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Abstract
The development and improvement of advanced intestinal in vitro models has received increasing attention in recent years. 
While the availability of relevant in vitro models is pivotal to advance the replacement and reduction of animal use in 
research, their robustness is a crucial determinant for intra- and interlaboratory reproducibility. We have developed a standard 
protocol to build a triple culture model combining two types of human intestinal epithelial cells (Caco-2, HT29-MTX-E12) 
and macrophages (THP-1), which was tested for transferability and reproducibility between three laboratories. The epithelial 
tissue barrier development and triple culture stability were investigated as well as the models’ responses to the non-steroidal 
anti-inflammatory drug diclofenac in terms of barrier integrity, cytotoxicity, and cytokine release. The results of two partner 
laboratories were compared to previously established benchmark results and quality criteria. For the epithelial co-cultures, the 
results were overall highly comparable between the laboratories. The addition of THP-1 cells resulted in increased variability 
and reduced reproducibility. While good correlation was achieved in several endpoints, others showed substantial response 
differences between the laboratories. Some variations may be addressed with training or demonstrations, whereas others might 
be related to fundamental differences in the cell lines introduced during routine cell culture and maintenance. Our results 
underline the importance of interlaboratory transfer studies using standardised experimental procedures, including defined 
quality criteria and benchmarks, as well as of training when newly establishing complex in vitro models in laboratories.
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Introduction

The intestine is an important exposure route and target for poten-
tially harmful compounds with countless studies aiming to elu-
cidate their toxicity and kinetics in the organ. In the context of 
reducing and replacing animal testing, the development of new 
approach methodologies (NAMs), including in vitro models of 
the intestine, has been encouraged. While robust, time-saving, 

and cost-effective monoculture cell systems remain the back-
bone of toxicity testing, increasingly complex models have been 
presented, with gut-on-a-chip and stem cell–based organoids 
being the most advanced to date [1, 2]. While these sophisticated 
models largely remain at the proof-of-concept stage, transwell 
cultures with cells growing on permeable inserts—including co-
cultures combining multiple cell lines—have become a standard 
in toxicity studies, albeit with some recognised limitations [3, 4].

Notwithstanding the developments and achievements in toxi-
cology, both in vitro research and in vivo research struggle with 
a reproducibility crisis—the inability to reproduce the outcomes 
of others or even one’s own results [5, 6]. This lack of reproduc-
ibility causes substantial losses in material and time resources 
as well as unnecessary suffering and death of animals. Repro-
ducibility is a multifactorial challenge spanning the availability 
of methodological information, the quality and application of 
research materials to protocol adherence, reporting bias, and 
as of yet “unknown unknowns” [5, 7]. While we assume the 
variability can be contained and reduced with the alignment of 
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material origin and experimental set-up, e.g. by using standard 
operating procedures (SOP) [8], even sourcing cells and chemi-
cals from the same stocks was demonstrated to be insufficient to 
prevent differences between laboratories [9]. The availability of 
the same tools and materials to different operators may still pro-
duce different outcomes as their application and overall protocol 
adherence can vary greatly. This includes cell culture, e.g. cell 
line origin, passage number, and culture maintenance, the use 
of consumables and reagents, as well as differences in treatment 
strategies, e.g. seeding densities, exposure media, and different 
equipment used for endpoint analysis.

While reproducibility is already problematic with mono-
cultures [10, 11], the introduction of complex in vitro mod-
els multiplies the challenges. Co-cultures raise the effort of 
cell maintenance and cell line authenticity; complex in vitro 
models are typically long-term cultures requiring several 
weeks of repeated handling, which increases the risk of 
damage and contamination. Co-cultures may need specific 
culture conditions to accommodate the individual cell lines, 
while the model set-up might require particular handling of 
the components, following an elaborate succession of steps, 
and stringent observation of time lines.

One goal of the EU H2020 project PATROLS was to assess 
innovative, effective, and robust techniques to predict potential 
human hazards of engineered nanomaterials, which has resulted 
in the development of various in vitro models of the lung [12], 
liver [13], and intestine [14]. As one way to confirm the robust-
ness of the developed models and the quality of the supporting 
materials, interlaboratory comparisons were conducted. The 
intestinal model used here combines co-cultures of differentiated 
Caco-2 and HT29-MTX-E12 cells with differentiated THP-1 
cells. Its reproducibility was tested in two “naïve” laboratories 
of the project consortium by investigating the epithelial bar-
rier formation, barrier integrity in presence of THP-1 cells, as 
well as the response to diclofenac—a non-steroidal anti-inflam-
matory drug used as a positive control. Diclofenac is associ-
ated with considerable gastrointestinal side effects, which are 
independent of metabolite formation [15, 16]. Small intestinal 
injury by diclofenac enhances pro-inflammatory cytokines and 
chemokines including interleukin (IL)8 [17], which is a crucial 
mediator for the recruitment of immune cells [18]. Apart from 
its role in inflammation, IL8 can also be an indicator for the 
THP-1 cell response to phorbol 12-myristate 13-acetate (PMA) 
[19] and was therefore used as a marker for the triple culture’s 
reproducibility.

