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ABSTRACT Primary chicken intestinal epithelial
cells or 3D enteroids are a powerful tool to study the dif-
ferent biological mechanisms that occur in the chicken
intestine. Unfortunately, they are not ideal for large-
scale screening or long-term studies due to their short
lifespan. Moreover, they require expensive culture
media, coatings, or the usage of live embryos for each
isolation. The aim of this study was to establish and
characterize an immortalized chicken intestinal epithe-
lial cell line to help the study of host−pathogen interac-
tions in poultry. This cell line was established by
transducing into primary chicken enterocytes the SV40
large-T antigen through a lentiviral vector. The trans-
duced cells grew without changes up to 40 passages
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maintaining, after a differentiation phase of 48 h with
epidermal growth factor, the biological properties of
mature enterocytes such as alkaline phosphatase activ-
ity and tight junction formation. Immortalized entero-
cytes were able to generate a cytokine response during
an inflammatory challenge, and showed to be susceptible
to Eimeria tenella sporozoites invasion and generate a
proper immune response to parasitic and lipopolysac-
charide (Escherichia coli) stimulation. This immortal-
ized cell line could be a cost-effective and easy-to-
maintain model for all the public health, food safety, or
research and pharmaceutical laboratories that study
host−pathogen interactions, foodborne pathogens, and
food or feed science in vitro.
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INTRODUCTION

Avian research is crucial for the global economy. Over
the past 20 years, poultry production has increased 3-
fold, resulting in 107 million tons of chicken meat and
1.3 trillion eggs produced annually, with projections of
continued growth in emerging countries (FAOSTAT,
2018). The spread of diseases like avian influenza, Sal-
monella spp., C. perfringens, and other foodborne
pathogens pose a threat to public health, while parasites
like Eimeria spp. harm animal welfare and poultry pro-
duction yields. A lack of representative cell culture mod-
els has hindered in vitro studies of the avian gut and
pathogens (Ghiselli et al., 2021b).

Intestinal epithelial cells are the main entry site for
nutrients and pathogens inside the body (Maynard et
al., 2012). Those cells are really important for food
absorption and initiate the innate immune response
against pathogens (Bar Shira and Friedman, 2018). In
literature, different methods to isolate and obtain pri-
mary chicken intestinal epithelial cells (cIEC) are pres-
ent (Dimier-Poisson et al., 2004; Byrne et al., 2007;
Kaiser et al., 2017; Bar Shira and Friedman, 2018;
Bussi�ere et al., 2018; Rath et al., 2018; Orr et al., 2021;
Ghiselli et al., 2021a). Unfortunately, those models
require fresh live embryos for each isolation and none of
them is capable to propagate for many passages without
losing some of their crucial aspects. Also, they often
require expensive coatings or complex culture media to
be maintained in culture for up to 10 to 12 d (Ghiselli et
al., 2021a). Three-dimensional enteroids are another
interesting chicken in vitro model. In 2012, Pierzchalska
and colleagues published for the first time the develop-
ment of chicken embryo intestinal organoids in Matrigel
matrix (Pierzchalska et al., 2012). Recently, Oost et al.
(2022) showed that chicken intestinal organoids can be
cultured for multiple passages using chicken-derived
WNT3 and RSPO1, prostaglandin E2, and forkhead
box O1-inhibitor (Oost et al., 2022). Those are wonder-
ful models but as primary cells they require the usage of
Matrigel and expensive growth factors to be passaged
and maintained for 15 passages. In 2021, Nash et al.
published a detailed method to culture apical-out
chicken organoids. They created a comprehensive model
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Table 1. Recipes of different media used during the immortaliza-
tion protocol.

Media Composition

Isolation medium � Dulbecco modified eagle’s medium high glucose (Cat.
# D1145—Sigma-Aldrich).

� 2% fetal bovine serum (Cat. # F7524—Sigma-
Aldrich).

� 1x penicillin-streptomycin (Cat. # P4333—Sigma-
Aldrich).

� 2 mM L-glutamine (Cat. # G7513—Sigma-Aldrich).
� 1x ITS premix (Cat. # 354350 Corning Incorporated).
� 25 ng/mL mouse recombinant epidermal growth factor

(mEGF—Cat. # SRP3196—Sigma-Aldrich).
� 1 mM sodium pyruvate (Cat. # P5280—Sigma-
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of the chicken intestine that contains both the epithelial
and leucocyte components that can be maintained in a
cheaper culture medium (Nash et al., 2021). These api-
cal-out organoids are the closest in vitro model to the
chicken live intestine but they require live animals for
the isolations to survive only 7 to 9 d in culture. More-
over, they reported that there was no postpassage
growth or budding of these enteroids (Nash et al., 2021).

For those reasons, primary cells or 3D enteroids are
not suitable for large or routine screenings or long-term
studies. Moreover, at the time of publication, no other
immortalized cIEC cell line was already established and
fully characterized, to our knowledge. Two avian intesti-
nal cell lines are commercially available, an SV40-
immortalized embryonic line (Accegen) and a clonal line
(CHIC-8E11). The SV40-immortalized line, although
available for purchase, has never been used in scientific
publications to our knowledge, and detailed information
regarding its characteristics is currently lacking. On the
other hand, the 8E11 clone has been used in some pub-
lished studies (John et al., 2017; Han and Bertzbach,
2019; Ali et al., 2020; Kolenda et al., 2021) but it lacks a
comprehensive and detailed characterization required
for validating its suitability as a research model.

Large-T antigen is a transforming protein that inhib-
its p53 action, thus inducing cell replication (Manfredi
and Prives, 1994; Sheppard et al., 1999). SV40 has been
already used to immortalize chicken fibroblasts, for
example (patent US10428316B2).

The aim of this study was to develop and fully charac-
terize a cIEC immortalized cell line suitable to expand
over time and maintain the functional characteristics of
freshly isolated enterocytes. The establishment and
characterization of an immortalized intestinal cell line
could help to study intestinal health and all the interac-
tions with chicken intestinal pathogens, enteric viruses,
and foodborne pathogens in vitro. Moreover, they could
guarantee a cost-effective and easy-to-maintain model
for all the public health, food safety, or research labora-
tories that study chicken intestinal epithelium and
chicken cells in health and disease.
Aldrich).
� 0.1 mg/mL heparin sodium salt from intestinal porcine

mucosa (Cat. # H3149—Sigma-Aldrich).
� 1£ nonessential amino acids (Cat. # X0557—VWR,

www.wvr.com).

� 1 mM sodium butyrate (Cat. # B103500—Sigma-
Aldrich).

� 0.081 mg/L putrescine (Cat. # P5780—Sigma-
Aldrich).

� 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (HEPES—Cat. # H4034—Sigma-Aldrich).

� 10 mMY-27632 (Cat.# Y0503—Sigma-Aldrich).
Immortalization medium � Dulbecco modified eagle’s medium high glucose

� 2 mM L-glutamine
� 1£ ITS premix
� 1£ nonessential amino acids
� 25 ng/mL mEGF
� 1 mM sodium pyruvate
� 10 mM HEPES

Expansion medium � Dulbecco modified eagle’s medium high glucose
� 10% fetal bovine serum
� 1£ penicillin-streptomycin
� 2 mM L-glutamine
� 1£ nonessential amino acids
� 1 mM sodium pyruvate
� 10 mM HEPES
MATERIAL AND METHODS

Care and Use of Animals

Specific pathogen-free eggs were purchased from Valo-
Biomedia (Osterholz-Scharmbeck, Germany) and incu-
bated at 37.7°C, 48% relative humidity in a semi-
automated incubator. On the 19th day of incubation,
according to the AVMA guidelines and animal welfare,
chick embryos were sacrificed by decapitation. As chick
embryos older than 14 d can experience pain, decapita-
tion was recommended as a humane method of euthana-
sia. According to the Italian legislation (D.lgs. 26/2014,
the act on the protection of animals used for scientific
and educational purposes, which was passed in March
2014 and transposed Directive 2010/63/EU into current
Italian legislation), avian embryos are not considered as
“live vertebrate animals,” so the approval of Animal
Ethics Commission was not required.
Cell Immortalization

