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Abstract The intestinal epithelium is a major site of

interaction with pathogens. In bovine intestinal

epithelial cells (BIECs), Toll-like receptors (TLRs)

play an important role in innate immune responses

against enteric pathogens. This study is aimed at

establishing a stable bovine intestinal epithelial cell

line that can be maintained by a continuous passage so

that studies on innate immune responses against

various enteric pathogens can be performed. The main

goal was to establish pure cultures of primary and

immortalized bovine intestinal epithelial cells from

the ileum and then characterize them biochemically

and immunologically. Mixed epithelial and fibroblast

bovine ileal intestinal cultures were first established

from a 2-day old calf. Limiting dilution method was

used to obtain a clone of epithelial cells which was

characterized using immunocytochemistry (ICC). The

selected clone BIEC-c4 was cytokeratin positive and

expressed low levels of vimentin, confirming the

epithelial cell phenotype. Early passage BIEC-c4 cells

were transfected with either simian virus 40 (SV40)

large T antigen or human telomerase reverse tran-

scriptase (hTERT), or human papillomavirus (HPV)

type 16E6/E7 genes to establish three immortalized

BIEC cell lines. The expression of SV40, hTERT and

HPV E6/E7 genes in immortalized BIECs was

confirmed by a polymerase chain reaction (PCR).

Immunocytochemistry and immunofluorescence

assays also confirmed the expression of SV40, hTERT

and HPV E6 proteins. The immortalized BIECs were

cytokeratin positive and all except HPV-BIECs

expressed low levels of vimentin. A growth kinetics

study indicated that there were no significant differ-

ences in the doubling time of immortalized BIECs as

compared to early passage BIEC-c4 cells. All four

BIEC types expressed TLR 1-10 genes, with TLR 3

and 4 showing higher expression across all cell types.

These newly established early passage and immortal-

ized BIEC cell lines should serve as a good model for

studying infectivity, pathogenesis and innate immune

responses against enteric pathogens.
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Introduction

The gastrointestinal tract is the main site of entry to the

body for many pathogens. Intestinal epithelial cells

interact with enteric pathogens and mediate mucosal

immune responses (Kaushik et al. 2008; Maynard

et al. 2012; Rusu et al. 2005). These cells express

various pattern recognition receptors (PRRs) of which
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Toll-like receptors (TLRs) are the most widely studied

(Janeway 1989; Rakoff-Nahoum et al. 2004; Takana-

shi et al. 2013). The TLRs recognize pathogen-

associated molecular patterns (PAMPs) of microbes

which results in subsequent cell signaling and innate

immune responses (Janeway 1989; Janeway and

Medzhitov 2002; Medzhitov and Janeway 1997).

Intestinal epithelial cell surface also expresses various

glycoconjugates that may serve as receptors or entry

factors for many enteric pathogens (Mestecky 2005).

Intestinal epithelial cell cultures from various

animals including mouse, rabbit, and pigs have been

reported (Booth et al. 1995, 1999; Kaeffer 2002;

Kaeffer et al. 1993; Rusu et al. 2005; Vidrich et al.

1988). However, very few studies have described the

establishment and characterization of primary bovine

intestinal cell cultures. Bovine intestinal epithelial cell

cultures have been established from the duodenum,

jejunum, ileum, and colon of adult cattle and fetal

calves (Birkner et al. 2004; Kaushik et al. 2008; Loret

et al. 2009; Rusu et al. 2005; Yang et al. 2015; Zhan

et al. 2017). Recently, intestinal epithelial cell culture

established from the jejunum of buffalo has been

reported (Chaudhary et al. 2018).

Establishment of primary intestinal cell cultures is a

big challenge due to the high rate of cell death that

occurs during cell isolation (Kaeffer 2002; Rusu et al.

2005). Also, frequent contamination of epithelial cells

with fibroblasts is another impediment in the gener-

ation of pure epithelial cell cultures (Freshney 1994;

Rusu et al. 2005). It is important to establish a

stable cell culture system so that cells can proliferate

for many generations without entering early replica-

tive senescence (Freshney 1994; Rusu et al. 2005).

This facilitates consistent and long-term studies on the

interaction of intestinal epithelial cells with various

enteric pathogens.

Innate immune receptors play a major role in host

defense mechanisms through the early recognition of

pathogens before effective adaptive immune

responses can be mounted. PRRs can be broadly

divided into two types: non-cytosolic receptors (ex-

pressed either on the cell membrane or within

endosomal compartments) and cytosolic receptors. A

total of ten bovine TLRs have been identified which

are designated as TLRs 1-10 (Fisher et al. 2011;

Menzies and Ingham 2006; Werling et al. 2006). In

general, TLR1, TLR2, TLR4, TLR5, and TLR6 are

expressed on the cell surface, while TLRs 3, 7, 8, and 9

are expressed in the cell within endosomal compart-

ments and are mostly involved in the recognition of

nucleic acids (Akira et al. 2006; Werling and Jungi

2003; Werling et al. 2006). These receptors broadly

recognize different classes of pathogens and are also

important in the recognition of danger signals of tissue

damage (Iwasaki and Medzhitov 2010; Miyake 2007).

This leads to the initiation of proinflammatory signal-

ing cascade through activation of transcription factor

NF-jB (Mogensen 2009). The proinflammatory

response involves the production of various cytokines,

chiefly IL-1, IL-6, and IL-18 and is a major step in the

clearance of pathogens (Peterson and Artis 2014).

Many enteric pathogens infect young calves.

Bovine rotavirus (BRV), bovine coronavirus (BCV),

and bovine viral diarrhea virus (BVDV) infect

epithelial enterocytes and cause severe diarrhea in

young calves (Cho and Yoon 2014). Equally important

are various bacterial pathogens, namely enterotoxi-

genic Escherichia coli, Clostridium perfringens, My-

cobacterium avium subspecies paratuberculosis

(MAP), Salmonella enterica; and the protozoan par-

asite Cryptosporidium parvum (C. parvum) (Cho and

Yoon 2014; Foster and Smith 2009; Khare et al. 2009;

Mohler et al. 2009; Rings 2004). Bovine jejunal and

ileal epithelial cell cultures derived from adult cattle

and fetal calves are currently available as homologous

cell lines for studying innate immune responses

against these pathogens (Kaushik et al. 2008). The

fetal bovine intestinal epithelial cell line has been

studied for interaction with enteric pathogens (Taka-

nashi et al. 2013). Surgically prepared jejunal loops

from 1-day old calves have also been used for

comparative study of the innate immune responses

against BRV and BCV infection (Aich et al. 2007).

Therefore, BIEC cell lines from young calves can

provide important knowledge on the innate immune

responses against enteric pathogens that chiefly infect

young calves.

The established epithelial cultures from fetal calf

and adult cattle may not be a suitable model to study

enteric infections of young calves (Kaushik et al.

2008). At present, only limited studies on intestinal

epithelial cell cultures from young calves are available

(Cencič and Langerholc 2010; Cencic et al. 2007;

Steube et al. 2012). In this study, the main aim was to

establish primary and immortalized cultures of bovine

intestinal epithelial cells (BIECs) derived from young

calf and then characterize them using biochemical and

123

128 Cytotechnology (2019) 71:127–148



immunological techniques. A pure BIEC clone

(BIEC-c4) was established and immortalized using

SV40, hTERT, and HPV E6/E7 genes for establishing

continuous cell lines. Growth kinetics of BIEC-c4 was

compared with the immortalized BIECs. The expres-

sion of TLR genes was also studied in each of the four

BIEC cell types. The BIEC cell lines established in

this studymay be applicable for understanding the role

of intestinal epithelial cells in innate immunity against

enteric pathogens. Therefore, these cells may be a

useful model for studying epithelial cell biology, host-

microbe interaction, immunomodulation, and

pathogenesis.

Materials and methods

Establishment of primary and early passage bovine

intestinal epithelial cultures

A 2-day-old colostrum-deprived Holstein male calf

(Bos taurus) was obtained from the South Dakota

State University (SDSU) dairy farm. The animal was

negative for bovine viral diarrhea, bovine leukemia

virus, and Johne’s disease. All animal protocols were

approved by SDSU Institutional Animal Care and Use

Committee (IACUC). The ileal intestinal cultures

were established using the procedures described

earlier with some modification (Kaushik et al. 2008;

Rusu et al. 2005). Briefly, ileal tissue fragments from a

2-day old dairy calf were collected in ice-cold Hanks

balanced salt solution (HBSS) supplemented with 1%

strepto–penicillin–antimycotic solution, gentamycin

(5 lg/ml) and L-glutamine (2 mM), referred as sup-

plemented HBSS (HBSS-S). Intestinal lumen was

flushed with HBSS-S and then both ends of the

intestinal segment were ligated with silk suture.