Materials and methods

Background

The triple culture used in this study was previously 
described and tested for application in nanosafety 

studies [14]. The methotrexate-adapted HT29-MTX cell 
line was included in this model as mucus-producing 
goblet-like cell [4], with the E12 sub-clone having been 
identified as especially suitable for barrier formation 
studies and characterised by a high mucus production 
[20]. A seeding ratio of 9:1 Caco-2 and HT29-MTX-
E12 cells, respectively, was used as it was previously 
identified to result in ideal barrier properties [21], and 
is representative of the physiological proportion of 
goblet cells in the human small intestinal epithelium 
[22]. As “host” of the model, IUF (Lab I) prepared 
and distributed the SOP (available at https://​www.​
patro​ls-​h2020.​eu/​publi​catio​ns/​sops/​SOP-​libra​ry-​pdfs/​
4102P​ATROL​SSOP_​Final_​modif​forha​ndbook_​IUF4.1.​
pdf?m=​16527​94497​&), detailing the cell culture of 
Caco-2, HT29-MTX-E12, and THP-1 cells as well as 
the set-up of the epithelial co-culture and triple culture, 
to the two participating “naïve” laboratories, hereinaf-
ter “Lab II” (Adolphe Merkle Institute) and “Lab III” 
(Swansea University). The SOP contains information 
on the expected characteristics of the model, bench-
mark values for characterisation endpoints, and qual-
ity criteria. It was accompanied by information on the 
exposure to diclofenac sodium salt and a video SOP 
demonstrating the triple culture set-up, transwell and 
insert handling, and sampling. No hands-on training 
was provided, and no materials or cryopreserved cell 
stocks were distributed.

In Lab II and Lab III, a person not previously 
acquainted with these specific cell systems conducted 
the experiments. In Lab I, three individual operators 
(OP 1–3) generated characterisation data for the epi-
thelial co-cultures and triple cultures to provide infor-
mation on intralaboratory comparability. At the time 
of data generation, OP2 and OP3 had 4 to 8 weeks of 
working experience with the co- and triple cultures. 
However, they received hands-on training and close 
supervision throughout the data generation.

The cell culture plastics (culture flasks, pipet tips, 
tubes) and foetal bovine serum (FBS) were not standard-
ised between the partners unless specifically stated. The 
most important material differences are summarised in 
Table 1.

Cell culture

Caco-2, HT29-MTX-E12, and THP-1 cells were all 
sourced and cultured according to the information detailed 
by Kämpfer et al. [14]. All cell lines were thawed and 
maintained for 3 passages before experimental use. Caco-2 
and HT29-MTX-E12 cells were used for a maximum of 
30 passages, THP-1 cells for a maximum of 15 passages.

https://www.patrols-h2020.eu/publications/sops/SOP-library-pdfs/4102PATROLSSOP_Final_modifforhandbook_IUF4.1.pdf?m=1652794497&
https://www.patrols-h2020.eu/publications/sops/SOP-library-pdfs/4102PATROLSSOP_Final_modifforhandbook_IUF4.1.pdf?m=1652794497&
https://www.patrols-h2020.eu/publications/sops/SOP-library-pdfs/4102PATROLSSOP_Final_modifforhandbook_IUF4.1.pdf?m=1652794497&
https://www.patrols-h2020.eu/publications/sops/SOP-library-pdfs/4102PATROLSSOP_Final_modifforhandbook_IUF4.1.pdf?m=1652794497&
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Transwell cultures

Caco-2 and HT29-MTX-E12 cells were seeded in a 9:1 ratio 
on Falcon 12-well transwell inserts (1-µm pore size, PET) 
and maintained for 21 to 22 days as described by Kämpfer 
et al. [14] to establish the epithelial co-culture. To obtain the 
triple cultures, THP-1 cells were differentiated with 100 nM 
PMA (Sigma, P1585) for 24 h and added to the basolateral 
side of the transwell system.

Exposure to diclofenac sodium salt

Diclofenac was obtained from Sigma-Aldrich (D6899). A 
100 mM stock solution was prepared in H2O. As the com-
pound’s solubility in H2O is limited at room temperature, 
the stock solution was warmed up to 37 °C in a preheated 
water bath, for the salt to completely dissolve. The stock 
solution was diluted 1:50 in pre-warmed culture medium to 
obtain the exposure concentration of 2 mM, of which 500 µL 
was added to the apical compartment of the transwells. The 
triple cultures were maintained for 24 h before exposure to 
diclofenac started. Epithelial co-cultures and triple cultures 
were exposed for 24 h. Untreated epithelial co-cultures were 
included as controls.

Barrier integrity

Throughout transwell culture maintenance, triple culture, 
and diclofenac exposure, the barrier integrity was measured 
as transepithelial electrical resistance (TEER). The partici-
pating laboratories used different Volt-Ohm-Meter with 
chopstick electrode (Table 1).

Lactate dehydrogenase (LDH) assay

Cytotoxicity was analysed by quantification of LDH 
activity. Lab I and Lab III used the protocol described by 

Kämpfer et al. [23]. Lab II used the Cytotoxicity Detec-
tion Kit (LDH) from Roche (Table 1) according to the 
manufacturer’s instructions. For the analysis, superna-
tants were collected after 48 h of triple culture and 24 h 
of exposure, and analysed immediately without dilution. 
To account for variability in optical density between the 
different protocols, the results are presented as fold-
change to the respective control.