For all the experiments involving primary cells and for
immortalization, cIEC were isolated using the method
reported by Ghiselli and colleagues (Ghiselli et al.,
2021a). The obtained cell aggregates were seeded on
35 mm petri dishes (30,000 aggregates/dish—Cat. #
353001—Corning Incorporated, Corning, NY) coated
with Matrigel matrix (Cat. # 356234—Corning Incorpo-
rated) diluted at the final concentration of 0.8 mg/mL.
Cells were cultured with the proper isolation medium,
reported in Table 1, for 24 h at 37°C and 5% CO2. After
the first expansion, primary cells were incubated in an
immortalization medium as indicated in Table 1, for
another 24 h with an SV40 T-antigen VSV-G lentiviral
vector (Cat.# CILV01—ALSTEM, Richmond, CA),
following the manufacturer instructions in presence of
transplus virus transduction enhancer (Cat.# V020—
ALSTEM, Richmond, CA). Supplementary Figure 1
represents the construct used for transduction.
After transduction, cells were washed with Hank’s

balanced salt solution without magnesium and chloride
(Cat.# 55021C—Sigma-Aldrich, St. Louis, MO), and
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cultured for 48 h in an isolation medium (Table 1).
Then, transduced cells were detached and monoclonal
selection were performed using a limiting dilution
method seeding one cell per well in a Matrigel-coated
96-well plate (Cat. # 353072—Corning Incorporated).
Then, clones that showed proliferation in the first 24 h
were positively selected using an expansion medium
(Table 1) added with 4 ppm of puromycin dihydrochlor-
ide (Cat.# HY-B1743A—MedChemExpress, South
Brunswick, NJ) for 14 d. The concentration of puromy-
cin was chosen based on a previous kill curve assay per-
formed on cIEC (Supplementary Figure 2a). To assess
the correct viral transduction, the kill curve was then
performed again on the immortalized cells to assess the
presence of puromycin resistance (Supplementary
Figure 2b). From this selection, 3 clones were generated
but 2 of them undergone senescence before reaching con-
fluence.
Culture Conditions and Differentiation

Once the remaining transduced clone reached con-
fluency, cells (named from now on cIEC-H2) were
detached using Accutase (Cat.# 25-058-CI- Corning
Incorporated) and all the obtained cells (around
75,000 cells) were seeded on a T-25 flask (3,000 cells/
cm2—Cat.# 83.3910.300 SARSTEDT AG & Co. KG,
Germany) using the same expansion medium added
with 4 ppm of puromycin. After 13 d, cells reached
again confluency and they were then detached with
Accutase (obtained around 930,000 cells) and moved
onto a T-75 flask (12,400 cells/cm2—Cat.#
83.3911.300 SARSTEDT AG & Co. KG, N€umbrecht,
Germany) to continue the expansion. Once cIEC-H2
reached about 80% of confluency, they were frozen
using a freezing medium composed of fetal bovine
serum added with 10% of dimethyl sulfoxide (Cat.#
25-950-CQC- Corning Incorporated). From now, cells
were routinely passed onto T-75 flasks with a seeding
density of 5,500 cells/cm2 using the expansion
medium without puromycin. Cells used for the differ-
ent assays were thawed at passage 4 and selected
with puromycin for 7 d before being seeded on the
required final supports. Every section about a specific
assay reports the supports and the cell density used.
If not specified, cells were seeded at 5,500 cells/cm2.

During the different passages, the duplication time
has been calculated as:

Days in culture
ln number of seeded cells

number of harvested cellsð Þ
ln 2ð Þ

� �

Lastly, to properly differentiate cIEC-H2 into mature
enterocytes, a treatment with mouse epidermal growth
factor (mEGF—Cat. # SRP3196—Sigma-Aldrich)
was required. When cells were needed for challenges or
assays, they were grown to full confluence, and then
they were treated with 15 ng/mL of mEGF for 48 h
before use. In Supplementary Figure 3, a prolonged
transepithelial electrical resistance (TEER) measure-
ment is reported to check the effects of long-term culture
on TEER.
EdU Proliferation Assay and Growth Curve

To assess proliferative ability and the actual
immortalization of cIEC-H2, 5-ethynyl-20-deoxyuri-
dine (EdU) incorporation, which can specifically
mark the S-phase cells, was performed. The EdU-
Click 488 (Cat.# BCK-EDU488- Sigma-Aldrich) was
used. Briefly, freshly thawed cIEC-H2 passage 4
(thawed and selected with puromycin for 7 d before
the assay) were seeded at a density of 2 £ 104 cells/
well onto Nunc Lab-Tek II Chamber Slide System
(Cat.# 154534—Thermo Fisher Scientific, Waltham,
MA) and after 48 h 10 mM EdU was added to the
culture medium. After 4 h, cells were then fixed in
4% paraformaldehyde for 20 min at room tempera-
ture. After permeabilizing with 0.5% Triton X-100 in
PBS for 20 min and rinsing 3 times with 3% bovine
serum albumin (Cat.# P6154—VWR, Radnor, PA)
in Dulbecco’s phosphate-buffered saline (DPBS—
Cat.# D8537—Sigma-Aldrich), cells were observed
under the fluorescence upright microscope. The EdU-
positive cells then showed up as a green color.
To characterize the growth of cIEC-H2 through the

days and compare it with primary cIEC, a growth curve
assay has been performed using the prestoblue cell via-
bility reagent (Thermo Fisher Scientific). Briefly, cIEC-
H2 (with a density of 1 £ 104 cells/well) and primary
cIEC (1200 aggregates/well) were seeded on 96-well
plates with a working volume of 100 mL of complete
medium. On d 0, 1, 2, 4, 7, 8, 9, 10, 11, 14, and 15, 10 mL
of prestoblue were added to each well and after 1 h of
incubation, the fluorescence (560 nm excitation and
590 nm emission) was read by varioskan LUX multi-
mode microplate reader (Thermo Fisher Scientific).
Enzymatic Activity Assay

The presence of enzymatic activity was assessed on
cIEC-H2 passage 40 (original cell line), cIEC-H2 passage
4 (thawed), and primary cIEC using alkaline phospha-
tase (ALP) fluorescence assay kit (Cat.# ab83369—
Abcam plc., Cambridge, UK) following the manufac-
turer’s instructions. cIEC-H2 (thawed and selected with
puromycin for 7 d before the assay) and primary cells
were seeded on 96-well plates (1 £ 104 cells/well or 1,200
aggregates/well). Both were maintained at 37°C and 5%
CO2 until d 5. On d 5, cIEC-H2 were differentiated for
48 h with mEGF. On d 7, undifferentiated and differen-
tiated cIEC-H2, and primary cells were used for the
ALP assay kit.
Alkaline phosphatase cleaves the phosphate group of

the nonfluorescent 4-methylumbelliferyl phosphate diso-
dium salt (MUP) substrate resulting in an intense fluo-
rescent signal that was read by varioskan LUX
multimode microplate reader (330 nm excitation and
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440 nm emission). The enzymatic activity was calcu-
lated as:

ALP activity ¼
nmol MUP generated
volume of sample

reaction time
qPCR

Total RNA was isolated from freshly isolated primary
cells (expanded for 7 d) or cells recovered from passaged
cells or after the challenges using the nucleospin RNA
kit (Cat. # 750955—Macherey-Nagel Inc., Allentown,
PA), according to the manufacturer’s protocol. RNA
yield and quality were determined spectrophotometri-
cally by detecting 260 and 280 nm absorbance by varios-
kan LUX multimode microplate reader (Thermo Fisher
Scientific). Samples with a 260/280 ratio below 1.8 for
DNA and 2.0 for RNA were excluded from the analyses.
RNA was reverse transcribed with iScript cDNA synthe-
sis kit (Cat. # 1708890—Bio-Rad Laboratories, Hercu-
les, CA) according to the manufacturer’s instructions.
Lastly, real-time PCR reactions were performed in
duplicate using CFX Connect Real-Time PCR System
and iTaq Universal SYBR Green Supermix (Cat. #
1725120—Bio-Rad Laboratories).

