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Abstract 

Three-dimensional (3D) intestinal enteroids are powerful in vitro models for studying intestinal biology. However, 
due to their closed structure direct access to the apical surface is impeded, limiting high-throughput applications of 
exogenous compounds and pathogens. In this study, we describe a method for generating confluent 2D enteroids 
from single-cell suspensions of enzymatically-dissociated ileum-derived bovine 3D enteroids. Confluent monolayers 
were first achieved using IntestiCult media but to establish a defined, cost-effective culture media, we also developed 
a bovine enteroid monolayer (BEM) medium. The monolayers cultured in BEM media proliferated extensively and 
formed confluent cell layers on both Matrigel-coated plastic plates and transwell inserts by day 3 of culture. The 2D 
enteroids maintained the epithelial cell lineages found in 3D enteroids and ileum tissue. In addition, the monolayers 
formed a functional epithelial barrier based on the presence of the adherens and tight junction proteins, E-cadherin 
and ZO-1, and electrical resistance across the monolayer was measured from day 3 and maintained for up to 7 days 
in culture. The method described here will provide a useful model to study bovine epithelial cell biology with ease of 
access to the apical surface of epithelial cells and has potential to investigate host–pathogen interactions and screen 
bioactive compounds.
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Introduction
The intestinal epithelium consists of a single layer of 
polarised cells that protects the host from the commen-
sal and pathogenic bacteria while transporting nutrients 
and fluids from the intestinal lumen. In recent years, 
three-dimensional (3D) enteroids have emerged as inval-
uable models to study epithelial barrier function and 
host–pathogen interactions in veterinary species [1–11]. 
The 3D enteroid models can be derived from isolated 
stems cells or intestinal crypts that can be grown in the 
presence of growth factors, such as epidermal growth 
factor (EGF), R-spondin-1 and Noggin, and a laminin-
rich extracellular matrix (ECM), e.g., Matrigel. These 

enteroids form organised villus-crypt structures consist-
ing of key epithelial cell lineages resembling the intestinal 
epithelium in vivo (reviewed by [9–11]).

The 3D enteroids are architecturally arranged such that 
the apical brush borders of the epithelium face inwards 
while the basolateral region is in contact with the ECM 
[12]. A common method to access the central lumen and 
apical epithelium is microinjection which is labour inten-
sive, relatively inaccurate and requires a sizeable hollow 
lumen which is often reduced in differentiated enteroids 
[13]. Alternatively, 3D enteroids can be mechanically dis-
rupted prior to exposure to particulates, however this 
approach exposes both the apical and basal regions of the 
epithelial cells [14].

In vitro cultures of bovine immortalised or primary 
intestinal epithelial cultures have been widely used to 
study cell function and host–pathogen interactions in 
cattle [15–19]. However, the physiological relevance of 
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transformed cell lines is not well understood. Further-
more epithelial cell lines mainly consist of a single cell 
type, enterocytes, and lack the diversity of cell types 
found in vivo which further contributes to their limited 
relevance. Deriving two-dimensional (2D) cell cultures 
from 3D enteroids has become an alternative approach 
to investigate intestinal barrier function and accessing 
the epithelium apical surface in pigs, humans, mice, and 
horses [1, 7, 20–23]. More recently bovine 3D-derived 2D 
colonic enteroids have been developed [24]. In this study, 
stem cells are maintained as colonic spheroids by con-
tinuous activation of the Wnt signalling pathway. Subse-
quently, 3D and 2D enteroid epithelial cell differentiation 
is triggered by withdrawal of Wnt3a and other niche fac-
tors [24]. Growing bovine small intestinal-derived ileum 
crypts in IntestiCult media adapted for mouse can sus-
tain the stem cell niche and drive the development of key 
epithelial cell lineages expressed in their tissue of ori-
gin. Bovine 3D enteroids can be maintained long-term 
through multiple serial passages which has little influence 
on their growth, morphology or transcriptome, making 
them suitable models for the development of small intes-
tinal 2D enteroids [2]. The 2D models allow direct access 
to the apical side of the epithelium through the medium 
[25, 26]. Thus, there is a clear need for the development 
of a standardized and reproducible approach to generate 
bovine 2D enteroids.

Here we describe a method for generating bovine ileum 
3D-derived 2D enteroids that can be grown in a cost-
effective, cell culture medium on Matrigel coated-plastic 
plates and transwell inserts. The polarised monolayers 
can be maintained in culture for over 1 week and consist 
of all epithelial cell lineages such as Paneth cells, goblet 
cells, enterocytes, enteroendocrine and stem cells. The 
formation of adherens and tight junctions leads to the 
generation of a functional epithelial barrier demonstrated 
by electrical resistance across the epithelia layer. Our 
approach to the generation of 2D enteroids will allow for 
future high-throughput applications to study the effect of 
food-additives, host–pathogen interactions, permeability 
and nutrient transport studies in cattle.