Interleukin (IL)8 release

The release of IL8 was quantified in undiluted apical and 
basolateral supernatants after 48 h of culture and 24 h of 
exposure. Lab I followed the protocol described in Kämpfer 
et al. [23], Lab II and Lab III used the same duo-set anti-
bodies (DY208, RnD Systems) and corresponding protocol.

Stainings

After 48-h triple culture, the transwell filters were fixed 
in 4% paraformaldehyde and stained for (i) tight junction 
network (zonula occludens (ZO-)1), cytoskeleton (F-actin), 
and nuclei, and (ii) neutral and acidic mucus. A detailed 
description of the protocols is included in the Supplementary 
Information, Section 1.1. The bright field and fluorescence 
microscopes used by the individual partners are summarised 
in Table 1.

Statistics

All experiments were performed at least in triplicate with 
two or three biological replicates. The quality of the data 
was assessed according to the eligibility criteria defined 
in the SOP. The data was analysed with Microsoft Excel. 
Visualisation and statistical analysis were performed with 
GraphPad Prism 9. The applied statistical tests are specified 
in the figure legends.

Table 1   Interlaboratory differences in material supply

Lab I Lab II Lab III

FBS Sigma, F7524 Gibco Life Technologies, 10,270–106 Gibco Life Technologies, 10,270–106
Culture flasks Greiner Bio-One, 658,175 Milian, 90,076 (T75); Milian, 90,026 

(T25)
Greiner Bio-One

ELISA kit R&D DuoSet; DY208, as described 
in [23]

R&D systems, DY208 R&D systems, DY208

LDH assay As described in [23] Roche, 11,644,793,001 As described in [23]
Ohmmeter World Precision Instruments, EVOM Millicell, ERS-2 Millicell, ERS-2
Plate reader Thermo Scientific, Multiskan Go Bio-Rad Benchmark Plus BMG Labtech, POLARstar Omega
Bright field microscope Zeiss Axiophot Motic AE2000, Moticam BTU 10 Zeiss AXIOVERT 40C
Fluorescence microscope Zeiss Axio Imager M2 Leica TCS SP5 Zeiss LSM710
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Results

Barrier development and barrier integrity of triple 
cultures

The TEER was measured during co-culture maintenance and 
throughout the triple culture to assess barrier formation and 
barrier integrity in presence of PMA-differentiated THP-1 
cells, respectively (Fig. 1).

The barrier formation of epithelial co-cultures was 
overall comparable between the laboratories (Fig. 1A). 
Following heterogeneity over the first 14 days, no sig-
nificant differences were measured among the laborato-
ries at day 21, reaching TEER levels between 370 and 
420 Ω•cm2.

Throughout the THP-1 triple culture (Fig. 1B), the 
barrier integrity remained constant in Lab I and Lab II. 
Lab III observed a strong reduction in TEER after 4 h 
of addition of the macrophages, reaching statistical sig-
nificance compared to Lab I (t4, t24, and t28) and Lab II 
(t4 and t24). After 48 h, the TEER recovered to 338 ± 128 
Ω•cm2. The TEER values of the epithelial co-cultures 

were more homogenous and stable over the assessment 
period (Figure S1).

All three participating laboratories have stained 
fixed transwell cultures after 48 h triple culture with 
THP-1 cells. Due to quality limitations, representa-
tive images of Lab I and Lab II are shown in Fig. 1C. 
Staining of the tight junction network and cytoskeleton 
(Fig. 1C) showed an intact, dense epithelial monolayer 
after 48-h triple culture with THP-1 cells in both Lab I 
(i) and Lab II (ii). The PAS reaction/alcian blue stain-
ing resulted in an overall strong pink colour reaction 
on the epithelial co-cultures showing the presence of 
neutral mucus. Islands of blue staining indicate the 
presence of acidic mucus, which is typically released 
by the HT29-MTX-E12 cells. While the PAS reaction 
resulted in a less homogenous colour formation in Lab 
II (iv), the distribution of acidic mucus appeared com-
parable to Lab I (iii).

An additional intralaboratory comparison between three 
operators of Lab I demonstrated a highly uniform devel-
opment of the epithelial barrier (Figure S2A) as well as 
minimal TEER variability throughout 48 h triple culture 
with differentiated THP-1 cells (Figure S2B).

Fig. 1   Interlaboratory compari-
son of (A) barrier formation of 
epithelial co-cultures measured 
as TEER over 21 days, and of 
(B) barrier integrity over 48-h 
triple culture after addition 
of THP-1 cells at day 21 (t0) 
(mean ± SD, N ≥ 3, *p ≤ 0.05 
by one-way ANOVA and post 
hoc Tukey’s test). (C) Repre-
sentative images of epithelial 
co-cultures after 48-h triple 
culture with THP-1 cells of 
Lab I (i, iii) and Lab II (ii, iv) 
for barrier morphology (nuclei, 
blue; ZO-1, red; F-actin, green) 
and mucus distribution (pink, 
neutral mucus; blue, acidic 
mucus) (immunofluorescence 
images: 40 × magnification, 
scale bar = 20 µm; bright field 
images: 10 × magnification, 
scale bar = 200 µm)
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Barrier integrity in response to diclofenac exposure

The epithelial co-cultures and triple cultures were main-
tained for 24 h before apical exposure to 2 mM diclofenac 
was started and continued for 24 h. The barrier integrity 
measurements are summarised in Fig. 2. In epithelial co-
cultures (Fig. 2A), all laboratories measured a significant 
decrease in barrier integrity after 48 h to between 16 and 
30% of the unexposed control.