Gene expression was reported as a fold of change
using the DDCt method (Livak and Schmittgen,
2001), using as reference the 60S acidic ribosomal
protein P0 (RPLP0) and ribosomal protein L13
(RPL13). For the characterization of cIEC-H2 and
the comparison with primary cIECs, specific markers
were chosen, according to literature: E-cadherin
(CDH1), villin (VIL1), cytokeratin 8 (KRT8),
cytokeratin 18 (KRT18), cytokeratin 20 (KRT20),
intestinal sucrase-isomaltase (SUC-2), maltase-glu-
coamylase (MAGM), intestinal alkaline phosphatase
(ALPi), zonula occludens-1 (tight junction protein 1
—ZO1), occludin-1 (OCLN), claudin-1 (CLDN1),
epithelial cell adhesion molecule (EPCAM), and
vimentin (VIM). Markers typical of mesenchymal
cells were also selected to exclude the mesenchymal
nature of cIEC-H2: cluster of differentiation (CD)45,
CD90, and CD105. To analyze the effects of the
inflammatory and Eimeria tenella challenges, specific
markers of innate immune response were chosen:
interleukin (IL)1B, IL6, IL8, IL10, IL17, Toll-like
receptor 4 (TLR4), and Interferon-gamma (IFNG).
Lastly, to assess the expression changes of genes
involved in the cell cycle caused by the immortaliza-
tion, qPCR was performed specific markers: p53
tumor suppressor protein (TP53) cyclin-dependent
kinase inhibitor 1 (also known as p21) (CDKN1A),
retinoblastoma protein (also known as pRB) (RB1),
cyclin-D1 (CCND1), cylin-E1 (CCNE1), and c-
MYC.

All the primers (Sigma-Aldrich) were designed using
the PrimerBLAST tool (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/) and they are listed in Table 2.
Immunofluorescence Assay

Immunofluorescence (IF) staining was performed for
ZO1, OCLN, KRT18, and VIM, using the protocol
already reported by Ghiselli et al. (2021a). Briefly,
freshly thawed cIEC-H2 passage 4 (thawed and selected
with puromycin for 7 d before the assay) were seeded at
a density of 2 £ 104 cells/well onto Nunc Lab-Tek II
Chamber Slide System, cultured for 3 d until confluence
and differentiated with mEGF for 48 h. Then they were
fixed for 20 min with 4% paraformaldehyde (Cat.#
158127—Sigma-Aldrich) in DPBS. Cells were permeabi-
lized with 0.5% Triton X-100 (Cat.# VARICP3418—
VWR, Radnor, PA) for 15 min and then blocked in 10%
goat serum (Cat.# G9023—Sigma-Aldrich) for 1 h. Pri-
mary monoclonal antibodies reported in Table 3 were
diluted in 2% bovine serum albumin + 0.05% saponins
(Cat.# A18820—Alfa Aesar, Haverhill, MA) in DPBS.
Cells were incubated with primary antibodies for 3 h

at room temperature in a humidified chamber. Second-
ary antibodies conjugated to fluorescein isothiocyanate
or tetramethylrhodamine were used to probe the
bounded primary antibodies for 1 h (Table 2), followed
by 2 successive washes with 0.2% bovine serum
albumin + 0.05% saponins in DPBS. The slides were
then mounted with fluoroshield containing 40,6-diami-
dine-20-phenylindole dihydrochloride (Cat.# F6057—
Sigma-Aldrich). Images from 3 different fields were
acquired with a Nikon Eclipse Ci fluorescence upright
microscope with 20£ or 40£ magnification (Nikon cor-
poration—www.nikon.com) and processed with NIS-
Elements software (Nikon corporation).
Karyotype Determination

To address changes induced in the karyotype by
immortalization and to confirm the chicken origin of
these cells, a karyotype analysis has been performed.
Freshly thawed cIEC-H2 passage 4 (thawed and
selected with puromycin for 7 d before the assay) and
primary cIEC were seeded on 24-well plates (5 £ 104

cells/well; 7,200 aggregates/well—Cat.# 83.3922.300
SARSTEDT AG & Co. KG), and both were
expanded at 37°C and 5% CO2 for 48 h. On d 3, a
medium change was performed, and after 1 h, 0.1
mg/mL of colcemid (Cat.# 10295892001- Sigma-
Aldrich) was added to depolymerize microtubules and
inactivate spindle fiber formation, thus synchronizing
cells in metaphase. After 60 min with colcemid, cells
were detached using Accutase and centrifuged at 125
g for 5 min. After the centrifuge, the supernatant was
discarded and the pellet was resuspended in 37°C pre-
warmed 0.56% KCl solution and incubated for 25 min
at 37°C. Then cells were centrifuged again at 125 g
for 5 min. Supernatant was discarded and the pellet
was resuspended in a cold solution of methanol:glacial
acetic acid (3:1—fixative). The pellet was again cen-
trifuged at 125 g for 5 min and resuspended again in
fixative solution. A drop of resuspended chromosomes
was released onto a microscope slide and allowed to



Table 2. Primer list used for gene expression.

Gene Primer sequence (50!30) Product length (bp) Accession N.

Epithelial markers E-cadherin F: TGAAGACAGCCAAGGGCCTG
R: CTGGCGGTGGAGAGTGTGAT

109 NM_001039258

Villin F: GAACCTCTCGTGGCACCGC
R: CTCATGTCCCTGCACCTCCC

152 XM_418521.5

Cytokeratin 8 F: GTGTCCCAGTAGTTCCCCCAG
R: CTGCTCCGCACAGATTTCCTG

131 XM_040654914.1

Cytokeratin 18 F: CACAGATCCGGGAGAGCCTG
R: CTCCACCGCGCTGTCATAGA

110 XM_025145666

Cytokeratin 20 F: GCGCGTTATAAAGGAGGAGCTG
R: CGCTGATTTACGGGCCGAAC

200 NM_204749.2

EPCAM F: GAACACGGCTGGTGTTAGGA
R: CCACGTCGTCCTGACTAACT

76 NM_001012564.1

Zonula occludens-1 F: TCTGCACAGTGAGGTTGGCT
R: GGCTGTCCTGCATCGGTGT

145 XM_004934975

Occludin-1 F: TGCTTTTGCCCAAGCAGGAA
R: TGTGGGAGAGGCACCAGTTG

153 NM_204417

Claudin-1 F: TCGGTGGTGGTCACTTCGTC
R: CGCTGATTTACGGGCCGAAC

113 NM_001004768

SUC-2 F: GGGAGCGAGATCAGTGGATG
R: TTGTTCAGTGGGGCGTAGAC

120 XM_015275757.3

MAGM F: GCGAATTCTCCCCAAGTTGC
R: CGGAGGTTGCAGAGGTTCTT

94 XM_040657177.1

ALPi F: AGTGTGCACCCATAGACAGC
R: AGTCCATGCCCAGGATTTGG

76 XM_003641761.5

Cytokines IL1B F: TGCCTGCAGAAGAAGCCTCG
R: CTCCGCAGCAGTTTGGTCAT

137 NM_204524.1

IL6 F: GCAGGACGAGATGTGCAAGA
R: ACCTTGGGCAGGTTGAGGTT

84 NM_204628.1

IL8 F: AGCTGCTCTGTCGCAAGGTA
R: GCTTGGCGTCAGCTTCACATC

124 NM_205498.1

IL10 F: GTCACCGCTTCTTCACCTGC
R: TCCCGTTCTCATCCATCTTCTCG

84 NM_001004414.2

IL17 F: CAGCAAACGCTCACTGGCTC
R: CTGGGCATCAGCAACCAAGC

82 NM_204460.1

Interferon-g F: ACAACCTTCCTGATGGCGTG
R: AGTTCATTCGCGGCTTTGCG

100 NM_205149.1

Other Toll-like receptor 4 F: CCTGGGTCTAGCAGCCTTCC
R: TGGCCCAGATTCAGCTCCTG

129 NM_001030693

Vimentin F: GCGCGATGTTCGTCAACAAT
R: CGCAGGGCATCATTGTTCCT

123 NM_001048076.2

CD45 F: TCCGACGCAGAGTGAATGCT
R: AGCCCCTCCAACATAGCGTC

118 NM_204417.2

CD90 F: GAACGTCTACCGGAACCGAG
R: GTGTAGTCGTTGGTGGCCTT

126 NM_204381.2

CD105 F: GCGAAAATAGCAACAGCCCC
R: GTACAGCCCTTCACCTCACG

103 NM_001080887

Cell cycle Cyclin-D1 F: CGAGGTGGAGACCATCCGAC
R: GAAGTAGGACACCGAGGGCG

112 NM_205381

Cyclin-E F: CGTTCCTCCAGGATCCCGAC
R: CCAGGACAGCTGGTTTTCGT

80 NM_001031358

TP53 F: GCCGTGGCCGTCTATAAGAA
R: GGTCTCGTCGTCGTGGTAAC

159 NM_205264.1

CDKN1A F: GAGAGCGACTGCGCTACAG
R: GATCTGCTCGTGGTCTACGG

137 NM_001396336.1

RB1 F: GGTGGCCGCTTGTACGG
R: CATCGCACAGAGCCACGAAC

175 NM_204419.2

c-MYC F: CTGGTCCTCAAGCGGTGTCA
R: GACCCTGCCACTGTCCAACT

114 XM_015283089

Ref. RPLP0 F: TCACGGTAAAGAGGGGAGGTG
R: CTTGCTCAGTCCCCAGCCTT

143 NM_205179

RPL13 F: TCGTGCTGGCAGAGGATTC
R: TCGTCCGAGCAAACCTTTTG

71 NM_204999

All primers were designed with PrimerBLAST.
Abbreviations: ALPi, intestinal alkaline phosphatase; CD, cluster of differentiation; CDKN1A, cyclin-dependent kinase inhibitor 1 (also known as