Materials and methods
Generation and passage of intestinal 3D enteroids
All tissues used in this study were obtained from six 
healthy male British Holstein–Friesian (Bos taurus) 
calves (< 6 month old) housed at the University of Edin-
burgh farm. Calves were subject to Schedule 1 method 
of cull and sections of distal ileum were obtained post-
mortem and stored in Mg2+ and Ca2+ free Hank’s Buffer 
Saline Solution (HBSS, Life Technologies, Paisley, UK) 
on ice until use. Crypts were isolated as previously 
described [2]. For 3D enteroid cultures, 103 crypts were 

resuspended in Matrigel®-GFR (Corning, Loughbor-
ough, UK) and seeded in 50 µL centric domes in 24-well 
plates (Corning). After a 10  min polymerisation period 
at 37 °C, 5% CO2, 650 µL of complete IntestiCult Mouse 
medium (STEMCELL Technologies UK Ltd) was added 
per well as described previously [1]. This 3D medium 
was supplemented with 10 μM SB202190 (Enzo Life Sci-
ences, Europe), 10 μM Y-27623 dihydrochloride, 500 nM 
LY2157299 (Cambridge BioScience, Cambridge, UK) and 
25  µg/mL gentamicin (Sigma-Aldrich, Gillingham, UK). 
Half of the culture media was replaced every two days to 
retain intrinsic growth factors produced by the 3D enter-
oids and was found to have no detrimental effect on 3D 
enteroid growth and morphology.

For weekly passage of the enteroids, culture medium 
was removed and replaced with 1  mL of ice-cold wash 
media; Advanced DMEM/F12 with 1 × B27 Plus supple-
ment (GIBCO, Paisley, UK). Matrigel was dissociated by 
repeated pipetting with 1000 µL tip and transferred to a 
fresh 15 mL conical tube. At least four wells were pooled 
from the same animal at this stage. Enteroids were placed 
on ice for 5 min to settle by gravity. The supernatant was 
aspirated and discarded and the enteroids were resus-
pended in 1  mL of ice-cold wash media and placed in 
1.5  mL Eppendorf tube. The enteroids were mechani-
cally dissociated by repeated pipetting ~35 times with a 
200 µL tip and retained on ice. The level of enteroid dis-
sociation was examined using a microscope by placing 
10  µL of cells on a 24-well plate. The dissociated enter-
oid fragments were counted to seed approximately 1000 
fragments per 50  µL. The 50  µL was then mixed with 
150 µL of Matrigel and 50 µL centric domes were seeded 
on 24-well plates then allowed to polymerise for 10 min 
at 37 °C, 5% CO2. Each well received 650 µL of complete 
IntestiCult Mouse media. Half of the culture media was 
replaced every two days.

Generation of 2D enteroids
After three passages and on day 5 of culture, bovine 3D 
enteroids, derived from 6 individual calves, were recov-
ered from the Matrigel domes by gentle pipetting using 
200 µL tip with 1 mL of ice cold wash media. Each well 
was further washed with 1 mL of wash media. Enteroids 
were further mechanically disrupted by vigorous pipet-
ting ~35 times using a 200  µL tip and transferred to a 
fresh 15  mL conical tube. The disrupted enteroids were 
pelleted at 300  g for 4  min, supernatant was removed, 
and cells were resuspended in 1 mL of TrypLE™ Express 
(ThermoFischer Scientific, Paisley, UK. TFS) and trans-
ferred to a 24-well plate (Corning). The disrupted enter-
oids were digested for 10 min at 37 °C, 5% CO2. To further 
encourage enteroid breakdown into single cells, cells were 
mechanically disrupted ~40 times using a 200 µL tip. The 
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enzymatic reaction was quenched by the addition of four 
volumes of pre-warmed DMEM supplemented with 10% 
FBS (GIBCO). The cells were filtered twice through a 
40 µm cell strainer (VWR) to obtain a single cell suspen-
sion. Cells were pelleted for 5 min at 300 g. To examine 
the ability to form a confluent layer, the single cells were 
seeded at 2.5 × 104 cells/well on 2% (v/v) Matrigel coated 
96-well flat plates (Corning) or the apical region of 
24-well transwells (0.33 cm2). Cells were cultured in com-
plete IntestiCult Mouse media as outlined above, supple-
mented with 20% (v/v) FBS or bovine enteroid monolayer 
(BEM) media consisting of the components outlined in 
Table 1. BEM media was supplemented with 20% or 1% 
(v/v) FBS for initial growth analysis and 1% FBS was used 
thereafter. The plate coating procedure involved incu-
bation of 2% (v/v) Matrigel in DMEM/F12/1 × B27 Plus 
supplement medium at 37 °C, 5% CO2 for 1 h after which 
the liquid was removed. For 96-well flat plates, cells were 
cultured in 200  µL of media and for transwells, 200  µL 
of media was added to apical chamber while 500  µL of 
media was added to the basal chamber. Forty-eight hours 
post-seeding, the media in the apical and basal chambers 
were replaced and refreshed every two days thereafter. 
After 3 days of culture the cells reached confluence and 
were used for further experiments.