Intestinal loops were filled with phosphate-buffered-

saline (PBS) containing 1 mM dithiothreitol and kept

for 5–10 min in shaking water bath (37 �C) to remove

the mucus. Subsequently, intestinal loops were filled

with pre-warmed (37 �C) HBSS-S containing colla-

genase (300 units/ml) and dispase (0.24 units/ml)

enzymes to digest the intestinal tissue. Collagenase-

dispase filled intestinal loops were kept in shaking

water bath (37 �C) for 15 min. Collagenase, type 2

and dispase-II were bought from Worthington Bio-

chemical Corporation, NJ, USA (Cat # LS004176) and

Roche Diagnostics, IN, USA (Cat # 50-100-3345)

respectively. The contents obtained through this step

were discarded. Then using the same collagenase-

dispase digestion medium, the digestion step was

repeated for 45 min and the contents were discarded.

Then ileal loops were opened longitudinally, and pre-

digested epithelium was scraped using a sterile scalpel

blade. The resulting contents were incubated with

HBSS containing 2.4 units/ml dispase for 10 min.

Cells obtained after enzymatic digestion of scraped

tissue were washed and resuspended in Dulbecco’s

Modified Eagle’s Medium (DMEM). The cell suspen-

sion was treated with DMEM containing 2% sorbitol

(Sigma) and centrifuged to remove the fibroblasts

(Rusu et al. 2005). The pellet of cells was resuspended

in DMEM medium containing 10% fetal calf serum

(FCS; Atlanta Biologicals, GA, USA). Cells were then

incubated at 37 �C for 90 min in a cell culture

Primaria flask (Becton-Dickinson, Franklin Lakes,

NJ) to remove adherent fibroblast-like cells. The non-

adherent cells were collected, then centrifuged for

5 min at 195 g and resuspended in DMEM-2 medium.

The DMEM-2 medium was composed of DMEM high

glucose medium as base, HEPES buffer (10 mM),

antibiotic–antimycotic solution (1%), gentamycin

(50 lg/ml), L-glutamine (2 mM), hydrocortisone

(100 mM), apo-transferrin (5 lg/ml), epidermal

growth factor (25 ng/ml), bovine insulin (10 lg/ml),

Triiodothyronine (20 ng/ml), acid linoleic/albumin

(10 lg/ml), 1% non-essential amino acids and 2%

FCS. The cell suspension was transferred to Primaria

flasks and incubated at 37 �C for the growth of ileal

cells in primary cultures. Sub-cultivation of a primary

culture begins, by convention, a cell line (Schaeffer

1990). For a cell line, the first dozen or so sub-

cultivations results in cultures that can be referred to as

an early passage cell line. An early passage cell line

can be subjected to immortalization treatments to lead

to an immortal cell line.

Instead of using DMEM-2medium, a mixed culture

of bovine ileal epithelial and fibroblast-like cells at

passage 4 was cultured at 37 �C and 5% CO2 in

DMEM/F12 medium which is supplemented with 5%

fetal bovine serum (FBS), 1% streptomycin-penicillin,

1% L-glutamine, 0.1% mouse epidermal growth factor

(EGF) (Corning�, Cat. No. 4069007), and 0.1% each

of insulin, human transferrin and selenous acid (ITS)

(Corning�, Cat. No. 354351). This medium was

designated as supplemented DMEM/F12 medium

and had been previously used in our lab for the growth
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of porcine intestinal epithelial cells (Johnson et al.

2010; Koh et al. 2008). Cells were cultured in

supplemented DMEM/F12 medium for the next 4

passages (up to 8 passages) where they showed a

larger percentage of epithelial-like cells.

Further, a limiting dilution method was used to

obtain pure bovine intestinal epithelial cell (BIEC)

cultures from a mixed fibroblast and epithelial cell

culture (Miyazawa et al. 2010). Briefly, the cells from

passage 8 epithelial cell-enriched cultures were treated

with 0.05% trypsin–EDTA for 5 min at 37 �C to

detach fibroblasts. These cells were discarded and

remaining cells were again trypsinized to obtain

epithelial-like cells. The epithelial-like cells were

transferred to a petri dish (100 mm 9 15 mm) at a

low density of 1000 cells (passage 9) in supplemented

DMEM/F12 medium. After 48 h, the selected clones

were identified based on epithelial morphology and

marked on the petri dish with a black marker. The

growth of these clones was followed. After 4 days of

incubation on the petri dish, cells were obtained from

five selected clones. Sterilized small hollow plastic

wells coated with vaseline at the bottom were used for

separating the clones on the petri dish. Selected five

clones were obtained by trypsinization and transferred

to individual wells on a 24-well plate (passage 10) and

further propagated. After 96 h, cells from well number

4 were trypsinized and further propagated in 6-well

plate (passage 11). These cells were further subcloned

in a 96-well plate by serial dilution method (Miyazawa

et al. 2010). A clone growing very well in the 96-well

plate was further amplified in a 24-well plate, then

6-well plate, and finally in a T-25 flask. These cells

were kept for further studies and named as bovine

intestinal epithelial cells obtained from colony 4

(BIEC-c4). The BIEC-c4 cells were then transferred

and maintained in the T-75 flask by passaging using

the same culture conditions and supplemented

DMEM/F12 medium. Phase contrast photographs of

cells at various stages of the establishment of epithelial

cultures were taken at 10 9 or 20 9 magnification

using an Olympus IX70 inverted microscope.

Immunocytochemical staining of early passage

and immortalized BIEC-c4 cells for cell markers

Immunocytochemical (ICC) staining of primary and

immortalized BIEC cells was performed using earlier

described protocols (Kaushik et al. 2008; Thomas

et al. 2018). Briefly, primary and immortalized BIEC-

c4 cells were cultured in a T-75 flask in the supple-

mented DMEM/F12 medium. After 48 h, cells were

trypsinized and a cell suspension at a concentration of

1 9 106 cells/ml was prepared in DMEM/F12 med-

ium. Then, 100 ll of the suspension was used to

prepare each cytospin using a cytofuge (Cytospin 3;

Thermo Shandon Inc., Cheshire, UK) at 800 rpm for

5 min. The cytospins were air dried for 1 h and fixed

with absolute acetone for 7 min. The slides were

washed three times with 1 9 phosphate-buffered

saline (PBS) for 5 min and incubated at room

temperature with 1 9 PBS containing 0.1% sodium

azide and 0.3% hydrogen peroxide (H2O2) to block

endogenous peroxidase activity. The cells were

blocked for non-specific protein binding using 1%

goat serum in PBS. Each slide was washed once with

1 9 PBS and then incubated in a humid chamber for

1 h with 100 ll of primary antibodies diluted at a final

concentration of 1 lg/ml. The presence of cytokeratin,

vimentin, alpha-smooth muscle actin, and desmin

proteins was detected by ICC staining using anti-

cytokeratin monoclonal antibody (mAb) C6909 (clone

K8.13, IgG2a isotype), anti-vimentin mAb V5255

(IgM isotype), anti-alpha smooth muscle actin mAb

A2547 (IgG2a) and anti-desmin mAb D1033 (IgG1)

respectively (Kaushik et al. 2008; Sun et al. 2012;

Thomas et al. 2018). As isotype-matched controls,

mAbs M9269 (IgG1 isotype), M9144 (IgG2a isotype)

and M5170 (IgM isotype) were used. All of these

primary antibodies were purchased from Sigma-

Aldrich, St. Louis, MO, USA. The mAb C6909 was

specific for polypeptides of cytokeratins 1, 5, 6, 7, 8,

10, 11, and 18. As a negative control, cells were

incubated with PBS containing 1% goat serum.

Further, all slides were washed three times with 1 9

PBS, followed by incubation for 30 min with 100 ll
of isotype-specific, biotinylated goat anti-mouse IgG1

(Caltag Laboratories, M32115), IgG2a (Caltag Labo-

ratories, M32215) or IgM (Caltag Laboratories,

M31515) secondary antibody at 1:2000 dilution. The

cytospins were washed three times with 1 9 PBS and

treated with ready-to-use (RTU) HRP-streptavidin

solution from Vector Elite vectastain kit (Vector

Laboratories, Burlingame, CA, USA) for 30 min.