p21); EPCAM, epithelial cellular adhesion molecule; MAGM, maltase-glucoamylase; RB1, retinoblastoma protein (also known as pRB); Ref., Reference
genes; RPL13, ribosomal protein L13; RPLP0, ribosomal protein lateral stalk subunit P0; SUC-2, intestinal sucrase-isomaltase; TP53, p53 tumor suppres-
sor protein.
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air dry for 1 h. When dried, the slides were mounted
with fluoroshield and observed under the microscope
with 100£ magnification in oil immersion. Twenty
different complete spreads were analyzed and counted
to determine the number of chromosomes. Karyotype
analysis was performed using ImageJ imaging soft-
ware (Schneider et al., 2012) with ChromosomeJ
plugin (Uhlmann et al., 2016).



Table 3. Antibodies used for immunofluorescence assay.

Reagent Dilution Supplier Product catalog number

Rabbit anti-chicken zonula occludens 1 10 mg/mL Thermo Fisher Scientific 61-7300
Rabbit anti-chicken pan-occludin 2 mg/mL Thermo Fisher Scientific 71-1500
Rabbit anti-villin 10 mg/mL Abcam ab130751
Mouse anti-chicken cytokeratin 18 10 mg/mL Thermo Fisher Scientific MA1-06326
Mouse anti-chicken vimentin 2 mg/mL Thermo Fisher Scientific MA5-11883
Goat anti-rabbit secondary antibody, FITC conjugated 4 mg/mL Thermo Fisher Scientific A27034
Donkey anti-mouse secondary antibody, TRITC conjugated 4 mg/mL Thermo Fisher Scientific A27034

Abbreviations: FITC, fluorescein isothiocyanate; TRITC, tetramethylrhodamine.
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Inflammatory Challenge

Freshly thawed cIEC-H2 passage 4 (thawed and
selected with puromycin for 7 d before the assay) were
seeded at a density of 5 £ 104 cell/filter onto 24 well
Transwell polyethylene terephthalate inserts (0.4 mm
pore—Cat.# 3413 Corning Incorporated) and were
maintained at 37°C and 5% CO2 until d 5. On d 5, con-
fluent cells were differentiated for 48 h with mEGF and
on d 7 were monitored by measuring TEER. On d 7,
inflammatory challenge was induced for 6 h and con-
sisted of the exposure to Escherichia coli O55:B5 lipo-
polysaccharide (LPS—Cat.# L2880—Sigma-Aldrich)
and a cocktail of chicken pro-inflammatory cytokines
(adapted from Van De Walle et al., 2010). In the apical
compartment, only LPS 1 mg/mL or 30 mg/mL was
used. On the basolateral side, cells were challenged using
LPS 1 mg/mL or 30 mg/mL in combination with chicken
pro-inflammatory cytokines: IL1B 25 ng/mL (Cat.#
abx670113—Abbexa Ltd., Cambridge, UK), Tumor-
necrosis factor alpha (TNF) 50 ng/mL (Cat.#
abx166366—Abbexa Ltd.), and IFNG 50 ng/mL (Cat.
# RP0115C—Kingfisher Biotech Inc., St. Paul, MN).
To determine the monolayer integrity, TEER was mea-
sured before the challenge and after 2 h, 4 h, and 6 h. In
the end, cells were harvested to perform qPCR analyses.
TEER was measured with a volt-ohm meter (Millicell
ERS-2, Cat. # MERS00002—Millipore, Burlington,
MA), then values were calculated as: ½ðcell well TEER
�� blank well TEERÞ � well area size ðV ¢ cm2Þ�:
Eimeria Invasion Assay

Freshly thawed cIEC-H2 passage 4 (thawed and
selected with puromycin for 7 d before the assay) were
seeded on 24-well plates at a density of 5 £ 104 cells/well
and were maintained at 37°C and 5% CO2 until d 5. On
d 5, confluent cells were differentiated for 48 h with
mEGF.

After differentiation, the cells were infested with E.
tenella sporozoites and purified as follows. The oocysts
stored in 2% potassium dichromate (Cat.# P5271,
Sigma-Aldrich) were washed and resuspended in 10%
sodium hypochlorite for sterilization, then they were
washed and lysed with glass beads (1 mm) for 2 min at
33 Hz with TissueLyser (Cat.# 85600, Qiagen, Hilden,
Germany) to obtain sporocysts. Those were washed and
resuspended in an excystation medium, containing
2.5 g/L trypsin (Cat.# P10-025025P, Pan-Biotech
GmbH, Aidenbach, Germany), 5 g/L bile salts (Cat.#
B3301, Sigma-Aldrich), and 2 g/L MgCl2 (Cat.#
459337, Carlo Erba Reagents, Milan, Italy). The suspen-
sion was incubated for 90 min at 41°C in a heating block
(Cat# HM100-Pro, DLAB Scientific Co., Beijing,
China). Afterward, the obtained sporozoites were puri-
fied with PluriStrainer 5 mm (Cat# 43-50005-13, pluri-
Select Life Science, Leipzig, Germany), washed, and
resuspended in mEGF supplemented-cell medium at a
concentration of 1 £ 105 intact sporozoites/well, to initi-
ate the invasion assay. Sporozoites’ membrane integrity
was visually checked using a trypan blue exclusion test
diluting 10 mL of sporozoites suspension with 10 mL of
trypan blue solution (Cat.# T8154-, Sigma-Aldrich)
and counting with a Burker chamber the intact ones.
The invasion assay was performed for 4 h and 24 h.

Afterward, the cell supernatant was collected to count
extracellular sporozoites, to assess invasion efficiency
with the following formula:

100� number of sporozoites in the supernatant after treatment
number of starting sporozoites

� �
� 100

� �

The cells were washed, at both time points, twice with
DPBS and then they were lysed to perform nucleic acids
(DNA and RNA) extraction, with the NucleoSpin Tri-
Prep Kit (Cat. # 740966—Macherey-Nagel Inc.), as
described by the manufacturer’s instructions.
Eimeria Quantification by Standard Absolute
PCR Quantification

The amplification target was cloned on a pUC57-mini
plasmid (GenScript Biotech Corp, Piscataway, NJ) car-
rying the sequence of E. tenella internal transcribed
spacer-1 (ITS-1). The primers reported in Table 4 were
used to generate the 147 bp sequence. The ITS-1 gene is
a conserved region commonly employed for species iden-
tification and it is expressed by sporozoites and other
developmental stages (Kawahara et al., 2008). qPCR
was performed as described in the previous section. Ten-
fold serial dilutions of the cloned plasmid were amplified
and used to generate a standard quantification curve.
The unknown samples were amplified and then the ITS-
1 copies were quantified by interpolation.



Table 4. Eimeria tenella amplicon sequence and primers used for the absolute quantification.

Gene Amplicon sequence (50!30)

TGGAGGGGATTATGAGAGGAGAAGACGCGCACGGGGCTGTGTCGTATGCAGAGCGCTCGCGGCTCGGGCGA
TTGTTCCGTGTTGTGTGCTCTGCTGCATGCTGGTGTGTGCGTTCTGTCTCTTTCTCTCTCCGTTACATGCTGCTTG

E. tenella ITS-1 Primer sequence (50!30) Product length (bp) Accession N. Reference
F: TGGAGGGGATTATGAGAGGA
R: CAAGCAGCATGTAACGGAGA

147 AF026388 (Kawahara et al., 2008)

Abbreviation: ITS-1, internal transcribed spacer -1.