RNA isolation, reverse transcription quantitative 
polymerase chain reaction (RT‑qPCR)
For RNA isolation, on day 5 of culture four wells of 3D 
enteroids generated from four individual calves were 
collected from Matrigel domes as outlined above. The 

2D enteroids derived from the same 3D enteroids men-
tioned above were seeded at 2.5 × 104  cells/well on 2% 
(v/v) Matrigel coated 96-well plates with three wells 
per calf in BEM media for 5 days. The cells were recov-
ered by gentle pipetting using 200  µL tip with 0.2  mL 
of ice cold wash media and placed in a 1.5  mL Eppen-
dorf. After 3D and 2D enteroids were mechanically dis-
sociated in 1.5 mL Eppendorf, the cells were pelleted at 
300 g for 5 min and resuspend in RLT buffer (QIAGEN, 
Crawley, UK) supplemented with β-mercaptoethanol 
(1:100). Ileum tissue (30  mg) was homogenised using 
TissueLyser II (QAIGEN) and steel beads in RLT buffer 
supplemented with β-mercaptoethanol (1:100). Total 
RNA was extracted using RNeasy PLUS kit (QIAGEN) 
consisting of a genomic DNA column eliminator accord-
ing to manufacturer’s instructions, and quantified spec-
trophotometrically. Complementary DNA (cDNA) 
samples were prepared using 0.5 μg total RNA per sam-
ple, 10 nM random hexamers and Oligo dT20 and Super-
Script III Reverse Transcription Kit (Invitrogen, Paisley, 
UK) according to manufacturer’s instructions. For RT-
qPCR, 1:5 dilution of cDNA was mixed with 10 µL of ABI 
TaqMan Gene Expression Master Mix (Applied Biosys-
tems, TFS), 1 µL of 20X EvaGreen (Biotum, VWR, Lutter-
worth, UK) and 1.15 µm of primers against bovine Lgr5 
(F:ACT​TTC​CAG​CAG​TTG​TTC​AGC; R:GAA​TAG​ACG​
ACA​GGC​GGT​TG, NM_001192520.3), Chromogranin 
A (F:GGG​ACA​CTG​AGG​TGA​TGA​AG; R:GTC​GCA​
GGA​TTG​AGA​GGA​T, NM_181005.2), Mucin 2 (F:ATG​
GCA​CCT​ACC​CGT​TCA​C; R:AAT​CTC​GCT​CTT​CAC​
CTG​GA, XM_024987595.1), Lysozyme C (F:TTC​CTT​
TCT​GTT​GCT​GTC​CA; R: AGC​CAT​CCA​GTC​CAA​
GTT​TC, NM_001080339). Data was normalised against 
two bovine reference genes, actin beta (F:CCA​ACC​GTG​
AGA​AGA​TGA​CC; R:CCA​GAG​GCA​TAC​AGG​GAC​
AG, NM_173979.3) and spliceosome-associated factor 1 
(F:ATG​AAG​AAG​CTG​GAC​GAG​GA R:GGA​GGG​ATC​
AGA​AGG​GAG​AC, NM_001193086.2). The stability of 
the reference genes were evaluated by NormFinder using 
GeneEx program (V6) [27]. Data are expressed in terms 
of the Corrected 40-cycle threshold (Ct) value, which is 
normalised using the Ct values of actin beta and splice-
osome-associated factor 1 for each sample using the for-
mula; Ct + (N′t-C′t)*(S/S′) where N′t is the mean Ct value 
for the reference genes in each cell culture or tissue, C′t is 
the mean value for reference genes in the sample and the 
S and S′ are the slopes of regression of the standard plots 
for both reference genes and the gene of interest, respec-
tively. Normalised Ct values were corrected against the 
negative association of the log concentration of cDNA 
detected using the formula 40—normalised Ct value of 
the gene of interest.

Table 1  Composition of bovine enteroid monolayer (BEM) 
media.