After three washes with 1 9 PBS, each slide was

incubated for 10 min with 100 ll of RTU diaminoben-

zene (DAB) substrate (Vector Laboratories, Burlin-

game, CA, USA) and counterstained for 2 min with
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hematoxylin (Vector Laboratories, Burlingame, CA,

USA). Slides were then washed in running tap water,

air dried overnight, and mounted with a coverslip and

cytoseal 60 mounting medium (Thermo Scientific,

Waltham, MA, USA). Images were taken at 20 9

magnification using an Olympus AX70 microscope.

Polarization of BIEC-c4 cells

The polarization of primary BIEC-c4 cells was

performed using the methods described earlier (John-

son et al. 2010). To each of the three wells in a 6-well

plate, 2 ml of DMEM/F12 media was added. Then

transwell-inserts (0.4 lm pore size, 4 9 106 pores/

cm2, polyester membrane) (Costar� Transwell�) were

placed over each of the three wells. Briefly, 5 9 105

cells of BIEC-c4 (passage # 24) in 2 ml DMEM/F12

medium were transferred to a transwell insert in the

first well. The insert in the second well contained

media alone without cells (negative control) while the

positive control in third well had insert seeded with the

porcine jejunal epithelial cell (IPEC-J2, passage # 57)

(Geens and Niewold 2011; Johnson et al. 2010). The

6-well plate was incubated at 37 �C and 5% CO2.

Every 24 h, transepithelial electrical resistance

(TEER) was measured using a standard procedure

(Miyazawa et al. 2010). The electrode was connected

to EVOM voltmeter (World Precision Instruments)

and then set to measure resistance in ohm (X). Every
48 h, media in both the wells containing cells was

replaced without disturbing the cells. TEER measure-

ments were taken for all three wells for a period of

7 days.

Generation of SV40, hTERT and HPV E6/E7

immortalized BIECs

Approximately 5 9 105 cells of the BIEC-c4 clone

were seeded into a 6-well tissue culture plate. After

18 h incubation at 37 �C, cells in two wells were

washed with sterile 1 9 PBS and transfected with

either the pSV3-neo (ATCC� 37150) plasmid vector

with SV40 gene or the pGRN145 plasmid vector with

hTERT gene (ATCC� MBA-141) using Lipofec-

tamine� 2000 reagent according to the manufacturer’s

protocol. Cells were then incubated with serum-free

OPTI-MEM� media for 6 h at 37 �C after which

selection antibiotics were added to assess successful

transfection and immortalization of cells. Transfected

cells were selected using either G418 antibiotic

(Thermo Fisher, Waltham, MA, USA, Cat. No.

10131-035; 1000 lg/ml concentration) for 7 days

(SV40 immortalization, plate 1) or Hygromycin B

(EMD Millipore, Burlington, MA, USA, Cat. No.

400052; 100 lg/ml concentration) for 14 days

(hTERT immortalization, plate 2). The BIEC-c4 cells

in one well were grown in the absence of selection

antibiotics (positive control for cell growth). The

untransfected BIEC-c4 cells in remaining well were

treated with selection antibiotics to observe cell death.

Selected colonies generated from transfected cells

were propagated separately and culture stocks for each

of SV40-BIEC and hTERT-BIEC were prepared. The

BIEC-c4 cells at passages 33 and 27 were used for

transfection with SV40 and hTERT genes respec-

tively. PA317 LXSN 16E6E7 cells (ATCC� CRL-

2203) were cultured in DMEM-10 medium and the

supernatant was collected after 5–7 days growth of

these cells. Pooled supernatant derived from culturing

PA317 LXSN 16E6E7 cells was used for inducing

HPV E6/E7 immortalization of BIEC-c4 cells.

Approximately, 0.3 9 106 cells of BIEC-c4 at pas-

sage 37 were seeded on a 6-well plate. After 48 h,

BIEC-c4 cells maintained in OPTI-MEM� serum-free

media were transfected with the supernatant obtained

from PA317 LXSN 16E6E7 using Lipofectamine�

2000 reagent. Similar to the above-described protocol,

transfected cells were selected by treating with G418

antibiotic at 1000 lg/ml for 15 days. The cells were

further propagated in a T-75 flask and stocks were

prepared.

Polymerase chain reaction (PCR) for detection

of genes used to immortalize BIEC-c4 cells

DNAwas isolated from each of the three immortalized

BIECs: SV40-BIEC, hTERT-BIEC and HPV-BIEC

cells using a DNeasy Blood & Tissue Kit (Qiagen,

Valencia, CA, USA), and the concentration of DNA

obtained from each BIEC type was measured using a

Nanodrop ND-1000 Spectrophotometer. To confirm

the presence of SV40, hTERT, and HPV E6/E7 genes

in the immortalized BIECs, PCR was conducted using

primers specific to these genes (Table 1). All the PCR

reactions were performed using Taq PCR Kit (New

England Biolabs, Ipswich, MA, USA) and the follow-

ing amplification conditions were used: initial denat-

uration at 95 �C for 10 min, followed by 50 cycles of:
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(1) denaturation at 94 �C for 30 s, (2) annealing at

60 �C (SV40 and hTERT genes) or 55 �C (HPVE6/E7

gene) for 30 s, (3) extension at 72 �C for 1 min; and

final extension at 72 �C for 7 min. The PCR products

were resolved on a 1.5% agarose gel at 80 V for

25 min. The pLXSN-16E6E7 plasmid was kindly

provided by Dr. Xiuqing Wang (Wang and Mout-

soglou 2009).

Immunocytochemical staining of immortalized

BIECs for the expression of specific proteins

The SV40-BIEC and hTERT-BIEC cells were cul-

tured in two separate T-75 flasks in DMEM/F12

medium supplemented with 5% FBS. After 48 h of

incubation at 37 �C, when cells were 80% confluent,

they were trypsinized with 0.05% trypsin–EDTA.

Then cytospins with 1 9 105 cells were prepared

using a cytofuge (Cytospin 3; Thermo Shandon Inc.,

Cheshire, UK). Immunocytochemical (ICC) staining

was performed for the confirmation of SV40 large T

antigen (LT Ag) and hTERT proteins in SV40 and

hTERT-BIEC cells respectively. For the detection of

SV40 protein, ICC staining was performed using

100 ll of mouse anti-SV40 specific monoclonal

IgG2a antibody (Santa Cruz Biotechnology, Dallas,

TX, USA; sc-53488) at 1:50 dilution. For the detection

of TERT protein in hTERT immortalized BIECs, ICC

staining was performed using 100 ll of rabbit anti-
hTERT (H-231) specific polyclonal IgG antibody

(Santa Cruz Biotechnology, Dallas, TX, USA; sc-

7212) at 1:50 dilution. As isotype-matched controls,

mAbs M9144 (mouse IgG2a isotype) and sc-3888

(rabbit IgG isotype) were used. The mouse IgG2a

isotype was purchased from Sigma (St. Louis, MO,

USA), and the rabbit IgG isotype was purchased from

Santa Cruz Biotechnology (Dallas, TX, USA). Cells

without primary antibody staining were used as

negative control. After incubation in a humid chamber

for 1 h, cytospins were washed three times with 1 9

PBS and then incubated with 100 ll of isotype-

specific, biotinylated goat anti-mouse IgG2a (Caltag

Laboratories, M32215) or Goat anti-rabbit IgG sec-

ondary antibody (Southern Biotech, Birmingham, AL,

USA; 4050-08). After incubation at 37 �C for 30 min,

cells were washed in 1 9 PBS and stained with HRP-

streptavidin for 30 min followed by DAB substrate

(Vector Laboratories, Burlingame, CA, USA). Slides

were then washed two times with 1 9 PBS and

counterstained for 2 min with hematoxylin. After

washing in running tap water, slides were air dried

overnight, then mounted with a coverslip and cytoseal

60 mounting medium (Thermo Scientific, Waltham,

MA, USA; 8310-4) and viewed under a 20 9 magni-

fication using an Olympus AX70 microscope.

Indirect immunofluorescence assay

for the detection of HPVE6 protein

The BIEC-c4 and HPV-BIEC cells were cultured in

two separate T-75 flasks in DMEM/F12 medium

supplemented with 5% FBS. After 48 h of incubation

at 37 �C, cells were trypsinized with 0.05% trypsin–

EDTA and cytospins with 1 9 105 cells were prepared

using a cytofuge (Cytospin 3; Thermo Shandon Inc.).