In triple cultures (Fig. 2B), no significant differences in 
TEER were observed between the laboratories before the 
diclofenac exposure. In all laboratories, the barrier integrity 
was significantly reduced after 24-h exposure to diclofenac, 
reaching levels between 8 and 32% of the unexposed epi-
thelial co-culture.

Cytotoxicity following diclofenac exposure

All laboratories reported a noticeable increase in apical LDH 
activity in diclofenac-exposed epithelial co-cultures and tri-
ple cultures (Fig. 3). Increase in LDH activity was quantified 
in basolateral supernatants, except for exposed triple cultures 
in Lab III. Due to the considerable standard deviation, how-
ever, this might result from sample collection or analysis.

IL8 release

IL8 was quantified to assess the PMA differentiation of 
THP-1 cells as well as the response of the cell systems to 
diclofenac (Fig. 4). The THP-1 cells reportedly responded 
well to the PMA differentiation as indicated by adherence 
and morphological changes (Figure S3).

In Lab I, IL8 was detected at low levels (55 ± 22 pg mL−1) 
in both apical and basolateral supernatants of the epithe-
lial co-cultures, and did not increase following exposure to 
diclofenac (Fig. 4A). In triple cultures, the basolateral IL8 
content was strongly increased. After diclofenac exposure, 

the IL8 release was increased in both apical (p = 0.0089) 
and basolateral supernatants to ~ 340 and 1700 pg mL−1, 
respectively.

In the epithelial co-cultures, Lab II and Lab III quantified 
similar IL8 concentrations, and did not observe an increase 
in response to diclofenac (Fig. 4B, C). In the triple culture, 
however, their results differed substantially from Lab I: In 
control cultures, the basolateral IL8 content remained low 
(78 and 23 pg mL−1); neither the apical nor the basolateral 
IL8 content increased in response to diclofenac.

Discussion

In line with previous reports [24], diclofenac induced sig-
nificant adverse effects in the investigated intestinal in vitro 
models. The exposure concentration of 2 mM was consider-
ably higher than plasma concentrations following the oral 
intake of diclofenac sodium salt [25, 26].

Fig. 2   Interlaboratory comparison of the effects of diclofenac on bar-
rier integrity measured as TEER in (A) epithelial co-culture and (B) 
triple culture. The epithelial co-culture and triple cultures were estab-
lished and maintained for 24  h before apical treatment with 2  mM 

diclofenac started (indicated by a dotted line). The exposures were 
maintained for 24  h (mean ± SD, N = 3; *p ≤ 0.05 compared to cor-
responding unexposed control by t-test)

Fig. 3   Interlaboratory comparison of LDH release in apical 
(grey bars) and basolateral (white bars) supernatants of epithe-
lial co-cultures and triple cultures after 24-h exposure to diclofenac 
(mean ± SD, N ≥ 3)
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Complexity reduces reproducibility

The results demonstrated an overall comparable barrier 
development and cytotoxicity response to diclofenac of the 
epithelial co-cultures between the laboratories. However, 
when THP-1 cells were included, the results became more 
heterogeneous and reproducibility within and between the 
laboratories decreased. Nonetheless, the strong cytotoxic 
effect of diclofenac was detected by all partners.

The assessment of TEER offers an ideal parameter for 
monitoring epithelial tissue barrier development and integ-
rity in response to stresses. Even though barrier integrity and 
the measurement can be affected by temperature, cell pas-
sage, medium composition, positioning of the electrode, etc. 
[27], TEER has been recommended for inter- and intralabo-
ratory comparison [28]. Despite Caco-2 cells being regarded 
as uncomplicated and low-maintenance, large variations in 
TEER, differentiation parameters, and other cell characteris-
tics have been described between commonly used (and often 
misclassified) sub-clones, passage number/age, and culture 
conditions [28–31]. As the three participating laboratories 
used different Ohmmeters and starting passages of the cell 

lines, identical TEER values were not expected. Considering 
these differences, the homogeneity in barrier development 
and diclofenac-induced barrier disruption was striking. This 
supports the assumption that the original source of the cell 
lines and the culture conditions, including cell seeding den-
sity and culture medium composition, are crucial factors for 
the reproducibility, which is in line with the interlaboratory 
comparison results summarised by Zucco et al. [28].

THP‑1 cells introduced variability

The most substantial difference was detected in IL8 release, 
as only Lab I quantified significant levels of the chemokine 
in control and exposed triple cultures. Other studies have 
reported long-term stabilisation of IL8 mRNA and time and 
dose-dependent increase in background levels of secreted 
IL8 following differentiation of THP-1 cells with PMA 
[19, 32]. Already during the development of the predeces-
sor model, established in a different laboratory and using 
another batch of THP-1 cells, the PMA-dependent increase 
in background IL8 was observed, while cell line authenticity 
and absence of Mycoplasma were established [23].