Figure 1. Establishment of cIEC-H2. (a) Primary cIEC on Matrigel-coated wells before lentiviral transfection; (b) primary cIEC on Matrigel-
coated wells after 24 h of incubation with the lentiviral vector; (c) primary cIEC on Matrigel-coated wells 2 d after lentiviral transfection; (d) cells 24
h after a single cell were seeded through limiting dilution method; (e) cells 72 h after limiting dilution monoclonal selection; (f) confluent transformed
cIEC after 15 d of puromycin (4 ppm) selection. All the pictures were taken with a 10£ magnification except for figure d) and e) that were captured
with a 40£magnification in 3 different fields.
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Statistics and Reproducibility

The legends of each figure provide more details about
sample sizes, numbers of replicates, and statistics used.
All data were represented as mean § standard error
(SEM). Statistical analysis was performed using
Graph-pad Prism 9.5 (https://www.graphpad.com/sci-
entific-software/prism/). Shapiro−Wilk’s test was used
to assess the normal distribution, samples with P> 0.05
were accepted as normally distributed. Outliers were
defined by the ROUT Method with the False Discovery
Rate (Q) set >1% and excluded from the analysis. All
measurements were recorded from distinct samples.
Figure 2. cIEC-H2 growth over time. (a) Low confluency cIEC-H2 P3; (
post-thaw; (d) full confluent cIEC-H2 P5, 3 passage post-thaw; (e) full confl
H2 P30 after 48 h of mEGF differentiation. All the pictures were taken with
Samples involved in qPCR with a 260/280 ratio below
1.8 for DNA and 2.0 for RNA were excluded from the
analyses.
TEER readings (n = 6) and gene expression data after

E. tenella invasion data (n = 6) were normally distrib-
uted and analyzed using 2-way ANOVA and mixed-
model analysis respectively with �Síd�ak’s multiple com-
parisons test with time and treatment as factors. qPCR
on cell characterization data (n = 5), cell-cycle genes
expression data (n = 4), LPS inflammatory challenge
data (n = 6), and ALP activity (n = 5) were normally
distributed and analyzed using 1-way ANOVA with
Tukey’s multiple comparisons.
b) full confluent cIEC-H2 P3; (c) low confluency cIEC-H2 P5, 3 passage
uent cIEC-H2 P30 before mEGF differentiation; (f) full confluent cIEC-
a 10£magnification.
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E. tenella internalization data (n = 8) were normally
distributed and analyzed using an unpaired 2-tailed t
test. The level of significance (p) was set at 0.05 for all
the analyses.
RESULTS

Cell Immortalization

Intestinal cell aggregates rapidly attached to the
Matrigel-coated wells and cells gradually migrated out
from the foci of proliferation within 24 h in culture, as is
visible in Figure 1a. Cells were then incubated for 24 h
with the lentiviral vector and reached confluency
(Figure 1b). Two days after the transduction, cells
appeared with a cobblestone morphology organized in
little islands (Figure 1c). Using the limiting dilution
method, cells were seeded one per well and after 24 h,
they started to proliferate (Figures 1d and 1e). Then the
puromycin selection started and after 15 d transformed
cIEC resulted in a fully confluent monolayer of cells with
a cobblestone morphology (Figure 1f).
Culture Conditions and Differentiation

After limiting dilution and puromycin selection cIEC-
H2 were propagated in different support to amplify the
population. In Figure 2, low confluency (Figure 2a) and
full confluent (Figure 2b) cIEC-H2 P3 are reported. Cells
maintained a stable morphology and growth
Figure 3. Duplication time (d) of the original cIEC-H2 (red line) thr
cIEC-H2 (blue line) from P2 to P9.
characteristics during several passages and also after the
freeze/thawing cycle. Figures 2c and 2d report thawed
cIEC-H2 after 3 passages (P5). After differentiation, cells
appeared more compact and tightened together, as
reported in Figure 2, where full confluent cIEC-H2 P30
before (Figure 2e) and after (Figure 2f) mEGF differentia-
tion are represented. During different passages, cells main-
tained also a constant duplication time. Figure 3 reports
the duplication times of the original cIEC-H2 through all
the passages from the isolation of primary cells to cIEC-
H2P40 and of thawed cIEC-H2 fromP2 to P9.
EdU Proliferation Assay and Growth Curve

To assess the proliferative capability and the growth
curve an EdU assay and a Prestoblue growth curve were
performed. From the EdU assay reported in Figure 4a, it
is possible to see numerous S-phase cells confirming the
proliferative capability of those cells. Figure 4b reports
the graph obtained from the proliferative growth curve
performed both on primary cells and immortalized cells,
showing a very quick expansion through the days. More-
over, immortalized cells maintain higher viability levels
without the degeneration that occurs between d 11 and
14 with primary cells.
qPCR Characterization

cIEC-H2 showed the presence of all different epithelial
markers in qPCR also when undifferentiated as reported
ough all the passages from the immortalization to P40 and of thawed



Figure 4. cIEC-H2 passage 4 growth characterization. (a) EdU staining at 2 d after seeding FITC only (b) EdU staining at 2 d after seeding
FITC+DAPI. Pictures were taken with a 20£ magnification in 3 different fields; (c) PrestoBlue reagent viability reported as fluorescence units
(excitation 560 nm; emission 590 nm) from d 0 after seeding to d 15 for primary cIECs (black dots and black line) and cIEC-H2 (gray triangles and
gray line). Data are represented as mean with SEM (n = 8).
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in Figure 5. The differentiation for 48 h with mEGF sig-
nificantly increased the expression of CDH1 (P <
0.0001), KRT20 (P = 0.0008), OCLN (P < 0.0001),
CLDN1 (P < 0.0001), EPCAM (P < 0.0001), and VIM
(P < 0.0001). Moreover, the expression of VIL1, ZO1,
and KRT8 was unchanged and KRT18 had a significant
(P < 0.0001) decrease. Comparing the mRNA expression
of the same markers with primary cells it is possible
to notice that differentiated cIEC-H2 showed higher
CDH1 (P < 0.0001), EPCAM (P < 0.0001), KRT20
(P = 0.0048), OCLN (P = 0.0008), CLDN1 (P <
0.0001), and ALPi (P = 0.0026). On the other hand, dif-
ferentiated cIEC-H2 had lower ZO1 (P = 0.0073) and
KRT18 (P < 0.0001); VIL1, KRT8, SUC-2, and MAGM
have similar mRNA expression levels. Lastly, CD45,
CD90, and CD105 expression was not detected both in
primary and immortalized cells. Supplementary Figure
4 reports a transcript levels comparison of selected
markers between never cryopreserved (passage 15) and
cryopreserved (passage 4) cIEC-H2.
Immunofluorescence Characterization

Confluent cells were stained after mEGF differenti-
ation for phenotype characterization. Differentiated
cIEC-H2 were positive for ZO1, OCLN, KRT18, and
VIL1 (Figure 6), thus confirming the epithelial nature
of these cells, as shown in Figure 6. Immunofluores-
cence showed also low VIM positivity in undifferenti-
ated cells, which was not observed in the
differentiated ones.



Figure 5. qPCR characterization of primary cIECs and cIEC-H2 passage 4 pre- and post-mEGF differentiation. Data are reported as fold
change calculated using the DDCT method. RNA samples with a 260/280 ratio below 2.0 were excluded from the analysis. Outliers were defined by
the ROUT Method with the False Discovery Rate (Q) set >1% and excluded from the analysis. Data were normally distributed (Shapiro−Wilk test
P > 0.05) and analyzed using one-way ANOVA with Tukey’s multiple comparisons. CDH1: undifferentiated vs. differentiated P < 0.0001, 95%
CI �1.848 to �1.074, differentiated vs. primary P < 0.0001, 95% CI 0.9348−1.933—EPCAM undifferentiated vs. differentiated P < 0.0001, 95%
CI �8.590 to �4.591, undifferentiated vs. primary P = 0.0348, 95% CI �5.204 to �0.2155, differentiated vs. primary P = 0.0066, 95% CI 1,299
−6,462—VIM: undifferentiated vs. differentiated P < 0.0001, 95% CI �12.90 to �10.54, differentiated vs. primary P < 0.0001, 95% CI 10.68−14.76
—KRT18 undifferentiated vs. differentiated P < 0.0001, 95% CI 0.3084−0.6180, undifferentiated vs. primary P = 0.0034, 95% CI �0.5174
to �0.1313, differentiated vs. primary P = 0.0066, 95% CI �0.9874 to �0.5877—KRT20: undifferentiated vs. differentiated P = 0.0009, 95%
CI �95.54 to �33.69, differentiated vs. primary P = 0.0048, 95% CI 23.35 to 103.2− ALPi: undifferentiated vs. primary P = 0.0026, 95% CI 0.4351
−1.381, differentiated vs. primary P = 0.0163, 95% CI 0.1393−1.036—ZO1: undifferentiated vs. primary P = 0.0165, 95% CI �1.467 to �0.1825,
differentiated vs. primary P = 0.0073, 95% CI �1,612 to �0.3270—OCLN: undifferentiated vs. differentiated P < 0.0001, 95% CI �1.066
to �0.6087, differentiated vs. primary P = 0.0008, 95% CI 0.3244 to 0.9145—CLDN1: undifferentiated vs. differentiated P < 0.0001, 95% CI �1.718
to �0.8292, undifferentiated vs. primary P = 0.0196, 95% CI 0.1251−1.234, differentiated vs. primary P < 0.0001, 95% CI 1.379−2.527. Data are
represented as mean with SEM (n = 5). Abbreviations: ALPi = intestinal alkaline phosphatase; CDH1 = E-cadherin; CLDN1 = claudin 1;
EPCAM= epithelial cellular adhesion molecule; KRT18 = cytokeratin 18; KRT20 = cytokeratin 20; KRT8 = cytokeratin 8; MAGM=maltase-glu-
coamylase; OCLN = occludin; SUC-2 = intestinal sucrase-isomaltase; VIL1 = villin; VIM =vimentin; ZO1= zonula occludens 1.
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Karyotype Determination and Cell-Cycle