The cytospins were air dried at room temperature for

90 min, fixed in absolute acetone for 7 min, dried,

stored at 4 �C overnight, and blocked with 1% chicken

serum for 15 min. Immunofluorescence staining for

HPV E6 protein was performed by incubating the

Table 1 Summary of genes used to immortalize BIEC-c4 cells and PCR conditions

Gene Primer sequences: forward (F) and reverse (R) Ann. temp.a Product sizeb Source

SV40 F: GCATGACTCAAAAAACTTAGCAATTCTG

R: TGAGGCTACTGCTGACTCTCAACA

60 105 Jin et al. (2004)

hTERT F: GGCTGAAGTGTCACAGCCTG

R: GTGGATCCGCACGTGAGAAT

60 525 Bodnar et al. (1998)

HPV-E6E7 F: ATGCATAGTATATAGAGATGGGAAT

R: CTGCAGGATCAGCCATGGTAGA

55 628 Chen et al. (2006)

aAnnealing temperature (�C)
bPCR product size in base pairs (bp)
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HPV-BIECs cytospin for 90 min at room temperature

with 150 ll of goat anti-HPV16E6 specific polyclonal
IgG antibody (Santa Cruz Biotechnology, Dallas, TX,

USA; sc-1584) at 1:50 dil. The slide was then washed

3 9 with 1 9 PBS and incubated at room temperature

for 1 h with 200 ll of Alexa Fluor 488 conjugated

chicken anti-goat IgG secondary antibody (Invitrogen,

Grand Island, NY, USA; Cat. No. A-21467) at 1:200

dilution. Following incubation, the cytospin was

washed with 1 9 PBS three times and then counter-

stained with 150 ll of 1.5 mM propidium iodide for

5 min. Then it was washed once, air dried, and

mounted with permafluor mounting reagent. Pho-

tographs were taken at a 20 9 magnification using an

Olympus AX70 epifluorescence microscope (Olym-

pus Corp., Tokyo, Japan).

Cell growth kinetics study

Approximately, 20,000 cells of BIEC-c4, SV40-

BIEC, hTERT-BIEC, and HPV-BIEC were seeded

in 6-well plates. Five 6-well plates were cultured with

all four BIEC cell types and incubated at 37 �C. After
48 h, the first plate was taken out; each well was

trypsinized and counted using hemocytometer. The

number of cells for each cell type was counted every

24 h, beginning on day 2 and counted until day 6. The

same procedure was repeated two more times with all

cell types. The time required by the culture to double

in population, also called the doubling time (DT), was

calculated by using the formula: DT = T ln2/ln(X2/

X1), where T is the incubation time in hours, X1 is the

cell number at the beginning of the incubation time

and X2 is the cell number at the end of the incubation

time (Miyazawa et al. 2010).

RNA extraction and cDNA preparation

Early passage BIEC-c4 cells and the three immortal-

ized BIECs (hTERT, SV40, and HPV E6/E7) were

used for RNA isolation. Approximately 5 9 105 cells

per well were cultured in two wells of a 6-well plate.

For each cell type, cells were cultured in a separate

6-well plate. After 18 h, 1 9 106 cells of each cell

type were used for RNA extraction. Total RNA from

bovine intestinal epithelial cells was extracted using a

RNeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA

concentration in the four samples was determined

using a Nanodrop ND-2000 Spectrophotometer. One

lg of RNA was reverse transcribed using a TaqMan�

Reverse Transcription Reagents Kit (Applied Biosys-

tems, NJ, USA), following the manufacturer’s proto-

col, to obtain 20 ll of cDNA. Briefly, the protocol of
cDNA synthesis involved preparing two mixtures:

mixture I and mixture II. Mixture I contained 1ug of

RNA and 1ul of oligo dT 16, and mixture II contained

10 9 RT buffer, 25 mM MgCl2, 10 mM dNTP mix,

0.1 mM dTT, 1ul of RNase inhibitor, and 1ul of

Multiscribe RT (50 U/ll). Mixture I was incubated at

65 �C for 5 min followed by incubation at 4 �C for

2 min. It was then mixed with mixture II and final

volume was made to 20 ll by adding nuclease-free

water. This new mixture was incubated at 37 �C for

30 min, then at 95 �C for 5 min and 4 �C until final

storage at- 20 �C. The cDNA was diluted fivefold in

nuclease-free water to make working stock.

Quantitative analysis of TLR expression by real-

time reverse transcription PCR

The quantification of TLR mRNA in bovine intestinal

epithelial cell lines was accomplished using two-step

real-time RT-PCR (QuantStudioTM 6 Flex Real-Time

PCR System; Applied Biosystems, NJ, USA) using

RT2 SYBR� Green/ROX qPCR Mastermix (Qiagen,

Valencia, CA, USA). TLR mRNA gene amplification

was done using following PCR cycling conditions:

2 min at 50 �C; 10 min at 95 �C; followed by 40

cycles of 45 s at 95 �C, 30 s at 60 �C and 30 s at

72 �C. The reaction mixture for each TLR contained

2 ll of cDNA and 10 ll of 2 9 mastermix with 1 ll
each of forward and reverse primer. A total reaction

volume of 20 ll was prepared by adding nuclease-free
water. Altogether, ten sets of primers (Table 2) were

used for amplification of bovine TLR 1–10 genes

(Takanashi et al. 2013). The housekeeping gene

hypoxanthine phosphoribosyltransferase-1 (HPRT-1)

was used for normalization and comparing the

expression levels of TLR genes. Gene amplification

was calculated with the following formula: change in

cycle threshold (DCt) = Ct of the gene of interest—Ct

of HPRT-1. A lower DCt value represented a higher

concentration of the gene of interest.
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Statistical analysis

The comparison of mean doubling time was per-

formed using the two-tailed Student’s t test and the

TLR expression was analyzed using the Wilcoxon-

signed-rank test in GraphPad Prism 7.0. A P value of

\ 0.05 was considered as statistically significant.

Results

Establishment and biochemical characterization

of BIEC-c4 and immortalized BIECs

Cells obtained from ileal tissue of two-day-old calf

after cell scrapping were cultured in DMEM-2

medium in order to obtain epithelial cell cultures.

First, scrapped cell suspension was incubated in a T25

primaria flask for 90 min for the removal of fibroblast-

like cells and then non-adherent cells were transferred

to a new flask for further cell growth. Epithelial cells in

culture show cobblestone morphology whereas mes-

enchyme-derived fibroblast cells show spindle-shaped

morphology (Kaushik et al. 2008; Zhan et al. 2017).

The cells in the first passage adhered to the flask, grew

well in isolated clusters, and showed a mixed fibrob-

last and epithelial-like phenotype (Fig. 1a, b). Upon

further passage to new flasks, cells continued to grow

in clusters with an enriched epithelial-like phenotype,

but fibroblast-like cells were still present in these

cultures (Fig. 1c, d). As supplemented DMEM/F12

medium has been successfully used to culture porcine

intestinal epithelial cells, we cultured the fibroblast

and epithelial-like cultures from passage 4 onwards in

supplemented DMEM/F12 medium instead of

DMEM-2 medium. In passage 8 cultures, mixed

fibroblast and epithelial-like cells were present in

some locations (Fig. 2a) while at other places, distinct

epithelial-like clusters were present (Fig. 2b). Thus, at

passage 8, we decided to culture these cells in a petri

dish in low numbers (1000 cells per petri dish) in order

to get individualized epithelial-like cell clusters

(Fig. 2c, d). The individual epithelial like clusters

were collected and amplified in 24 and 6-well plates.

Then the cells from colony 4 from the petri dish were

further subcloned in a 96-well plate and amplified

further. These cells were designated as BIEC-c4 cells.