Reagent Concentration Supplier

Advanced DMEM/F12 1×  ThermoFisher Scientific (TFS)

l-glutamine 2 mM TFS

HEPES 10 mM TFS

Penicillin/Streptomycin 50 U/mL TFS

B27 supplement 1×  TFS

N2 supplement 1×  TFS

EGF (human) 50 ng/mL TFS

LDN 193189 100 nM Cambridge Bioscience

R-Spondin 1 (human) 100 ng/mL R&D Systems

Noggin (human) 50 ng/mL R&D Systems

CHIR99021 10 µM Stratech Scientific

Y27632 10 µM Cambridge BioScience

SB202190 10 µM Enzo Life Sciences

LY2157299 500 nM Cambridge BioScience

Nicotinamide 10 mM Sigma-Aldrich

FBS 1% GIBCO
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Immunofluorescence staining and imaging
To examine cell proliferation and immunostaining of 
the 2D enteroids, cells were seeded at 2.5 × 104 cells/
well on 2% (v/v) Matrigel coated 8 chamber glass slides 
(TFS) or on 24-well transwell inserts (0.33 cm2). On 
day 5 of culture, proliferating cells were visualised by 
adding 5-ethynyl-2′-deoxyuridine (EdU, 10  µM) to the 
cultures for 2  h at 37  °C, 5% CO2 and stained accord-
ing to manufacturer’s instructions (Base Click, Munich, 
Germany). The cells were fixed apically and basally 
using 4% (v/v) paraformaldehyde in PBS (Mg2+ and 
Ca2+ free) for 10  min at RT. Cells were permeabilised 
with 0.5% (v/v) Triton X-100 in PBS for 10 min at RT, 
washed and blocked for 20  min at RT with 20% (v/v) 
goat serum (Chondrex) in PBS. Primary and second-
ary antibodies were diluted in 0.1% (v/v) Triton X-100 
in PBS and incubated overnight at RT. Washing steps 
were performed by applying PBS three times to both 
the apical and basolateral chambers for 5 min. Primary 
antibodies used were mouse anti-human E-cadherin 
(Clone 36, 1:50, IgG2a, BD Biosciences), mouse anti-
human ZO-1 (Clone 1A12, 1:100, IgG1, Invitrogen), 
mouse anti-villin (Clone 1D2C3, 1:100, IgG1, Santa 
Cruz), mouse anti-cytokeratin 18 (Clone C-04, 1:100, 
IgG1, Abcam), or the lectin, Ulex Europaeus Aggluti-
nin I (UEA-1)-biotin (1:300, VectorLabs). Secondary 
antibodies included goat anti-mouse IgG1/IgG2a Alexa 
Fluor™-488, -594 or -568 (1:300) or streptavidin-Alexa 
FluorTM594 (1:100, TFS). Cells were counterstained 
with Hoechst 33458 (Sigma-Aldrich). Transwell mem-
branes were cut from the inserts using a scalpel and 
placed with cells facing upwards on microscopic slides 
with reaction wells (11  mm Ø, Marienfeld, Germany). 
All inserts were mounted using ProLong Diamond 
Antifade Mountant (TFS). Differential interference 
contrast (DIC) and brightfield images were captured 
on Axiovert 25 microscope (Zeiss). Fluorescent images 
and Z stacks were captured using an inverted LSM880 
(Zeiss) using 40× or 63× oil lens. Data was analysed 
using IMARIS (V9.6) and ZEN blue (Zeiss).

Trans‑epithelial electrical resistance (TEER)
TEER was measured using an epithelial volt-ohmmeter 
(EVOM2, World Precision Instruments) and a chopstick 
electrode (STX2). Each transwell insert was measured 
three times (once in each pore) and average values were 
corrected against the average background TEER and sur-
face area as follows; TEER Ωcm2 = (Rcell layer − Rblank) × A. 
Rcell layer is the resistance (R) of the cell monolayer in 
coated wells with cells; Rblank is the resistance of the 
coated well without cells, and A is the surface area of the 
well (0.33 cm2).

Results
Generation of bovine 3D‑derived 2D enteroids
The biggest drawback of the current bovine 3D enter-
oids is the labour intensive approach to gain access 
to the apical surface of the epithelium. To circum-
vent this, we set out to generate bovine 3D-derived 
2D enteroids while maintaining the cellular hetero-
geneity of the in  vivo intestine to ensure physiologi-
cal relevance. Bovine 3D enteroids were generated 
from crypts isolated from the distal ileum tissue of 
6-month-old calves and cultured as described [2] (Fig-
ure 1A). To exclude leukocytes and fibroblasts, the 3D 
enteroids were passaged at least three times prior to 
generating 2D enteroids (Figure 1B). After the 3rd pas-
sage, 5-day-old bovine 3D enteroids were mechanically 
disrupted and enzymatically dissociated into single 
cells (Figures 1C and D). Bovine cells were cultured at 
the same seeding density as porcine 2D enteroids and 
in complete IntestiCult media supplemented with 20% 
FBS on Matrigel coated 96-well plates [2]. Three days 
after seeding, confluent cell layers were observed with 
a cobblestone morphology (Figure 1E) which could be 
maintained for a further 7 days (Figure 1F). Bovine 3D 
enteroids dissociated into single cells and seeded at 
2.5 × 104 cells/well in IntestiCult media supplemented 
with 20% FBS can form a confluent 2D enteroid mon-
olayer on Matrigel coated 96-well plates.