In Figures 7a and 7b, the karyotype of cIEC-H2 and
primary cIEC is respectively reported. Chromosomes
number were counted on 20 different spreads and no
aberrations on chromosome number have been observed.
cIEC-H2 showed a normal chicken diploid karyotype
with 39 pair of chromosomes. Macro- and microdistribu-
tion of chromosome is conserved with no visible numeric
alterations. In Figure 7e, the gene expression analysis of
some important cell-cycle genes is reported. Comparing
undifferentiated cIEC-H2 and primary cIEC RB1
(P = 0.0136), TP53 (P < 0.0001), CDKN1A (P <
0.0001), CCND1 (P = 0.014), and CCNE1 (P < 0.0001)
were significantly downregulated on immortalized cells
and c-MYC mRNA expression was significantly
(P = 0.0026) upregulated in cIEC-H2. Lastly, the
mEGF differentiation showed a significant downregula-
tion of CDKN1A (P = 0.0121) and CCNE1
(P = 0.0129). The other tested genes were not signifi-
cantly affected by mEGF differentiation.
Enzymatic Activity Assay

Figure 8 represents the results of the ALP activity
assay. cIEC-H2 maintained ALP enzymatic activity
around 50 mU/L similarly to the freshly isolated



Figure 6. IF characterization of cIEC-H2 passage 4 pre (a; c; e; g; i) and post (b; d; f; h; l) mEGF differentiation. (a) KRT18 (red) in undifferen-
tiated cells; (b) KRT18 (red) in differentiated cells; (c) VIM (red) in undifferentiated cells; (d) VIM (red) in differentiated cells; (e) ZO1 (green) in
undifferentiated cells; (f) ZO1 (green) in differentiated cells; (g) OCLN (green) in undifferentiated cells; (h) OCLN (green) in differentiated cells;
(i) VIL1 (green) in undifferentiated cells; l) VIL1 (green) in differentiated cells. Pictures were taken with a 40x magnification in three different fields.
Abbreviations: KRT18, cytokeratin 18; OCLN, occludin; VIM, vimentin; VIL1, villin; ZO1, Zonula occludens 1.
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Figure 7. Karyotype and cell-cycle genes mRNA expression. (a) cIEC-H2 karyotype; (b) primary cIEC karyotype; (c) cIEC-H2 chromosomes spread;
(d) primary cIEC chromosomes spread. Pictures were taken with at 100£ magnification in oil immersion. Twenty different spreads were analyzed. (e) Effect
of immortalization on cell-cycle genes in qPCR expression. Data are reported as fold change calculated using the DDCT method. RNA samples with a 260/
280 ratio below 2.0 were excluded from the analysis. Outliers were defined by the ROUT Method with the False Discovery Rate (Q) set >1% and excluded
from the analysis. Data were normally distributed (Shapiro−Wilk test p>0.05) and they were analyzed using a one-way ANOVA with Tukey’s multiple
comparisons. RB1: undifferentiated vs. primary P = 0.0136, 95% CI 0.2251−1.716, differentiated vs. primary P = 0.0162, 95% 0.1943−1.6851—TP53: undif-
ferentiated vs. primary P < 0.0001, 95% CI 0.7384−1.199, differentiated vs. primary P < 0.0001, 95% 0.7244−1.185—CDKN1A: undifferentiated vs. primary
P < 0.0001, 95% CI 0.4597 to 0.8931, differentiated vs. primary P < 0.0001, 95% 0.7299−1.163, undifferentiated vs. differentiated P = 0.0121, 95% CI
0.06960−0.4709—c-MYC: undifferentiated vs. primary P = 0.0026, 95% CI �3.313 to �0.8724, differentiated vs. primary P = 0.0101, 95% �2.894 to
�0.4534—CCND1: undifferentiated vs. primary P = 0.0014, 95% CI 0.2847−0.8447, differentiated vs. primary P = 0.0026, 95% 0.2146−0.7384—CCNE1:
undifferentiated vs. primary P < 0.0001, 95% CI 0.7621−0.8809, differentiated vs. primary P < 0.0001, 95% 0.8401−0.9589, undifferentiated vs. differentiated
P = 0.0129, 95% CI 0.01861−0.1374. Data are represented as mean with SEM (n = 4). Abbreviations: CCND1, cyclin-D1; CCNE1, cyclin-E1; CDKN1A,
cyclin-dependent kinase inhibitor 1 (also known as p21); RB1, retinoblastoma protein (also known as pRB); TP53, p53 tumor suppressor protein.
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Figure 8. Alkaline phosphatase activity (mU/L) of primary cIEC
and cIEC-H2 pre- and post-mEGF differentiation. P4 = thawed cells;
P40 = original cell line never cryopreserved. Unit = The amount of
enzyme causing the hydrolysis of 1 mmole of 4-methylumbelliferyl phos-
phate disodium salt per minute at pH 10.0 and 25°C. Data are repre-
sented as mean with SEM (n = 5). Outliers were defined by the ROUT
Method with the False Discovery Rate (Q) set >1% and excluded from
the analysis. Data were normally distributed (Shapiro−Wilk test P >
0.05) and analyzed using a one-way ANOVA with Tukey’s multiple
comparisons. No significant differences were detected.
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primary cells until passage 40 and also after thawing.
mEGF differentiation and cryopreservation did not
affect ALP activity. Primary cells recorded an ALP
activity value of 45.68 § 20.29 mU/L. cIEC-H2 at pas-
sage 40 (never cryopreserved) showed an activity value
of 42.24 § 19.78 mU/L before mEGF treatment and
40.86 § 19.27 mU/L after differentiation. Lastly, cIEC-
H2 passage 4 (after cryopreservation) recorded and ALP
activity value of 57.59 § 4.53 mU/L before differentia-
tion and 61.96 § 10.90 mU/L after differentiation.
Inflammatory Challenge

Figure 9a reports the TEER values measured at 2 h, 4
h, and 6 h after the challenge. Both LPS used at 1 mg/
mL or 30 mg/mL in combination with cytokines signifi-
cantly reduced the TEER values by (20.919 § 1.029) %
4 h for LPS 1 mg/mL and (26.689 § 3.720) % 4 h for
LPS 30 mg/mL after the start (LPS 1 mg/mL:
P = 0.0015; LPS 30 mg/mL: P < 0.0001) compared to
the initial TEER. These differences remained then stable
after 6 h. Moreover, the effects of inflammatory chal-
lenge, reported in Figure 9b, are also visible on qPCR
gene expression. LPS used at 1 mg/mL in combination
with cytokines significantly increased IL6 (P = 0.0468),
and IL1B (P = 0.0173) but no effect was observed on
other tested markers. LPS used at 30 mg/mL in combi-
nation with cytokines significantly increased IL6
(P = 0.0282), and IL1B (P = 0.0454) and decreased
IL10 (P = 0.0027) and TLR4 (P = 0.0133) levels,
confirming the ability of this immortalized cell line to
produce an innate immune response when exposed to
pro-inflammatory conditions.
Eimeria Invasion Assay