Upon confluency, BIEC-c4 cells had a cobble-stone

Table 2 Primer sequences

of bovine TLRs and the

housekeeping gene

aGen Bank Accession

Number
bHousekeeping gene

(Takanashi et al. 2013)

Gene Primer sequences: forward (F) and reverse (R) Access. no.a

TLR1 F: CAT TCC TAG CAG CTA CCA CAA GCT

R: TGG GCC ATT CCA AAT AAG TTC T

NM_001046504

TLR2 F: GGG TGC TGT GTC ACC GTT TC

R: GCC ACG CCC ACA TCA TCT

NM_174197

TLR3 F: GGG CAC CTG GAG GTC CTT

R: TTC CTG GCC TGT GAG TTC TTG

NM_001008664

TLR4 F: AGC ACC TAT GAT GCC TTT GTC A

R: GTT CAT TCC GCA CCC AGT CT

NM_174198

TLR5 F: GTC CCC AAC ACC ACC AAG AG

R: GCG GTT GTG ACT GTC CTG ATA TAG

NM_001040501

TLR6 F: TTT ACC CTC AAC CAC GTG GAA

R: GGG CCA AAG GAA CTG AAA AAC

NM_001001159

TLR7 F: CAC CAA CCT TAC CCT CAC CAT T

R: GTC CAG CCG GTG AAA GGA

NM_001033761

TLR8 F: TGT GTT TAG AGG AAA GGG ATT GG

R: TCT GCA TGA GGT TGT CGA TGA

NM_001033937

TLR9 F: CAG TGG CCA GGG TAG TTT CTG

R: CCG GTT ATA GAA GTG ACG GTT GT

NM_183081

TLR10 F: TCT ACT GCA TCC CTA CCA GAT ATC C

R: GGG CCA TTC CAA GTA TGC TTT

NM_001076918

HPRT-1b F: GGA TTA CAT CAA AGC ACT GAA CA NM_001034035
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morphology, indicative of epithelial phenotype

(Fig. 3a). We expected that primary BIEC cells would

have limited growth potential in subsequent passages

so primary BIEC-c4 cells were further immortalized

using SV40 gene (Fig. 3b), hTERT gene (Fig. 3c), and

human papilloma virus HPV E6/E7 genes (Fig. 3d).

All the three immortalized BIEC cell types also

showed a cobble-stone morphology upon confluency

(Fig. 3b, d).

The BIEC-c4 cells and three immortalized BIEC

cell types were further characterized by immunocyto-

chemistry using cell marker-specific antibodies.

Mouse IgG, IgG2a and IgM antibodies were used as

isotype controls for cytokeratin, vimentin, alpha

smooth muscle actin, and desmin staining respec-

tively. The anti-cytokeratin IgG2a antibody used for

ICC was specific for cytokeratins 1, 5, 6, 7, 8, 10, 11,

and 18. Isotype control antibodies did not stain any of

the cells (Fig. 4a, b). Primary BIEC-c4 cells and the

BIECs immortalized with SV40, hTERT, and HPV

E6/E7 genes expressed cytokeratin (Fig. 4c, e, g, i).

Low levels of vimentin expression were detected in

primary BIEC-c4 cells, SV40-BIECs, and hTERT-

BIECs (Fig. 4d, f, h). Vimentin expression was not

detected in HPV-BIECs (Fig. 4j). Alpha-smooth

muscle actin and desmin proteins were not expressed

in both primary BIEC-c4 and immortalized SV40 and

hTERT BIECs (data not shown).

Confirmation of immortalization of BIEC-c4 cells

by PCR and protein expression

The expression of hTERT, SV40, and HPV E6/E7

genes in the immortalized BIECs (Fig. 5a–c) were

confirmed using the oligonucleotide primers specific

to each gene using PCR (Table 1). The genomic DNA

extracted from SV40-BIEC was used as a template to

amplify SV40 gene which yielded a product of 105

base pairs when resolved on 1.5% agarose gel

(Fig. 5b). Similarly, genomic DNA isolated from

hTERT and HPV immortalized BIECs yielded ampli-

fied PCR products of 525 bp (Fig. 5a) and 628 bp

(Fig. 5c) length respectively. A DNA ladder of 100

base pairs was run to confirm the size of PCR products

Fig. 1 Early passage bovine ileal cells cultured in DMEM-2

medium. Phase contrast pictures show mixed culture of

epithelial and fibroblasts like cells based on morphological

characteristics at passage 1 (a, b) and passage 3 (c, d). Pictures
(a–d were taken at 10 9 magnification and bar indicate 100 lm
length
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(Fig. 5a–c). Additionally, pGRN145, pSV3-neo plas-

mid, and pLXSN-16E6E7 plasmids containing

hTERT, SV40, and HPV 16E6/E7 genes respectively,

were used as a template for positive controls. The

genes were amplified using gene-specific primers as

described above and the PCR products were resolved

on a 1.5% agarose gel (Fig. 5).

Immunocytochemistry confirmed the expression of

large T antigen (LT Ag) in SV40 immortalized BIECs

(Fig. 6b), and hTERT protein in hTERT immortalized

BIECs (Fig. 6d). In the negative control BIEC-c4

cells, some immunoreactivity for the SV40 LT Ag

(Fig. 6a) and hTERT (Fig. 6c) proteins was observed,

possibly due to incomplete blocking. This background

staining was restricted to the cytoplasm or the cell

membrane. However, the desired proteins were

expressed mostly in the nucleus as observed in

SV40-BIEC (Fig. 6b) and hTERT-BIEC (Fig. 6d).

The immunofluorescence assay was used to confirm

the expression of HPV E6 protein (Fig. 7g, i) using the

HPV E6 specific primary antibody and the Alexa Fluor

488 conjugated secondary antibody (Fig. 7g), and

propidium iodide staining for the nucleus (Fig. 7h). As

a negative control, BIEC-c4 cells were also stained

using a similar set of primary and secondary antibod-

ies (Fig. 7d). However, primary BIEC-c4 cells did not

express HPV E6 protein, as evident from the lack of

immunofluorescence staining in the nucleus of BIEC-

c4 cells (Fig. 7d, f). Some immunoreactivity was

observed in the negative control BIEC-c4 cells

(Fig. 7d). However, it was also non-specific cytoplas-

mic staining since the HPV protein in HPV-BIEC was

specifically expressed in the nucleus (Fig. 7g, i). Also,

BIEC-c4 cells with no primary antibody (treated with

1% chicken serum) did not show any staining for the

HPV E6 protein, confirming the specificity of sec-

ondary antibody binding (Fig. 7a, c).

Fig. 2 Early passage bovine ileal cells cultured in supple-

mented DMEM/F12 medium at passage 8 and 9. Phase contrast

pictures show mixed culture of epithelial and fibroblasts-like

cells based on morphological characteristics (a) and epithelial-

like cells (b) in the same flask at passage 8. Phase contrast

pictures also show single cell-clusters present in the petri dish at

passage 9 (c, d). Pictures were taken at 20 9 magnification and

scale bar indicates 50 lm length
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Polarization and measurement of transepithelial

electrical resistance

Analysis of the tight junction formation and polariza-

tion of BIEC-c4 cells was performed by measuring the

transepithelial electrical resistance (TEER) for both

BIEC-c4 cells and IPEC-J2 as positive control cells

every 24 h, over a period of 7 days. The resistance of

BIEC-c4 cells did not increase with time and remained

the same as the negative control well (filter without

cells), varying between 101 and 124 X. In contrast, the
measurement of resistance in IPEC-J2 cells increased

every 24 h until day 5, beginning at 154 X, and then

reaching a maximum of 2830 X on day 5 (data not

shown).

Growth kinetics analysis of early passage

and immortalized BIECs

Growth kinetics was studied for all four types of

BIECs. Cells were counted every 24 h, beginning on

day 2, until day 6. Growth curves were plotted and

mean doubling time was calculated for all four BIEC

cell types (Fig. 8a). BIEC-c4, SV40-BIEC, hTERT-

BIEC, and HPV-BIEC cell lines had a mean doubling

time of 14.16 h, 14.26 h, 13.33 h, and 13.26 h

respectively (Fig. 8b). There was no significant

difference in the mean doubling time between BIEC-

c4 cells and immortalized BIECs.