Confluent 2D enteroids can be established using BEM 
medium
Next, we explored the ability to grow confluent 2D enter-
oids using growth medium adapted from murine, porcine 
and bovine studies to produce a cost-effective medium 
with defined culture components [1, 2, 21]. This bovine 
2D enteroid monolayer or BEM medium consisted of the 
Rho kinase-, p38 MAP kinase- and TGFβR-inhibitors in 
the same concentrations used in the bovine 3D enteroid 
cultures [2]. The BEM media also consisted of growth 
factors, Noggin, R-spondin-1, EGF, and CHIR99021 
along with N2 and B27 supplements. The ability of the 
cultures seeded at 2.5 × 104 cells/well on Matrigel-coated 
96-well plates to form a confluent monolayer in BEM 
media supplemented with 20% or 1% FBS were examined 
by microscopy.

At day 3 post-seeding, confluent cell layers with a 
cobblestone morphology, characteristic of epithelial 
cell cultures, were observed for cells cultured in BEM 
media supplemented with 20% or 1% FBS (Figures  2A 
and B). The 2D enteroids could be cultured for up to 
10 days post-seeding (Figures 2C and D). This indicates 
that low levels of FBS can support bovine epithelial cell 
growth. We next analysed the formation of 2D enteroid 
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Figure 1  Generation of bovine 3D-derived 2D enteroids. Representative brightfield images of (A) crypts directly after isolation from distal 
ileum of a 6-month-old calf, B Matrigel-embedded crypts form villus-crypts structures by day 7 of culture. Data is representative of six independent 
experiments using six individual calves. Enteroids were passaged three times and on day 5 of culture 3D enteroids were C mechanically disrupted 
by vigorous pipetting and D enzymatically dissociated into single cells using TrypLE Express. E Representative DIC image of the morphology of 2D 
enteroid cultured for 3 days at 2.5 × 104 cells/well on 2% Matrigel coated 96-well plate in complete IntestiCult mouse media supplemented with 
20% FBS. F Representative brightfield image of 2D enteroids at day 10 of culture. Data is representative of three independent experiments using 
three individual calves.
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Figure 2  Formation of confluent 2D enteroids cultured in BEM media. Representative DIC images of 3-day-old 2D enteroids in BEM media 
supplemented with A 20% or B 1% FBS. Representative brighfield images of 10-day-old 2D enteroids in BEM media supplemented with C 20% 
or D 1% FBS. Representative brighfield images of 2D enteroids in BEM media without FBS on E day 3 and F day 4 of culture. Cells were seeded at 
2.5 × 104 cells/well on Matrigel coated 96-well plate. Data is representative of three independent experiments from three individual calves.
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monolayers using BEM media with no FBS and found 
that the cells did not form a confluent monolayer on days 
3 or 4 of culture (Figures 2E and F), but a monolayer was 
observed by day 5 of culture (data not shown, similar to 
Figures  2A and B). This demonstrates the 2D enteroids 
can be generated in BEM media without FBS, but con-
fluency is achieved at a much slower rate compared to 
cells grown in the presence of FBS. Using BEM media, 2D 
enteroids form a confluent cell layer similar to cells cul-
tured in complete IntestiCult mouse media. BEM media 
supplemented with 1% FBS was used in further studies.

Representation of epithelial lineages in bovine 2D 
enteroids
Next we analysed the gene expression profiles of known 
epithelial cell markers in the ileum tissue of 3D enter-
oid origin and in the 3D and 2D enteroid cultures by 
RT-qPCR. Five-day-old 2D enteroids cultured in BEM 
media expressed the goblet cell associated gene, Mucin 2 
(Muc2). Muc2 mRNA expression levels in the 2D enter-
oids were less variable compared to the 3D enteroids 
which were cultured in IntestiCult media (Figure  3A). 
In addition, the Paneth cell gene, Lysozyme C (Lyz C), 
mRNA expression levels was more consistent across the 
four independent 2D enteroid cultures compared to the 
3D enteroids. The mRNA expression levels of the enter-
oendocrine cell gene, Chromogranin A, (CHGA), was 
similar across the enteroid cultures and in the ileum tis-
sues. The stem cell gene, Leucine-Rich Repeat containing 
G-protein Receptor 5, (Lgr5) was expressed at slightly 
higher levels in 2D enteroids compared to the 3D enter-
oids and ileum tissue (Figure 3A). Our data indicates that 
bovine 3D-derived 2D enteroids grown in BEM media 
sustained the epithelial cell heterogeneity found in the 
3D enteroids and ileum tissue of origin.