Figure 10 reports the invasion efficiency of E. tenella
sporozoites at 4 and 24 h postinvasion (HPI) assessed
with supernatant counts (Figure 10a) and ITS-1 stan-
dard DNA quantification (Figure 10b). This cell model
was found to be susceptible to E. tenella sporozoites
invasion, as demonstrated by the progressive increase in
the invasion efficiency; significant differences were found
between 4 and 24 HPI by both methods (supernatant
counts P < 0.0001; standard DNA quantification
P = 0.0114). Counting the sporozoites in the superna-
tant the invasion efficiency increased from (66.23§1.48)
% 4 HPI to (89.40§1.84) % 24 HPI. Moreover, the
qPCR detected (33,993 § 1,087) ITS-1 copies 4 HPI and
(50,211 § 5,010) 24 HPI showing an increase of about
32% between the 2 time points.
Lastly, the E. tenella invasion induced a significant

increase in the cytokines typical of the innate immune
response, confirming the ability of this model to respond
to coccidia infection, as reported in Figure 10c. After 24
HPI IL6 (P = 0.113), IL1B (P = 0.0014), IL10
(P = 0.0262), and IFNG (P = 0.0472) were upregulated
by 2-folds and IL8 (P < 0.0001) by near 5-folds. IL17
was not affected by the E. tenella invasion.
DISCUSSION

At the time of publication, no immortalized chicken
intestinal epithelial cell line had ever been established,
fully characterized, and published. There are 2 commer-
cially available avian intestinal cell lines, an SV40-
immortalized line (Accegen) and a clonal line (CHIC-
8E11) but detailed scientific studies regarding their in-
depth characterization, required for validating its suit-
ability as a research model, are currently lacking.
In this study, a novel immortalized avian intestinal

epithelial cell line was developed, starting from 19-day-
old chicken embryos. The cIEC-H2 cell line showed to
be stable up to 40 doublings, and it can be frozen and
thawed successfully without any alteration. Moreover,
when the cells reach the full confluence, after 48 h of dif-
ferentiation with mEGF, cIEC-H2 express all the typical
markers of mature enterocytes and they maintain proper
enzymatic activity and innate immune response capabil-
ities against pathogen-associated molecular patterns.
We showed that this cell line is susceptible to the inva-
sion of E. tenella sporozoites, as well as other models of
nonintestinal origins, commonly used to perform inva-
sion studies (Felici et al., 2021). This model was success-
fully used to study the primary host response, providing
some valuable insights on the host−pathogen interac-
tions during invasion. Also, due to the longer time in



Figure 9. Effect of inflammatory challenge on cIEC-H2 passage 4. CTR = Unchallenged control group; LPS1 = In the apical compartment, LPS
from Escherichia coli O55:B5 at 1 mg/mL. In the basolateral side, LPS 1 mg/mL + IL1B 25 ng/mL + TNF 50 ng/mL + IFNG 50 ng/mL;
LPS30 = In the apical compartment LPS from E. coli O55:B5 at 30 mg/mL. In the basolateral side, LPS 30 mg/mL + IL1B 25 ng/mL + TNF 50
ng/mL + IFNG 50 ng/mL. (a) Transepithelial electrical resistance (TEER) values were recorded after 0 h, 2 h, 4 h, and 6 h after the challenge. Out-
liers were defined by the ROUT Method with the False Discovery Rate (Q) set >1% and excluded from the analysis. Data were normally distributed
(Shapiro−Wilk test P > 0.05) and analyzed using 2-way ANOVA (P < 0.05) with �Síd�ak’s multiple comparisons tests. 4 h: CTR vs. LPS1
P = 0.0015, 95% CI 5.682−35.53, CTR vs. LPS30 P < 0.0001, 95% CI 12.07−40.53—6 h: CTR vs. LPS1 P = 0.0064, 95% CI 3.493−33.34, CTR vs.
LPS30 P = 0.0097, 95% CI 2.682−31.14. Data are represented as mean with SEM (n = 6). (b) Effect of challenge on innate immune response makers
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culture, we believe that this model could represent a
valid tool for further research on the Eimeria develop-
ment in vitro.

In literature, different protocols to culture primary
chicken enterocytes or organoids are present (Dimier-
Poisson et al., 2004; Immerseel et al., 2004; Pierzchalska
et al., 2012; Guo et al., 2015; Yuan et al., 2015; Kaiser et
al., 2017; Bar Shira and Friedman, 2018; Li et al., 2018;
Rath et al., 2018; Nash et al., 2021; Orr et al., 2021; Ghi-
selli et al., 2021a; Oost et al., 2022). Previously, our
research group published a method to culture primary
cIEC starting from 19-day-old chicken embryos (Ghiselli
et al., 2021a). These cells survive for 10 to 12 d in culture
and they express the typical enterocyte markers; also, a
TEER value was measured for the first time (Ghiselli et
al., 2021a). This was a promising model but those cells
could survive only for a short period in culture. More-
over, they require pretty expensive coatings and media
to be cultured. These drawbacks are also common in 3D
basal-out avian organoids models (Pierzchalska et al.,
2012; Oost et al., 2022). Nash et al. (2021) published a
detailed method to culture apical-out chicken organoids.
These apical-out organoids are the closest in vitro model
to the chicken live intestine but they require live animals
for the isolations, they survive only 7 to 9 d in culture,
and they reported that there was no postpassage growth
or budding of these enteroids (Nash et al., 2021). Apical-
out organoids have some advantages in comparison to
primary cells, but it should be noted that they can sur-
vive only for a relatively short period and they are usu-
ally unsuitable for large or long-term screening studies
or routine cultures. Indeed, the major limitation of using
chicken primary cells or organoids are the short lifespan
or the required expensive reagents. cIEC-H2 in contrast
has been passaged up to 40 passages at the moment of
publication, and, as shown by the reported growth curve
and supplementary data, they can stay 15 to 20 d in cul-
ture without any major change using basic cell culture
reagents and materials. On the other hand, an entero-
cyte immortalized cell line such as cIEC-H2 lacks the
multicellular composition of the in vivo intestine that is
more resembled on organoids. This aspect should be
carefully considered when choosing a particular intesti-
nal model to perform a study. cIEC-H2 cell line has been
immortalized transducing the SV40 Large-T antigen.
The immortalization process had not effects on chromo-
somes number. cIEC-H2 showed the presence of 39 chro-
mosomes with macro- and microdistribution similar to
the normal chicken karyotype (Borgaonkar, 1969). Ana-
lyzing the mRNA expression of some cell-cycle genes, it
is possible to note that the immortalization process
mediated by the Large-T antigen has significantly
qPCR expression, 6 h after challenge. Data are reported as fold change calcu
2.0 were excluded from the analysis. Outliers were defined by the ROUT Me
analysis. Data were normally distributed (Shapiro−Wilk test P > 0.05) an
comparisons. IL1B: CTR vs. LPS1 P = 0.0173, 95% CI �3.190 to �0.3271, C
LPS1 P = 0.0468, 95% CI �2.286 to �0.01805, CTR vs. LPS30 P = 0.0282
�19.56 to �5.409− IL10: CTR vs. LPS30 P = 0.0199, 95% CI 0.1098−1.14
LPS30 P = 0.0133, 95% CI 0.1578−1.264, LPS1 vs. LPS30 P = 0.0087, 95%
downregulated RB1 (pRB), TP53 (p53), CDKN1A
(p21), cyclin-D1, and cyclin-E1. This is a common effect
of SV40 immortalization, as already deeply analyzed by
Ahuja and colleagues in their review (Ahuja et al.,
2005). Interestingly, c-MYC mRNA expression was sig-
nificantly upregulated on immortalized cIEC-H2 com-
pared to primary cIEC. This upregulation seems to be
crucial to regulate cell-cycle progression (Mateyak et al.,
1999). Interestingly, also cyclin-D1, a key positive regu-
lator of cell-cycle, was downregulated. Pusch et al.
(1996) demonstrated that specific transforming events,
such as loss of functional RB1, overexpression of
c-MYC, can cause transcriptional downregulation of
cyclin-D1 expression in logarithmically growing cells
(Pusch et al., 1996). Moreover, according to Kim and
colleagues (2001), c-MYC overexpression may also
mediate the downregulation of CDKN1A to overcome
crisis for Large-T immortalization (Kim et al., 2001).
However, the full Large-T immortalization mechanism
has not been completely clarified, due to the complexity
of cell-cycle regulations during the immortalization
phases. cIEC-H2 cell line has been established starting
from primary cIEC and these immortalized cells express
all the markers typical of enterocytes such as KRT20,
CDH1, EPCAM, SUC-2, MAGM, ALPi and tight junc-
tions as the freshly isolated counterpart. After a post-
confluence differentiation for 48 h using mEGF, the gene
expression of some of those markers was upregulated
and the cells showed the typical epithelial morphology
and characteristics in the immunofluorescence assay.
The differentiation process increased the CDH1 mRNA
expression which is a protein directly connected to enter-
ocyte differentiation and crucial for intestinal homeosta-
sis in vivo (Schneider et al., 2010). The same thing
happened to KRT20 and EPCAM, with an increase in
gene expression that could be correlated to an increase
in absorptive differentiation (Zhou et al., 2003; Schnell
et al., 2013). Moreover, this hypothesis could be con-
firmed also comparing the same markers with primary
cIEC where those were less expressed than in mEGF dif-
ferentiated cIEC-H2. However, against expectations,
cIEC-H2 were positive for VIM in qPCR and IF before
differentiation. Typically, VIM expression may suggest
an onset of epithelial-mesenchymal transition (EMT),
but since other epithelial proteins’ mRNA, such as
CDH1 or EPCAM were not downregulated, an EMT of
cIEC-H2 can be excluded (Zakrzewski et al., 2013). This
phenomenon also appeared in other immortalized epi-
thelial cell lines such as IPEC-J2 (Zakrzewski et al.,
2013), MDCK-C7 (Stumpff et al., 2011), or MDBK
(Ben-Ze’ev, 1984). Moreover, after the differentiation
process the VIM mRNA expression was upregulated but
lated using the DDCTmethod. RNA samples with a 260/280 ratio below
thod with the False Discovery Rate (Q) set >1% and excluded from the
d they were analyzed using a one-way ANOVA with Tukey’s multiple
TR vs. LPS30 P = 0.0454, 95% CI �2.045 to �0.02134—IL6: CTR vs.