Analysis of TLR expression in early passage

and immortalized BIECs

Two-step real-time RT-PCR was performed on the

early passage BIEC-c4 cells and all three immortal-

ized BIECs. Altogether, ten TLRs were tested for

mRNA gene expression using specific primers, and Ct

values were normalized using the housekeeping gene,

HPRT-1 (Table 2). The mean Ct value and standard

deviation for the housekeeping HPRT-1 gene in early

passage BIEC-c4 cells was 23.53 ± 0.45. The mean

Ct values for other three immortalized cell lines also

did not vary significantly from BIEC-c4 cells. Primary

and immortalized BIEC-c4 cells expressed all ten

Fig. 3 Early passage bovine intestinal epithelial cells (BIEC-

c4) and immortalized BIECs. a BIEC-c4 cells at passage 19.

b SV40 immortalized BIECs at passage 36. c hTERT

immortalized BIECs at passage 34. d HPV E6/E7 immortalized

BIECs at passage 48. Pictures were taken at 20 9 magnification

and scale bar indicates 50 lm length
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TLRs (Fig. 9). Gene expression for each TLR was

compared between early passage and immortalized

cell types. There were no significant differences in

gene expression among the early passage and

Fig. 4 Immunocytochemical staining for cytokeratin and

vimentin. IgG2a isotype control staining in BIEC-c4 cells at

passage 32 (a). Anti-cytokeratin IgG2a Ab staining in BIEC-c4

cells at passage 51 (c), SV40-BIECs at passage 53 (e), hTERT-
BIECs at passage 32 (g), and HPV-BIECs at passage 48 (i). IgM

isotype control staining in BIEC-c4 cells at passage 53 (b). Anti-
vimentin IgM Ab staining in BIEC-c4 cells at passage 53 (d),
SV40-BIECs at passage 53 (f), hTERT-BIECs at passage 30 (h),
and HPV-BIECs at passage 48 (j). Pictures were taken at

20 9 magnification and scale bar indicates 50 lm length
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Fig. 5 PCR products for SV40, hTERT, and HPV genes. PCR

was performed following DNA extraction from each of the three

immortalized BIEC cell types (hTERT-BIEC at passage 30,

SV40-BIEC at passage 48, and HPV-BIEC at passage 72) using

primers specific to each gene (Table 1) and products were

resolved on 1.5% agarose gel for the confirmation of hTERT

gene in hTERT-BIEC DNA (a); SV40 gene in SV40-BIEC

DNA (b); and E6/E7 gene in HPV-BIEC DNA (c)

Fig. 6 Immunocytochemical staining for SV40 and hTERT

proteins. BIEC-c4 cells at passage 61 (a) and SV40-BIECs at

passage 58 (b) were stained for SV40 protein with mouse SV40-

specific monoclonal IgG2a Ab. BIEC-c4 cells at passage 34

(c) and hTERT-BIECs at passage 32 (d) were stained for hTERT
protein with rabbit hTERT-specific polyclonal IgG Ab. Pictures

were taken at 20 9 magnification and scale bar indicates 50 lm
length
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immortalized BIEC-c4 for any of the TLRs tested. In

general, TLRs 3 and 4 showed relatively strong

expression, while TLRs 1, 6, and 10 showed relatively

low expression for all four cell types (Fig. 9).

Maintenance of bovine intestinal epithelial cells

by continuous culture

Early passage BIEC-c4 cells, SV40-BIECs, hTERT-

BIECs, and HPV-BIECs were each cultured in T25

flasks and were maintained by passaging them every

96 h. Supplemented DMEM/F12 media was replaced

with fresh media every 48 h to maintain the normal

cellular physiological conditions. All the four BIEC

types were free of microbial contamination and

retained their viability throughout the culture period.

BIEC-c4, SV40-BIEC, hTERT-BIEC, and HPV-

BIEC cells were maintained in continuous cultures

for 109, 148, 103, and 106 passages respectively.

Discussion

Mixed bovine ileal epithelial and fibroblast-like cells

established from a 2-day old calf in DMEM-2 up to

passage 4 were cultured in supplemented DMEM/F12

medium for the enrichment of epithelial cells up to 8

passages. Pure epithelial cell clone designated as

BIEC-c4 was established from passage 8 and charac-

terized for the epithelial phenotype. Further, BIEC-c4

early passage cells were immortalized using SV40,

hTERT, and HPV E6/E7 genes and were designated as

Fig. 7 Immunofluorescence staining for HPV E6 protein.

a BIEC-c4 cells at passage 48 were stained with 1% chicken

serum (no primary antibody control) and secondary antibody

conjugated to Alexa 488. b BIEC-c4 cells (no primary antibody

control); nuclei stained with propidium iodide. c BIEC-c4 cells

(no primary antibody control); a, b merged picture. d BIEC-c4

cells were stained with HPV E6-specific primary antibody and

secondary antibody conjugated to Alexa 488. e BIEC-c4 cells

(with primary antibody); nuclei stained with propidium iodide.

f BIEC-c4 cells (with primary antibody); d, e merged picture.

g HPV-BIECs were stained with HPV E6-specific primary

antibody and secondary antibody conjugated to Alexa 488.

h HPV-BIECs; nuclei stained with propidium iodide. i HPV-
BIECs; g, h merged picture. Pictures were taken at 20 9 mag-

nification and scale bar indicates 50 lm length
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SV40-BIEC, hTERT-BIEC, and HPV-BIEC cell lines

respectively. These cell lines greatly expand the

bovine intestinal invitrome (Bairoch 2018; Bols

et al. 2017) and should have many uses depending

on their properties.

Ultrastructure of intestinal epithelial cells show

microvilli and tight junctions (Chopra et al. 2010;

Miyazawa et al. 2010). When cultured on filter inserts,

intestinal epithelial cells have been reported to form

tight junctions, as evident from the measurement of

high TEER values (Johnson et al. 2010; Miyazawa

et al. 2010). In this study, primary BIECs along with

porcine intestinal epithelial cells (IPEC-J2) as a

positive control were cultured on transwell-inserts

for cell polarization and TEER readings were taken

over a period of 7 days (Johnson et al. 2010). The

BIEC-c4 cells did not show an increase in TEER

values, confirming that polarization of cells did not

occur. This may be attributed to the inability of BIEC-

c4 cells to form tight junctions. The BIEC-c4 cells

could be tested in further studies for the expression

level of tight junction proteins (Anderson and Van

Itallie 1995; Chaudhary et al. 2018; McNeil et al.

2006; Miyazawa et al. 2010). In an earlier study, fetal-

derived bovine duodenal epithelial cells not only

showed high TEER values but also strongly expressed

both zonula occludens-1 (ZO-1) and beta-catenin

(Miyazawa et al. 2010). In corneal epithelial cells,

ZO-1 protein had been shown to regulate epithelial

phenotype and cell differentiation (Ryeom et al.

2000). It will be useful to evaluate the expression of

tight junction proteins in response to specific soluble

factors like cytokines or culture conditions which may

enable the BIEC-c4 cells to get polarized.

Based on growth kinetics analysis, the three

immortalized BIEC cell types established in this study

did not show any significant differences in mean

doubling time as compared to BIEC-c4 cells. All four

Fig. 8 Growth kinetics analysis of BIEC-c4 cells and immor-

talized BIECs. a Growth curve for BIEC-c4 (passage # 51),

SV40-BIEC (passage # 90), hTERT-BIEC (passage # 48), and

HPV-BIEC (passage # 48). On day 0, 20,000 cells were plated

on five 6-well plates for each cell type. Beginning on day 2, until

day 6, cells were trypsinized every 24 h and counted using

hemocytometer. b Analysis of doubling time for BIEC-c4 and

immortalized BIECs. Mean doubling time was calculated from

three independent experiments (n = 3) for each cell type. Two-

tailed t test was performed to compare mean doubling time

between BIEC-c4 and each of the three immortalized BIECs.

P value\ 0.05 was considered as statistically significant. Bars

represent standard error of the mean

Fig. 9 TLRs 1-10 expression in BIEC-c4 cells (passages 55–

58) and immortalized BIECs. In this study, SV40-BIEC at

passages 38–41, hTERT-BIEC at passages 32–36, and HPV-

BIEC at passages 44–47 were used. Expression levels of each

TLR was compared among the four BIEC cell types. Change in

cycle threshold, DCt was used to calculate gene expression for

each TLR. DCt is calculated relative to HPRT-1 gene. P

value\ 0.05 was considered as statistically significant. Data

presented as mean DCt from three independent experiments

(n = 3) for each TLR. Bars represent standard error of the mean
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BIEC cell lines were maintained continuously for

more than 100 passages and at present, no other study

has shown the ability of any primary BIECs to grow

continuously for more than 100 passages (Loret et al.

2009). It is speculated that primary BIEC-c4 cells may

have some stem cell-like characteristics, are less

differentiated, and keep growing upon further passag-

ing (Chopra et al. 2010). In future studies, the present

BIEC cells may be cultured under different culture

conditions in an attempt to differentiate them into a

mature phenotype (Sanderson et al. 1996). These

studies will provide the opportunity to investigate

various factors or biological agents involved in

intestinal cell differentiation and maturation. Thus,

the primary BIECs cells established in this study

would be of special interest and use in cell biology

studies.