Immunofluorescence analysis of the 2D enteroids 
demonstrates the expression of villin, which is an actin-
binding protein expressed in differentiated enterocytes 
(Figure 3B), and staining with phalloidin, which binds to 
F-actin filaments (Figure 3C). Cytokeratin 18 was found 
to be expressed in most cells (Figure 3D). In addition, we 
examined UEA-1 binding in 2D enteroids and found it 

binds to the majority of cells (Figure  3E). Overall, BEM 
media can support the maintenance of stem cells and dif-
ferentiation of key epithelial cell lineages in 2D enteroids.

Bovine 2D enteroids form a tight barrier
Epithelial monolayers grown on transwell inserts can be 
used to investigate epithelial barrier integrity by measur-
ing transepithelial electrical resistance (TEER). Adherens 
junctions consist of the transmembrane protein, E-cad-
herin junctional protein, which was strongly expressed 
between the cells cultured on transwells (Figure  4A). 
Zonula occludens-1 (ZO-1) also known as Tight Junc-
tion Protein-1, was expressed between the cells in the 
2D enteroids and together the expression of these pro-
teins suggests the formation of epithelial cell impudence 
(Figure  4B). We next analysed the polarisation of the 
2D enteroids using Z-stack modelling and found strong 
expression for E-cadherin between the cells and apical 
expression of F-actin (Figures  4C and D). In addition, 
numerous E-cadherin+ EdU+ cells were observed in 2D 
enteroids at day 5 of culture indicating that BEM media 
can support tight junction formation and cell prolifera-
tion on transwells (Figure 4E).

To determine the optimal cell seeding density to obtain 
a stable TEER, transwells were seeded in BEM media 
at 2.5 × 105 or 2.5 × 104 cells/well. A seeding density of 
2.5 × 105 cells/well displayed TEER of 680  Ω  cm2 from 
day 3 that increased on day 4 and 5 which decreased 
thereafter (Figure  4F). In contrast, cells seeded at 
2.5 × 104 cells/well yielded a lower but more stable, long 
lasting TEER, reaching ~200 Ω  cm2 from day 3 and 
maintaining a TEER of ~280–315 Ω cm2 until day 8 and 
10 (Figure  4G). Microscopic analysis of the transwell 
inserts on the day where TEER value reached the same 
levels as coated wells with no cells (~100  Ω  cm2), indi-
cated that the cell layer retracted from side of the insert, 
possible due to the breakdown of Matrigel or overgrowth 
of the cell layer (Figure 4H). The immunostaining of tight 
junction proteins and the TEER analysis demonstrates 
the formation of a functional epithelial barrier in bovine 
2D enteroids.

(See figure on next page.)
Figure 3  Bovine 2D enteroids consist of multi-epithelial cell lineages. A Reverse transcriptase-qPCR gene expression profiles of epithelial cell 
markers; Mucin2 (Muc2) for Goblet cells, Lysozyme C (Lyz C) for Paneth cells, Chromogranin A (CHGA) for Enteroendocrine cells and Leucine-rich 
Repeat containing G-protein Receptor 5, (Lgr5) for stem cells in 2D enteroid cultures grown on Matrigel coated 96-well plates in BEM/1% FBS 
media for 5 days, 3D enteroids cultured in IntestiCult media for 5 days and ileum tissue of 6-month old calves of enteroid origin. Data represents 
the median and error bars ± 95% confidence interval of four independent experiments. Representative confocal images of 5-day-old 2D enteroids 
demonstrating the presence of B villin (green) expression in enterocytes and C F-actin (green) filaments, D the bovine epithelial cell marker, 
cytokeratin 18 (green), and E UEA-1 (green) binding was observed in numerous cells. Nuclei are visualised by Hoechst staining (blue). The 2D 
enteroids were seeded at 2.5 × 104 cells/well on Matrigel coated 8-well-chamber glass slides in BEM/1% FBS media for 5 days. Data is representative 
of five independent experiments of five individual calves.
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Figure 3  (See legend on previous page.)
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Discussion
The development of bovine 3D enteroids represented a 
novel physiologically relevant model of the bovine small 
intestine [2]. Transcriptomic analysis of bovine 3D enter-
oids demonstrated that at least one passage reduced the 
leukocyte and fibroblast related gene signatures [2]. To 
reduce these cell types in our 3D enteroids and hence 2D 
enteroids, cells were passaged at least three times prior to 
the generation of the monolayers. Cell seeding density is 
critical for the generation and long-term maintenance of 
confluent epithelial monolayers. Porcine 3D-derived 2D 
enteroids were found to optimally grow at 2.5 × 104 cells/
well in 96-well format and in media supplemented with 
20% FBS [1]. Using this previously optimised approach, 
single cells from dissociated bovine 3D enteroids were 
seeded at the 2.5 × 104 cells/well in 96-well format and 
cultured in bovine 3D IntestiCult media supplemented 
with 20% FBS. After 3  days, confluent cell layers were 
achieved (Figure 1).

