoskeletal
proteins of normal and neoplastic human epithelial cells. Am. J. Pathol. 1987, 129, 589–600.

29. Han, X.; Bertzbach, L.D.; Veit, M. Mimicking the passage of avian influenza viruses through the gastrointestinal tract of chickens.
Vet. Microbiol. 2019, 239, 108462. [CrossRef] [PubMed]

30. Ali, A.; Kolenda, R.; Moman Khan, M.; Weinreich, J.; Li, G.; Wieler, L.H.; Tedin, K.; Roggenbuch, D.; Shchierack, P. Novel
avian pathogenic Escherichia coli genes responsible for adhesion to chicken and human cell lines. Appl. Environ. Microbiol. 2020,
86, e01068-20. [CrossRef]
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