Due to the lack of species-specific homologous cell

lines, various heterologous cell lines have been used

for studying bovine enteric disease, innate immune

response and pathogenesis (Bass et al. 1990; Kaushik

et al. 2008; Lee et al. 1998). In vitro cell culture

models derived from bovine intestinal epithelial cells

have potential application in the evaluation of drug

toxicity, immune regulation, and interaction with

different enteric pathogens (Buckner et al. 2006;

Chiba et al. 2012; Rusu et al. 2005; Takanashi et al.

2013; Villena et al. 2018). Jejunum and ileal cultures

from bovine fetal tissues have been established and

characterized for susceptibility to bovine rotavirus

infection (Kaushik et al. 2008). However, this is the

first study reporting the development of bovine

intestinal epithelial cell lines from a 2-day old calf.

Several challenges are encountered in the isolation

and generation of intestinal epithelial cell culture. The

process is hindered greatly by the high rate of cell

death occurring during isolation of the primary cells

(Evans et al. 1994; Rusu et al. 2005). The disruption of

extracellular matrix proteins (ECM) necessary for the

cell to cell interaction leads to programmed cell death,

a phenomenon called anoikis (Kaeffer 2002; Kaushik

et al. 2008). Both enzymatic and non-enzymatic

methods for isolation of epithelial cells have been

used. A combination of mechanical and enzymatic

methods using collagenase has been used by others to

establish bovine cultures from jejunocytes and colono-

cytes derived from organoid preparations (Rusu et al.

2005). On the other hand, non-enzymatic, chelating

methods using EDTA have also been used for

epithelial cell isolation (Kaeffer 2002). While chelat-

ing methods are useful in the isolation of epithelial

cells that retain their phenotypes, it has been found to

affect cell surface receptors (Kaeffer 2002). Also, it is

unable to maintain the cell to cell interactions (Kaeffer

2002; Kaushik et al. 2008). To overcome these

difficulties, enzymatic methods are widely used today,

as it is able to support the growth of crypt-like cells in

organoids that can maintain epithelial phenotype

(Kaushik et al. 2008; Rusu et al. 2005). In this study,

collagenase and dispase enzymes were used for the

digestion of epithelial cells from ileal tissues of the

calf. Then for the maintenance of pure bovine

intestinal epithelial cells in culture, trypsin–EDTA

was used for passaging the cells upon confluency.

Isolation processes, chiefly utilizing mechanical dis-

sociation, lead to frequent contamination with fibrob-

lasts (Rusu et al. 2005). A recent study demonstrating

an improvement over the limiting dilution method for

obtaining pure BIEC clones has also highlighted the

problem of fibroblast contamination (Zhan et al.

2017). The growth of fibroblasts in cultures depends

on the type of culture medium used, including

supplementation with fetal bovine serum and tryp-

sin–EDTA treatment (Kaushik et al. 2008). Studies

seeking to elucidate the infectivity of intestinal

epithelial cells with enteric pathogens can be affected

by fibroblast growth in various ways. The study on

bovine rotavirus infectivity showed that rotaviruses

can infect fibroblasts, affecting the interpretation of

results (Kaushik et al. 2008). The phenomenon of

epithelial to mesenchymal phenotype transition has

been observed in immortalized rat liver cell lines,

simply by changing the culture medium from DMEM/

F12 to DMEM (Takenouchi et al. 2010).

Another impediment to the generation of a

stable cell culture system is the limited proliferative

capacity of primary cells in culture due to replicative

senescence (Campisi 1996; Hayflick 1979). Very few

studies have reported on the maintenance of primary

culture for more than 10 generations (Kaeffer 2002;

Loret et al. 2009). One of the major challenges is the

difficulty in the isolation of intestinal epithelial crypts

which affects the population of proliferating cells.

Primary colonocytes and jejunocytes from both adult

and fetal calves have been isolated and immortalized

using SV40 large T antigen (Loret et al. 2009). These

immortalized epithelial cells were cultured for 50

passages and were able to retain the epithelial
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phenotype, while the untreated primocultures were

only maintained for 7 passages (Loret et al. 2009).

Ovine endometrial cell lines immortalized with HPV

E6/E7 genes were also shown to retain original cell

phenotype (Johnson et al. 1999). Human cytotro-

phoblast cells and bovine mammary gland epithelial

cells (bMGEs) immortalized with hTERT gene not

only showed enhanced lifespan but also retained

original parental phenotype (He et al. 2011; Wang

et al. 2006).

Transfection reagents used to transfect plasmid

DNA containing immortalization genes could influ-

ence the transfection efficiency. Lipid-based Lipofec-

tamine reagent used in this study was shown to have a

transfection efficiency of 12–22% in mouse embry-

onic fibroblast (MEF) cells (Lee et al. 2017). In

another study, bovine mammary epithelial alveolar

(MACT) cells showed transfection efficiency of

16.3%, while Madin Darby Bovine Kidney (MDBK)

cells showed an efficiency of 2.2% (Osorio and Bionaz

2017). It is critical that the selected transfection

method does not affect normal cellular characteristics.

Transfection reagents have been evaluated for toxicity

and activation of cellular stress responses (Fiszer-

Kierzkowska et al. 2011; Masotti et al. 2009). More

importantly, the transfection efficiency can be affected

by cell type, passage number, cell density, and the

amount of plasmid DNA transfected (Dalby et al.

2004; Lee et al. 2017). In this study, we transfected

BIEC-c4 cells with Lipofectamine 2000 reagent. The

BIEC-c4 cells at different passages were transfected

with SV40, hTERT, and HPV E6/E7 genes respec-

tively to establish three immortalized BIEC cell lines.

We confirmed by PCR the expression of desired

plasmids in the three immortalized BIECs. These cells

also expressed the SV40, hTERT, and HPV E6 gene

products. The detection of SV40 LT Ag, hTERT and

HPV E6 proteins in the immortalized BIECs was done

at late passages 58, 32, and 48 respectively.

Various studies have shown alterations in glycosy-

lation pattern in immortalized cell lines as compared

to normal cells. Intestinal epithelial cells express

various sugar residues, chiefly N-acetylglucosamine

(GlcNAc), galactose (Gal), N-acetylgalactosamine

(GalNAc), fucose, N-acetylneuraminic acid and sialic

acid (Freitas et al. 2005). Lectin binding profile of

porcine intestinal tissue for the expression of carbo-

hydrate moieties has been reported (George et al.

2007). Many carbohydrate moieties serve as a receptor

for binding and subsequent entry of pathogens to

initiate infection (Kato and Ishiwa 2015). Sialic acid

and heparan sulfate are used as receptors by many

viruses (Kato and Ishiwa 2015; Mestecky 2005).

Members of the Paramyxovirus family, Rotaviruses,

Coronaviruses and Influenza viruses (A, B and C),

bind to sialoglycoconjugate receptors on host cell

surface (Mestecky 2005). Immortalized ras-MDCK

cells showed increased cell surface fucosylation while

showing a decrease in O-linked glycans and sialyla-

tion (Bruyneel et al. 1990). In another study, human

stromal cells immortalized with hTERT gene showed

increased galactosylation (Kuwahara et al. 2003).

Therefore, in future studies, it will be useful to study if

immortalization process changes the expression of

carbohydrates on BIEC cell surface. Furthermore, as

all the three immortalized cells lines in this study were

derived from the primary BIEC-c4 cells, these cells

can be effectively used to study the physiological,

biochemical and immunological changes various

immortalization methods may induce in these cells.

Studies on the characterization of bovine intestinal

epithelial cells have revealed important morphological

and biochemical characteristics of cultured intestinal

epithelial cells. The epithelial tissue is in close

association with fibroblasts, also called endodermal

structural proliferative units (Kaeffer 2002). Epithelial

cells are characterized by the expression of the protein

cytokeratin, while cells of mesenchymal origins,

chiefly fibroblasts, express vimentin (Kaeffer 2002;

Rusu et al. 2005). Cytokeratin is a protein of interme-

diate filaments found within the cytoskeletal regions

of epithelial cells (Kaeffer 2002). Cytokeratins (CK)

can be grouped into two types: type I (acidic) which

includes cytokeratins CK9-CK20 and type II (neutral-

basic) which includes CK1-CK8 (Weng et al. 2012).