Fig. 4   Interlaboratory comparison of IL8 release in apical (black bars) and basolateral (white bars) supernatants of epithelial co-cultures and tri-
ple cultures after 24-h exposure to diclofenac (mean ± SD, N ≥ 3; *p ≤ 0.05 against corresponding control by t-test)
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PMA is photosensitive; therefore, storage conditions and 
light exposure might negatively affect its impact on THP-1 
cells. However, it is unlikely that the PMA differentia-
tion was hindered altogether, as both partner labs reported 
adherence and morphological changes (Figure S3), common 
indicators for THP-1 differentiation [33]. Nevertheless, the 
differences among the laboratories remain unexplained. Var-
iations in the PMA exposure, e.g. regarding concentrations, 
exposure lengths, or resting periods, were demonstrated to 
significantly affect THP-1 identity [23, 33, 34] as well as the 
cells’ cytokine release, phagocytic capacity, and generation 
of reactive oxygen species (ROS) [19, 33]. Adherence to 
the protocol, therefore, is essential for the reproducibility 
of THP-1 differentiation and the triple culture. Apart from 
the differentiation protocol also the culture conditions can 
affect THP-1 cell response to PMA, as demonstrated by 
Aldo et al. [35]. Any differences in cell culture prior to the 
PMA differentiation, even before the cryopreservation of the 
stock, might have influenced the cells. To investigate and, 
ultimately, exclude these factors, the comparison would have 
to be conducted with THP-1 cells from one source (i.e. one 
of the partner labs) or a simultaneously ordered fresh stock 
from one supplier.

The absence of background IL8 might cause the lack of 
apical IL8 in diclofenac-exposed triple cultures of Lab II and 
Lab III. Due to the heavily disrupted epithelial barrier, apical 
and basolateral supernatants could have mixed. This would 
explain both the increased apical levels in Lab I, where IL8 
translocated from the basolateral side, and the unchanged 
levels in Labs II and III. However, in Lab I, diclofenac expo-
sure increased the IL8 concentration by 40% compared to 
the control, which suggests a de novo chemokine formation. 
Caco-2 and HT29 cells are able to produce and release IL8 
upon stimulation with cytokines, LPS (HT29 only), or ROS 
[36, 37], albeit at a lower capacity than immune cells [38]. 
Often, the IL8 release is paralleled by cell death or vice 
versa [39, 40], but as no enhanced release was detected in 
epithelial co-cultures, the toxicity mechanism of diclofenac 
presumably does not induce an IL8 stress response in the 
epithelial cells.

Instead, the IL8 induction may be related to the presence 
of THP-1 cells, their differentiation, or activation status. 
Depending on the origin and type of stimulation, Caco-2 
cells can secrete IL8 predominantly to the apical, basolat-
eral, or to both sides equally. For instance, basolateral expo-
sure to tumour necrosis factor alpha (TNFα) induced both 
apical and basolateral IL8 secretion, while apical exposure 
only enhanced apical release [41]. While TNFα is absent 
from supernatants of the triple culture [14, 42], interleukin 
1 beta (IL1β), another potent inducer of IL8, was previously 
detected at sufficiently high concentrations [24, 43]. Epi-
thelial cell reaction to diclofenac may differ depending on 
the presence of THP-1 cells and the constitutively secreted 

levels of stimuli like IL8 and IL1β, which can affect the 
magnitude of a subsequent cytokine response [38].

Conclusion

Having tested one substance at a single concentration, this 
study is merely a proof-of-concept investigation. However, 
its outcomes underline the importance of interlaboratory tri-
als to identify methodological limitations and shortcomings 
of instruction materials, while supporting the conclusions 
from previous interlaboratory comparisons.

Our observations suggest that respecting a minimum set 
of parameters can be sufficient to reliably reproduce more 
complex in vitro systems, as long as the cell lines involved 
do not require additional differentiation treatments. For the 
here tested epithelial co-culture characteristics and end-
points, it was not necessary to align every detail in cell cul-
ture (e.g. FBS), passage number, or instrumentation (Ohm-
meter). However, THP-1 variability remains challenging 
and cannot be accounted for simply by sourcing the cells 
from the same supplier. The establishment of a (complex) 
model as well as assessing the reproducibility between labo-
ratories is greatly facilitated by the availability of detailed 
instructions, defined characterisation benchmarks, and qual-
ity criteria, while hands-on training stands out as a crucial 
factor. To investigate responses among laboratories, control 
substances such as diclofenac can be advantageous over 
suspended materials like nanoparticles. When live demon-
strations are not possible, the provision of visual materials 
like video SOPs can facilitate explaining complex proce-
dures and experimental handling. The model characterisa-
tion should be focused on easily measurable endpoints of 
limited variability, while quality criteria ideally comprise 
upper and lower bounds, where applicable. Sufficient time 
and resources need to be reserved to implement and charac-
terise a complex model prior to its experimental application.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s44164-​022-​00025-w.