, 95% CI �1.943 to �0.1250—IL8: CTR vs. LPS30 P = 0.0021, 95% CI
5, LPS1 vs. LPS30 P = 0.0027, 95% CI 0.4602−1.769—TLR4: CTR vs.
CI 0.2951−1.859. Data are represented as mean with SEM (n = 6).



Figure 10. Effect of Eimeria tenella invasion on cIEC-H2 passage 4. (a) Invasion efficiency percentage based on sporozoites counted in the
supernatant after 4 and 24 h. Outliers were defined by the ROUT Method with the False Discovery Rate (Q) set >1% and excluded from the anal-
ysis. Data were normally distributed (Shapiro−Wilk test P > 0.05) and analyzed using a 2-tailed unpaired t test P < 0.0001; 95% CI 18.35−27.40;
t = 12.22, DF = 10. Data are represented as mean with SEM (n = 6). (b) Number of copies of ITS-1 gene based on qPCR standard DNA quanti-
fication to detect Eimeria inside cells. DNA samples with a 260/280 ratio below 1.8 were excluded from the analysis. Outliers were defined by the
ROUT Method with the False Discovery Rate (Q) set >1% and excluded from the analysis. Data were normally distributed (Shapiro−Wilk test
P > 0.05) and they were analyzed using a 2-tailed unpaired t test P = 0.0069; 95% CI 5,223−27,214; t = 3.164, DF = 14. Data are represented as
mean with SEM (n = 8) and represent 2 technical replicates for each sample. (c) Effect of challenge on innate immune response makers qPCR
expression, 4 h and 24 h after challenge. Data are reported as fold change calculated using the DDCT method. RNA samples with a 260/280 ratio
below 2.0 were excluded from the analysis. Outliers were defined by the ROUT Method with the False Discovery Rate (Q) set >1% and excluded
from the analysis. Data were normally distributed (Shapiro−Wilk test P > 0.05) and analyzed using a mixed-effects analysis (P < 0.05) with
�Síd�ak’s multiple comparisons tests. IL1B 4 h: P = 0.0075, 95% CI of diff. �1.313 to �0.2020, Predicted (LS) mean diff. �0.7572 t = 3.326,
DF = 18.00; 24 h: P = 0.0014, 95% CI of diff. �1.486 to �0.3755, Predicted (LS) mean diff. �0.9308, t = 4.088, DF = 18.00—IL6 24 h:
P = 0.0113, 95% CI of diff. �2.394 to �0.3077, Predicted (LS) mean diff. �1.351, t = 3.194, DF = 16.00—IL8 24 h: P < 0.0001, 95% CI of diff.
�4.644 to �2.943, Predicted (LS) mean diff. �3.794, t = 10.83, DF = 19.00—IL10 24 h: P = 0.0262, 95% CI of diff. �1.428 to �0.08695,
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cells were found to be negative in IF. Rusu and col-
leagues (2005) observed similar behavior in bovine pri-
mary jejunocytes with the VIM gene expressed but the
protein absent in the western blot. This phenomenon
was attributed to a suppression of post-transcriptional
inhibition of the vimentin synthesis (Rusu et al., 2005).

In studies regarding intestinal health and host−patho-
gen interactions, the possibility to measure TEER for a
prolonged time is a key aspect. After immortalization
and 20 d on Transwell supports cIEC-H2 TEER values
remained as low as primary cIEC, around 40 to 50
V*cm2. Probably, the characteristics of primary chicken
enterocytes obtained with the isolation method and
then used to generate the cIEC-H2 cell line do not allow
a higher TEER value. This could be considered a draw-
back, but also with these low values, the effect of inflam-
matory challenge on TEER values was still visible.
Typically, human epithelial cells (such as Caco-2) used
as barrier models can reach a TEER value of 200 to 300
V*cm2 (Natoli et al., 2012); though the chicken intestine
behaves differently, presenting average TEER values
between 20 to 40 and 100 to 200 V*cm2, from the jeju-
num to the rectum (Amat et al., 1999; Bialkowski et al.,
2023).

In this study, cIEC-H2 were also functionally charac-
terized. This cell line showed ALP activity around
50 mU/L similarly to primary cIEC, and the ability to
create an innate immune response with the positive
expression and upregulation of IL1B, IL6, and IL8 when
exposed to a pro-inflammatory stimulus. Moreover,
these cells also responded to E. tenella sporozoites’ inva-
sion. E. tenella sporozoites need to invade epithelial cells
to complete their endogenous lifecycle. In vitro, MDBK
or other mammalian cells are usually used as a continu-
ous cell model to assess invasion efficiency (Felici et al.,
2021). However, to our knowledge, those cells have never
been successfully used to detect cytokine gene expres-
sion. cIEC-H2 cells were able to respond to E. tenella
infection by upregulating IL1B, IL6, IFNG, and IL8,
consistently to what was seen in vivo (Laurent et al.,
2001; Cornelissen et al., 2009; Yu et al., 2021). Further-
more, in 2018, Bussi�ere and colleagues published a work
where chicken lung epithelial cell line (CLEC-213)
were used to develop a new model to study E. tenella
gametogony in vitro (Bussi�ere et al., 2018). They used
CLEC-213 due to the absence of a characterized avian
intestinal or cecal epithelial cell line. Moreover, they
failed to demonstrate gametogony of wild-type E. tenella
due to the difficulties in maintaining CLEC-213 in cul-
ture for 7 d (Bussi�ere et al., 2018). The use of cIEC-H2
as intestinal host-specific cell line would allow better
characterization of coccidiosis pathogenesis, and the
study of new strategies of intervention without the limi-
tations and costs of primary cells or organoids. Together
with coccidia, these cells could also help the study of
Predicted (LS) mean diff. �0.7574, t = 2.786, DF = 16.00—IFNG 4 h: P =
�1.088, t = 2.716, DF = 15.00; 24 h: P = 0.0472, 95% CI of diff. �1.925 to
Data are represented as mean with SEM (n = 6). Abbreviations: CTR,
gamma; IL, interleukin. ITS-1, E. tenella internal transcribed spacer-1.
specific chicken pathogens in vitro, to find solutions
against common threats such as Salmonella spp., C. per-
fringens, or Campylobacter spp., and viruses that could
also result harmful to human health (CDC, 2022).
In conclusion, in this study, an immortalized chicken

enterocytes cell line was successfully developed and char-
acterized. These cells could become a useful model to
study intestinal health and all the interactions with
chicken intestinal pathogens in vitro. Moreover, they
guarantee a cost-effective and easy-to-maintain model
for all the public health, food safety, or research labora-
tories that study chicken intestinal epithelium and
chicken cells in health and disease.
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