Cytokeratin expression has been found to be tissue-

specific (Chu andWeiss 2002). Epithelial cells express

cytokeratins in different combinations which may be

dependent on cellular differentiation level or certain

cellular characteristics (Moll 1991). Detailed cellular

and molecular characterization of cytokeratins in

bovine tissues have been reported by others (Blessing

et al. 1987; Hu et al. 2009; Paladino et al. 2004). The

established BIEC-c4 clone and the three immortalized

BIEC cell lines all expressed cytokeratin, with low

levels of vimentin expression. Analysis of gene

transcripts and western blot have demonstrated that

bovine and porcine epithelial cells in culture can co-
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express cytokeratin and vimentin (Kaushik et al. 2008;

Rusu et al. 2005; Sun et al. 2012). Fetal-derived

bovine intestinal epithelial cells in culture were found

to express both cytokeratin and vimentin, and the

percentage of cells expressing vimentin increased with

further passaging (Kaushik et al. 2008). However,

only epithelial cells express cytokeratin protein which

is absent in fibroblasts. One possibility for the

expression of mesenchymal phenotype is contamina-

tion with mesenchymal cells (Kaushik et al. 2008;

Rusu et al. 2005). More importantly, primary entero-

cytes in culture can undergo a process of de-differen-

tiation, whereby they lose certain epithelial phenotype

(Rusu et al. 2005). Also, the inability to select

epithelial crypts could favor the proliferation of

mesenchymal cells as compared to epithelial cells

(Rusu et al. 2005). Usually, mesenchymal cells

express both vimentin and a-smooth muscle actin

(a-SMA). However, the BIEC-c4 and the immortal-

ized cells were negative for a-SMA, which is a marker

of smooth muscle cells. Therefore, the BIECs estab-

lished in this study were pure epithelial cells, devoid of

mesenchymal contamination. We performed morpho-

logical and phenotypic characterization of BIECs at

passages varying from 19 to 58. The BIEC-c4 cells at

passage 51 showed strong cytokeratin expression, as

evident from ICC staining. We also confirmed the

expression of epithelial phenotype in the three

immortalized BIECs at different passages. Cytoker-

atin protein was expressed in SV40, hTERT, and HPV

immortalized BIECs at passages 53, 32, and 48

respectively. Therefore, immortalization did not affect

the epithelial phenotype for the cell passages studied.

Study of both epithelial phenotype in BIEC-c4 and the

expression of SV40, hTERT, and HPV proteins in the

immortalized BIECs at late passages is important to

demonstrate stable expression of the desired

phenotypes.

Characterization of PRRs on bovine tissues has

provided important knowledge on innate immune

responses. A variety of cells including macrophages,

dendritic cells, and intestinal epithelial cells have been

shown to express TLRs (Charavaryamath et al. 2011;

Turin and Riva 2008; Werling et al. 2006). The

published partial sequences of bovine TLRs 1-10 have

been found to share homology with ovine TLRs

(Werling et al. 2006). Recently, much of the work on

bovine TLRs has focused on elucidating its role in

mediating innate immune responses. Mutations and

polymorphism studies have revealed a difference in

bovine TLRs which could have implications in the

selection of cattle breeds resistant to diseases (Fisher

et al. 2011; Werling et al. 2006). Analyses of TLR

mRNA transcripts in eight different bovine antigen-

presenting cell subsets have revealed differences in

TLR mRNA expression level among the different

subsets (Werling et al. 2006). Bovine macrophage

subsets differ in innate immune response against

various mycobacterium species (Werling et al. 2006).

In this present study, primary cultures of BIECs were

characterized for the expression of TLR mRNA

transcripts (TLRs 1-10) using two-step real-time RT-

PCR. The expression level of each TLR mRNA was

compared among the four BIEC cell types. BIEC-c4

and immortalized BIEC-c4 cells expressed all ten

TLRs and showed no significant differences in TLR

expression as assessed by Wilcoxon-signed-rank test.

This indicates that immortalization did not change the

TLR expression of normal BIEC-c4 cells. Therefore,

expression of TLR genes suggests that BIEC-c4 cells

may be a good model to study innate immune response

against various enteric pathogens.

Studies on TLR mediated immune responses have

revealed important applications of bovine intestinal

epithelial cells. Study of innate immune responses can

provide important knowledge for the development of

adjuvants and immunobiotics (Buckner et al. 2006;

Villena et al. 2018;Werling et al. 2006). Fetal-derived,

early passage BIECs have been used in screening

assays for the identification of new adjuvants, based on

the stimulation of IL-8 cytokine, and also supported

rotavirus infection (Buckner et al. 2006). Fetal-

derived bovine intestinal epithelial cells (BIECs)

immortalized with SV40 LT Ag were used to study

the immunomodulatory effects of lactic acid bacteria

(LAB) upon challenge with enterotoxigenic E. coli

(ETEC) (Takanashi et al. 2013). These BIECs were

characterized for the expression of all ten TLRs and

were found to strongly express TLRs 1, 3, 4 and 6

(Takanashi et al. 2013). Also, increased expression

levels of proinflammatory cytokines IL-1, IL-6 and IL-

8 were observed (Takanashi et al. 2013). In another

study, bovine intestinal epithelial cells were investi-

gated for TLR mediated immune response against C.

parvum infection (Yang et al. 2015). However, in this

study, we not only generated BIEC clones but also

studied if immortalization changed TLR expression in

BIECs. We found a higher expression of TLRs 3 and 4
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across all four BIEC cell types as compared to other

TLRs. TLR3 may play an important role during

bovine enteric viral infections, chiefly BRV (Aich

et al. 2007). Likewise, TLR4 may be important for

both pathogen recognition as well as maintenance of

immune homeostasis in the intestinal epithelium

(Villena et al. 2014). In the future, the TLRs expressed

by BIEC cells may be stimulated with TLR specific

ligands or challenged with different enteric pathogens

to study innate immune responses. Further investiga-

tion on this may reveal more information about the

role of TLRs in BIECs. Therefore, the established

BIEC cell lines may serve as a useful model system to

study host–pathogen interaction and regulation of

immune responses.

The ability to generate clones from a single cell is

typically a characteristic of stem cell-like cells or

tumor cells. Using limiting dilution method, we

successfully generated a pure BIEC clone from a

single cell. Immortalization of mixed epithelial-like

cells followed by limiting dilution is the usual

approach since single cell suspension may fail to

generate clones unless those have been immortalized.

In a previous study, limiting dilution was first

performed to obtain fetal-derived pure BIEC culture.

However, it was immortalized with SV40 gene after a

few passages due to a decline in cell proliferative

capacity (Miyazawa et al. 2010). These cells were

shown to form tight junctions (Miyazawa et al. 2010).

In this study, we first generated a stable BIEC-c4 clone

and then immortalized it with three different methods.

All four cell types retained their ability to proliferate

and were maintained by continuous culture. The

possibility that the BIEC-c4 clone was obtained from

a stem cell-like population cannot be ruled out

(Peterson and Artis 2014; Potten et al. 1997). For

instance, the mixed ileal epithelial-like cells could

have been derived from crypt-resident stem cells

(Booth and Potten 2000). Additionally, we were not

able to polarize the BIEC-c4 culture, which may be

due to the less differentiated phenotype of the BIEC-

c4 cells, suggesting that these are more stem cell-like.

The BIEC clone generated by limiting dilution could,

however, change to a more differentiated phenotype

during passaging and lose its ability to proliferate.

Therefore, immortalization was necessary. Further, it

would also be difficult to characterize the pure BIEC

clones if those were immortalized prior to limiting

dilution as immortalization could change certain

phenotypes. Also, it would be difficult to identify

whether the proliferative capacity of BIECs was

dependent on or independent of immortalization. As

a result, we were able to identify the ability of BIEC-

clones to grow in continuous culture to be independent

of immortalization. In the future, immortalized BIEC-

c4 clones may be cultured under different culture

conditions to differentiate into a more mature pheno-

type. Due to the trade-off between cell proliferation

and differentiation, immortalization may be able to

rescue the BIECs from loss of proliferation.

In conclusion, the bovine intestinal epithelial cell

line, designated as BIEC-c4, and the immortalized

BIECs were established and characterized using

different immunological and biochemical techniques.

The established primary and the immortalized BIECs

may be further investigated for TLRmediated immune

responses. Further studies may clarify and justify the

effective use of these cells for studying the innate

immune responses against enteric pathogens.
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