Author contribution  Conceptualisation: Gareth Jenkins, Barbara 
Rothen-Rutishauser, Roel Schins. Methodology: Angela Kämpfer, 
Roel Schins, Gareth Jenkins. Formal analysis and investigation: Angela 
Kämpfer, Shui Chu, Ume-Kulsoom Shah, Mathias Busch, Veronika 
Büttner, Ruiwen He. Writing—original draft preparation: Angela 
Kämpfer. Writing—review and editing: Gareth Jenkins, Barbara 
Rothen-Rutishauser, Roel Schins, Mathias Busch, Ume-Kulsoom Shah. 
Funding acquisition: Gareth Jenkins, Barbara Rothen-Rutishauser, Roel 
Schins. Resources: Gareth Jenkins, Barbara Rothen-Rutishauser, Roel 
Schins. Supervision: Gareth Jenkins, Barbara Rothen-Rutishauser, Roel 
Schins.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The work leading to these results has received funding from 
the European Union’s Horizon 2020 research and innovation program 

https://doi.org/10.1007/s44164-022-00025-w


96	 In vitro models (2023) 2:89–97

1 3

under grant agreement number 760813 (PATROLS, https://​www.​patro​
ls-​h2020.​eu/). M. B. is recipient of a PhD scholarship by the Jürgen 
Manchot Foundation (Düsseldorf, Germany). S. L. Ch. and B. R-R. 
acknowledge the support of the Adolphe Merkle Foundation.

Data availability  The datasets used and analysed during the current 
study are available from the corresponding author on reasonable 
request.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Sato T, et al. Long-term expansion of epithelial organoids from 
human colon, adenoma, adenocarcinoma, and Barrett’s epithe-
lium. Gastroenterology. 2011;141(5):1762–72. https://​doi.​org/​10.​
1053/j.​gastro.​2011.​07.​050.

	 2.	 Kasendra M, et  al. Development of a primary human small 
intestine-on-a-chip using biopsy-derived organoids. Sci Rep. 
2018;8(1):2871. https://​doi.​org/​10.​1038/​s41598-​018-​21201-7.

	 3.	 Djelloul S, et al. Enterocyte differentiation is compatible with 
SV40 large T expression and loss of p53 function in human 
colonic Caco-2 cells. FEBS Lett. 1997;406(3):234–42. https://​
doi.​org/​10.​1016/​s0014-​5793(97)​00208-1.

	 4.	 Lesuffleur T, et al. Growth adaptation to methotrexate of HT-29 
human colon carcinoma cells is associated with their ability to 
differentiate into columnar absorptive and mucus-secreting cells. 
Can Res. 1990;50:6334–43.

	 5.	 Hirsch C, Schildknecht S. In vitro research reproducibility: keep-
ing up high standards. Front Pharmacol. 2019;10:1484. https://​
doi.​org/​10.​3389/​fphar.​2019.​01484.

	 6.	 Begley CG, Ioannidis JP. Reproducibility in science: improv-
ing the standard for basic and preclinical research. Circ Res. 
2015;116(1):116–26. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​
114.​303819.

	 7.	 Mogil JS. Laboratory environmental factors and pain behavior: 
the relevance of unknown unknowns to reproducibility and trans-
lation. Lab Anim (NY). 2017;46(4):136–41. https://​doi.​org/​10.​
1038/​laban.​1223.

	 8.	 Cameron BD, et al. Standard operating procedures in vitro toxicol-
ogy MTP Press Limited; 1980.

	 9.	 Niepel M, et  al. A multi-center study on the reproducibility 
of drug-response assays in mammalian cell lines. Cell Syst. 
2019;9(1):35–48. https://​doi.​org/​10.​1016/j.​cels.​2019.​06.​005.

	10.	 Xia T, et al. Interlaboratory evaluation of in vitro cytotoxic-
ity and inflammatory responses to engineered nanomaterials: 

the NIEHS Nano GO Consortium. Environ Health Perspect. 
2013;121(6):683–90. https://​doi.​org/​10.​1289/​ehp.​13065​61.

	11	 Elliott JT, et al. Toward achieving harmonization in a nano-cyto-
toxicity assay measurement through an interlaboratory compari-
son study. ALTEX. 2017;34(2):201–18. https://​doi.​org/​10.​14573/​
altex.​16050​21.

	12.	 Barosova H, et al. An in vitro lung system to assess the proin-
flammatory hazard of carbon nanotube aerosols. Int J Mol Sci. 
2020;21(15). https://​doi.​org/​10.​3390/​ijms2​11553​35.

	13.	 Llewellyn SV, et al. Advanced 3D liver models for in vitro geno-
toxicity testing following long-term nanomaterial exposure. J Vis 
Exp. 2020;(160). https://​doi.​org/​10.​3791/​61141.

	14.	 Kämpfer AAM, et al. Model complexity as determining factor for 
in vitro nanosafety studies: effects of silver and titanium dioxide 
nanomaterials in intestinal models. Small. 2021;17(15):e2004223. 
https://​doi.​org/​10.​1002/​smll.​20200​4223.

	15.	 Atchison CR, et al. Drug enterocyte adducts: possible causal 
factor for diclofenac enteropathy in rats. Gastroenterology. 
2000;119(6):1537–47. https://​doi.​org/​10.​1053/​gast.​2000.​20186.

	16.	 Niu X, et al. Diclofenac toxicity in human intestine ex vivo 
is not related to the formation of intestinal metabolites. 
Arch Toxicol. 2015;89(1):107–19. https://​doi.​org/​10.​1007/​
s00204-​014-​1242-6.

	17.	 Xu N, et al. Protective effect and mechanism of rebamipide on 
NSAIDs associated small bowel injury. Int Immunopharmacol. 
2021;90. https://​doi.​org/​10.​1016/j.​intimp.​2020.​107136.