The composition of culture growth medium for epithe-
lial cells requires a number of growth factors to sustain 
the stem cell niche [21]. Bovine 3D enteroids are grown 
in IntestiCult mouse media supplemented with Rho 
kinase-, p38 MAP kinase- and TGFβR-inhibitors that 
encourage epithelial proliferation and inhibits epithelial-
mesenchymal cell transition [2, 26, 28]. However, the 
exact composition of the IntestiCult media is undisclosed 
and the protein content varies from batch to batch. Cru-
cial vitamins or hormones can be provided in the cell cul-
ture medium by FBS but its components are undefined. 
Alternatively, the addition of N2 and B27 supplements 
can be used to replace or reduce FBS in culture media 
[28]. Growth factors are also an important component of 
the cell growth medium. Noggin, R-spondin-1, EGF, and 
CHIR99021 collectively inhibit the bone-morphogenetic 
protein signalling, activate the Wnt pathway and drive 
epithelial cell proliferation and differentiation [12, 26, 
29]. These signalling pathways work in concert to sus-
tain epithelial cell growth and maintenance [21, 26, 29]. 
Culturing bovine 2D enteroids in Advanced DMEM/F12 
consisting of a combination of these inhibitors, supple-
ments and growth factors, a media we named BEM, with 
either 20% or 1% FBS led to the formation of confluent 

cell layer within 3  days post-seeding on 96-well plates 
and 24-well transwell inserts (Figures 2 and 4). It should 
be noted that bovine 3D enteroids growth could not be 
sustained in the same media conditions (data not shown). 
The ability to culture bovine 2D enteroids in BEM media 
reduces the culture costs and will allow access to the 
technology more readily worldwide.

The small intestinal epithelium and their derived 3D 
enteroids consists of actively proliferating Lgr5+ intes-
tinal stem cells from which differentiated epithelial cell 
types are derived. These differentiated cells include 
absorptive enterocytes, multiple secretory cell types, 
Paneth cells, goblet cells, enteroendocrine cells, and the 
antigen-sampling M cells that overlay the follicle-asso-
ciated epithelium (FAE) of the Peyer’s patches [12, 30]. 
Expression of markers for Paneth cells (Lyz C), goblet 
cells (Muc2), enteroendocrine cells (ChGA) and stem 
cells (Lgr5) were stable across four individual 2D enter-
oids cultured in BEM media. Interestingly, the expression 
levels of these epithelial markers were more consistent 
in the 2D enteroids compared to the 3D enteroids which 
may be attributed to differences in media composition 
(Figure  3A). Cytokeratin 18 is an epithelial cell marker 
in bovine primary epithelial cell cultures or transformed 
epithelial cell lines [16, 17] and recently shown to be 
expressed in bovine 2D colonic enteroids [24]. In  vivo, 
cytokeratin 18 expression has been suggested as a marker 
for bovine and porcine M cells in the small intestinal FAE 
[31, 32]. The α-linked fucose binding lectin, UEA-1, has 
also been shown to bind to M cells in mouse intestinal 
FAE [33]. Bovine 3D enteroids do not express murine M 
cell-specific gene signatures [2] whereas M cells can be 
induced in murine and human 3D enteroids after treat-
ment with the cytokine, RANKL [34, 35]. We observed 
uniform expression of cytokeratin 18 and binding of 
UEA-1 in numerous cells in the 2D enteroid culture sug-
gesting they are not specific bovine M cell markers (Fig-
ures  3D and E). Although our analysis does not prove 
the existence of M cells in bovine 2D enteroids, the abil-
ity to induce M cell development in bovine enteroids by 
RANKL treatment is required in future studies to better 
understand their biology in cattle.