	18.	 Kucharzik T, et al. Acute induction of human IL-8 production 
by intestinal epithelium triggers neutrophil infiltration without 
mucosal injury. Gut. 2005;54(11):1565–72. https://​doi.​org/​10.​
1136/​gut.​2004.​061168.

	19.	 Park EK, et  al. Optimized THP-1 differentiation is required 
for the detection of responses to weak stimuli. Inflamm Res. 
2007;56(1):45–50. https://​doi.​org/​10.​1007/​s00011-​007-​6115-5.

	20.	 Behrens I, et al. Transport of lipophilic drug molecules in a new 
mucus-secreting cell culture model based on HT29-MTX cells. 
Pharm Res. 2001;18(8):1138–45.

	21.	 Chen XM, Elisia I, Kitts DD. Defining conditions for the co-
culture of Caco-2 and HT29-MTX cells using Taguchi design. J 
Pharmacol Toxicol Methods. 2010;61(3):334–42. https://​doi.​org/​
10.​1016/j.​vascn.​2010.​02.​004.

	22.	 Karam SM. Lineage commitment and maturation of epithelial 
cells in the gut. Front Biosci. 1999;15(4):D286–98. https://​doi.​
org/​10.​2741/​karam.

	23.	 Kämpfer AAM, et al. Development of an in vitro co-culture model 
to mimic the human intestine in healthy and diseased state. Toxi-
col In Vitro. 2017;45(Pt 1):31–43. https://​doi.​org/​10.​1016/j.​tiv.​
2017.​08.​011.

	24.	 Busch M, Kampfer AAM, Schins RPF. An inverted in vitro tri-
ple culture model of the healthy and inflamed intestine: adverse 
effects of polyethylene particles. Chemosphere. 2021;284:131345. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2021.​131345.

	25.	 Degen PH, et al. Pharmacokinetics of diclofenac and five metabo-
lites after single doses in healthy volunteers and after repeated 
doses in patients. Xenobiotica. 1988;18(12):1449–55. https://​doi.​
org/​10.​3109/​00498​25880​90422​67.

	26.	 Miyatake S, et al. Randomized clinical comparisons of diclofenac 
concentration in the soft tissues and blood plasma between topical 
and oral applications. Br J Clin Pharmacol. 2009;67(1):125–9. 
https://​doi.​org/​10.​1111/j.​1365-​2125.​2008.​03333.x.

	27.	 Srinivasan B, et al. TEER measurement techniques for in vitro 
barrier model systems. J Lab Autom. 2015;20(2):107–26. https://​
doi.​org/​10.​1177/​22110​68214​561025.

	28.	 Zucco F, et al. An inter-laboratory study to evaluate the effects of 
medium composition on the differentiation and barrier function 
of Caco-2 cell lines. ATLA. 2005;33:603–18.

https://www.patrols-h2020.eu/
https://www.patrols-h2020.eu/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1038/s41598-018-21201-7
https://doi.org/10.1016/s0014-5793(97)00208-1
https://doi.org/10.1016/s0014-5793(97)00208-1
https://doi.org/10.3389/fphar.2019.01484
https://doi.org/10.3389/fphar.2019.01484
https://doi.org/10.1161/CIRCRESAHA.114.303819
https://doi.org/10.1161/CIRCRESAHA.114.303819
https://doi.org/10.1038/laban.1223
https://doi.org/10.1038/laban.1223
https://doi.org/10.1016/j.cels.2019.06.005
https://doi.org/10.1289/ehp.1306561
https://doi.org/10.14573/altex.1605021
https://doi.org/10.14573/altex.1605021
https://doi.org/10.3390/ijms21155335
https://doi.org/10.3791/61141
https://doi.org/10.1002/smll.202004223
https://doi.org/10.1053/gast.2000.20186
https://doi.org/10.1007/s00204-014-1242-6
https://doi.org/10.1007/s00204-014-1242-6
https://doi.org/10.1016/j.intimp.2020.107136
https://doi.org/10.1136/gut.2004.061168
https://doi.org/10.1136/gut.2004.061168
https://doi.org/10.1007/s00011-007-6115-5
https://doi.org/10.1016/j.vascn.2010.02.004
https://doi.org/10.1016/j.vascn.2010.02.004
https://doi.org/10.2741/karam
https://doi.org/10.2741/karam
https://doi.org/10.1016/j.tiv.2017.08.011
https://doi.org/10.1016/j.tiv.2017.08.011
https://doi.org/10.1016/j.chemosphere.2021.131345
https://doi.org/10.3109/00498258809042267
https://doi.org/10.3109/00498258809042267
https://doi.org/10.1111/j.1365-2125.2008.03333.x
https://doi.org/10.1177/2211068214561025
https://doi.org/10.1177/2211068214561025


97In vitro models (2023) 2:89–97	

1 3

	29.	 Ferraretto A, et al. New methodological approach to induce a dif-
ferentiation phenotype in Caco-2 cells prior to post-confluence 
stage. Anticancer Res. 2007;27(6B):3919–26.

	30.	 Jahn KA, Biazik JM, Braet F. GM1 expression in caco-2 cells: 
characterisation of a fundamental passage-dependent transforma-
tion of a cell line. J Pharm Sci. 2011;100(9):3751–62. https://​doi.​
org/​10.​1002/​jps.​22418.

	31.	 Natoli M, et al. Cell growing density affects the structural and 
functional properties of Caco-2 differentiated monolayer. J Cell 
Physiol. 2010;226(6):1531–43. https://​doi.​org/​10.​1002/​jcp.​22487.

	32.	 Mahmoud L, et al. Sustained stabilization of Interleukin-8 mRNA 
in human macrophages. RNA Biol. 2014;11(2):124–33. https://​
doi.​org/​10.​4161/​rna.​27863.

	33.	 Daigneault M, et al. The identification of markers of macrophage 
differentiation in PMA-stimulated THP-1 cells and monocyte-
derived macrophages. PLoS ONE. 2010;5(1):e8668. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00086​68.

	34.	 Starr T, et al. The phorbol 12-myristate-13-acetate differentiation 
protocol is critical to the interaction of THP-1 macrophages with 
Salmonella Typhimurium. PLoS ONE. 2018;13(3):e0193601. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01936​01.

	35.	 Aldo PB, et al. Effect of culture conditions on the phenotype of 
THP-1 monocyte cell line. Am J Reprod Immunol. 2013;70(1):80–
6. https://​doi.​org/​10.​1111/​aji.​12129.

	36.	 Schuerer-Maly C-C, et al. Colonic epithelial cell lines as a source 
of interleukin-8: stimulation by inflammatory cytokines and bacte-
rial lipopolysaccharide. Immunology. 1994;81(1):85–91.

	37.	 Ivison SM, et al. Oxidative stress enhances IL-8 and inhibits 
CCL20 production from intestinal epithelial cells in response 

to bacterial flagellin. Am J Physiol Gastrointest Liver Physiol. 
2010;299(3):G733–41. https://​doi.​org/​10.​1152/​ajpgi.​00089.​2010.

	38.	 Parlesak A, et al. Modulation of cytokine release by differenti-
ated CACO-2 cells in a compartmentalized coculture model with 
mononuclear leucocytes and nonpathogenic bacteria. Scand J 
Immunol. 2004;60(5):477–85. https://​doi.​org/​10.​1111/j.​0300-​
9475.​2004.​01495.x.

	39.	 Gerloff K, et al. Influence of simulated gastrointestinal conditions 
on particle-induced cytotoxicity and interleukin-8 regulation in 
differentiated and undifferentiated Caco-2 cells. Nanotoxicol-
ogy. 2013;7(4):353–66. https://​doi.​org/​10.​3109/​17435​390.​2012.​
662249.

	40.	 Ude VC, et al. Impact of copper oxide nanomaterials on differ-
entiated and undifferentiated Caco-2 intestinal epithelial cells; 
assessment of cytotoxicity, barrier integrity, cytokine production 
and nanomaterial penetration. Part Fibre Toxicol. 2017;14(1):31. 
https://​doi.​org/​10.​1186/​s12989-​017-​0211-7.

	41.	 Sonnier DI, et al. TNF-alpha induces vectorial secretion of IL-8 
in Caco-2 cells. J Gastrointest Surg. 2010;14(10):1592–9. https://​
doi.​org/​10.​1007/​s11605-​010-​1321-9.

	42.	 Busch M, et al. Investigations of acute effects of polystyrene and 
polyvinyl chloride micro- and nanoplastics in an advanced in vitro 
triple culture model of the healthy and inflamed intestine. Envi-
ron Res. 2021;193:110536. https://​doi.​org/​10.​1016/j.​envres.​2020.​
110536.

	43	 Eckmann L, et al. Differential cytokine expression by human intes-
tinal epithelial cell lines: regulated expression of interleukin 8. 
Gastroenterol. 1993;105:1689–97.

https://doi.org/10.1002/jps.22418
https://doi.org/10.1002/jps.22418
https://doi.org/10.1002/jcp.22487
https://doi.org/10.4161/rna.27863
https://doi.org/10.4161/rna.27863
https://doi.org/10.1371/journal.pone.0008668
https://doi.org/10.1371/journal.pone.0008668
https://doi.org/10.1371/journal.pone.0193601
https://doi.org/10.1111/aji.12129
https://doi.org/10.1152/ajpgi.00089.2010
https://doi.org/10.1111/j.0300-9475.2004.01495.x
https://doi.org/10.1111/j.0300-9475.2004.01495.x
https://doi.org/10.3109/17435390.2012.662249
https://doi.org/10.3109/17435390.2012.662249
https://doi.org/10.1186/s12989-017-0211-7
https://doi.org/10.1007/s11605-010-1321-9
https://doi.org/10.1007/s11605-010-1321-9
https://doi.org/10.1016/j.envres.2020.110536
https://doi.org/10.1016/j.envres.2020.110536

	Interlaboratory comparison of an intestinal triple culture to confirm transferability and reproducibility
	Abstract
	Introduction
	Materials and methods
	Background
	Cell culture
	Transwell cultures
	Exposure to diclofenac sodium salt
	Barrier integrity
	Lactate dehydrogenase (LDH) assay
	Interleukin (IL)8 release
	Stainings
	Statistics

	Results
	Barrier development and barrier integrity of triple cultures
	Barrier integrity in response to diclofenac exposure
	Cytotoxicity following diclofenac exposure
	IL8 release

	Discussion
	Complexity reduces reproducibility
	THP-1 cells introduced variability

	Conclusion
	Anchor 23
	References