Figure 4  Bovine 2D enteroid form tight junctions and a functional epithelial barrier. A Representative confocal images of the adherens 
junction protein, E-cadherin (green) and B 3X3 tile image demonstrating uniformed expression of the tight junction protein ZO-1 (red) in 2D 
enteroids seeded at 2.5 × 104 cells/well on Matrigel coated transwell inserts in BEM/1% FBS media. C Z-stack modeling indicate the expression of 
E-cadherin (green) between the cells and D strong apical expression of F-actin (red) in the 2D enteroids. E EdU (magenta) uptake by E-cadherin+ 
(green) proliferating cells in 2D enteroids. Nuclei are visualised by Hoechst staining (blue). Cells were imaged on Matrigel coated transwell inserts. 
F Short-term, high TEER can be achieved by seeding 2.5 × 105 cells/well and G a lower more stable TEER can be reached using 2.5 × 104 cells/well. 
Data is the median of 5 (F) or 12 (E) independent experiments from 5 to 6 calves. Error bars ± 95% Confidence Interval. H Representative brightfield 
image of the destablistion of the 2D enteroids leading to a drop in TEER on day 12 of culture on transwell inserts.

(See figure on next page.)
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Figure 4  (See legend on previous page.)
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Bovine intestinal 3D enteroids can be cultured and pas-
saged for several months maintaining similar expression 
profiles to freshly isolated intestinal tissue [2]. Due to the 
natural structure of mammalian 3D enteroids with the 
apical border of the epithelial cells facing a central, closed 
lumen, the surface that typically interacts with micro-
organisms and nutrients is not directly accessible and 
application of particulates to the lumen is cumbersome 
[13]. More recently apical-out, reversed 3D enteroids, 
have been described for pig, chicken, mouse and sheep 
[6, 7, 36, 37]. These inside-out models allow easy access 
to the apical surface through the medium making model-
ling host–pathogen infections in vitro significantly more 
practical. The only drawback of mammalian apical-out 
enteroids is their limited life-span once their orientation 
has been altered and ~20% enteroids fail to reverse their 
polarity [11, 36]. Murine 2D enteroids can be passaged at 
least four times [29]. The limitation of this current study 
is the lack of research on the ability to expand and pas-
sage the 2D enteroids, like classical cell lines. Our bovine 
2D enteroids expressed Lgr5 at mRNA level and con-
tained numerous Edu+ proliferating cells suggesting their 
high self-renewal properties (Figures  3 and 4). Future 
research into the ability to cryopreserved and resurrect 
2D enteroids that can retain their functionality similar to 
their tissue of origin would complement high-throughput 
bovine 2D enteroid platforms.

Barrier integrity requires the formation of tight junc-
tions, adherens junctions and desmosomes [38, 39]. We 
confirmed the epithelium cell–cell contacts by E-cad-
herin and ZO-1 expression and determined the polarised 
nature of the 2D enteroids by Z-stack modelling (Fig-
ure  4). The transwell system allows for TEER measure-
ment to evaluate epithelial monolayer growth and tight 
junction integrity, both indicators of epithelia barrier 
function [40]. Our 2D enteroids grown in BEM media at 
2.5 × 105 cells/well, generated a high TEER for two days 
after which it rapidly decreased. In contrast, cells seeded 
at a 2.5 × 104 cells/well produce a lower TEER from day 3 
that was sustained over a 7-day period. The TEER values 
in this study were similar but more stable than the TEER 
of a previous study using bovine colonic 3D-derived 2D 
enteroids. This study reported TEER of ~300  Ω  cm2 
but measurements were only analysed for a 24 h period 
[24]. Although our TEER is lower than that reported for 
porcine [1], its similar to the human 2D enteroids gen-
erated from proximal and distal fetal intestinal 3D orga-
noids [20] and is higher than the physiological range 
reported for murine small intestine and 2D enteroids 
(40–100 Ω cm2) [41, 42].

Our bovine 2D enteroids reflect the cellular com-
position, polarity and barrier function of their in vivo 
counterparts [1]. The 2D enteroids further provide 

a practical model in which bacteria, parasites and 
viruses can be applied to the cell culture medium 
which exposes pathogens to epithelial apical surfaces. 
Human 2D enteroid cultures have been shown to pro-
vide excellent models for practical applications [21, 24] 
and in accordance our bovine model may support the 
screening of dietary and microbial metabolites, study 
host–pathogen and host-microbiome interactions, 
and measure transport across the intestinal barrier 
in bovine species. The current model of culturing 2D 
enteroids on transwell inserts can also be adjusted to 
investigate cross-talk between the epithelial monolayer 
and mesenchymal and immune cells through co-cul-
ture studies. Our data suggest that the 2D enteroid 
cultures represent a novel and practical in vitro model 
with a broad range of applications.
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