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Modulation of Intestinal Epithelial 
Permeability by Plasma from 
Patients with Crohn’s Disease in 
a Three-dimensional Cell Culture 
Model
Pan Xu1,2, Elhaseen Elamin1,2, Montserrat Elizalde1,2, Paul P. H. A. Bours1, Marieke J. Pierik1,2, 
Ad A. M. Masclee1,2 & Daisy M. A. E. Jonkers1,2

Intestinal epithelial barrier is affected by multiple factors, such as tumour necrosis factor-α (TNF-α). 
Plasma concentration of TNF-α is higher in patients with Crohn’s disease (CD) than healthy controls (HC) 
and correlates positively with disease activity. This study aimed to determine the effect of plasma from 
active, inactive CD patients on intestinal barrier function and to investigate the underlying mechanism. 
Plasma samples were collected from CD patients and HC. 3D Caco-2 cysts were treated with plasma 
or TNF-α, with or without pre-incubation of adalimumab (a monoclonal antibody that antagonizes 
TNF-α) or JNK inhibitor SP600125. The results demonstrated that exposure of the cysts to plasma from 
CD patients resulted in enhanced paracellular permeability in a disease activity-dependent manner. 
Compared to HC, active CD plasma decreased ZO-1 and OCCLUDIN expression on mRNA and protein 
levels, and led to an increased JNK phosphorylation. Pre-incubation with adalimumab or SP600125 
ameliorated TJ disruption and barrier dysfunction induced by plasma from CD patients. These results 
indicate that plasma from CD patients is able to induce epithelial barrier disruption, in part through 
TNF-α induced TJs modulation. The data also demonstrate an involvement of MAPK pathway, in 
particular the JNK isoform, in CD patient plasma-induced barrier dysfunction.

Inflammatory bowel disease (IBD), comprising ulcerative colitis (UC) and Crohn’s disease (CD), is characterized 
by chronic relapsing intestinal inflammation that leads to debilitating (extra-) intestinal complications and a 
reduced quality of life in most patients1. Active CD is characterised by mucosal inflammation which is typi-
cally patchy, occurring throughout the gastrointestinal tract and can be transmural2. Aadequate treatment of 
active disease is important to improve long term outcome and prevent complications to occur. Inactive disease 
is generally referred to as remission. The pathogenesis of CD is complex and still has not been fully elucidated. 
However, it is thought to involve a tangle interplay among environmental, immunological and microbial factors 
in genetically susceptible hosts2. Among others, pro-inflammatory cytokines have been implicated in the patho-
genesis of IBD, where they appear to have a central role in regulating intestinal inflammation. Mucosal as well as 
systemic concentrations of several cytokines including tumour necrosis factor-α (TNF-α), interferon-γ (IFN-γ), 
interleukin-1β (IL-1β) were found to be markedly increased in patients with CD when compared to healthy 
control subjects and correlated positively with disease activity3–5. Moreover, recent advances have highlighted a 
crucial role of impaired epithelial integrity in disease pathophysiology6,7. A defective mucosal barrier may result 
in increased permeation of luminal contents, triggering an immune response that stimulates and/or accelerates 
mucosal inflammation2. Indeed, a significant correlation has been established between altered intestinal perme-
ability and disease activity in CD patients7–11. Earlier clinical studies also documented that changes in intestinal 
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permeability could predict CD disease course6,12,13, while some even define IBD as an impaired intestinal barrier 
disease14.

The intestinal epithelium provides a selectively permeable barrier, permitting absorption of luminal water 
and nutrients while limiting influx of noxious substances, including microorganisms and their products, into 
the systemic circulation and bowel wall15. The intestinal barrier is maintained in a large part by intercellular 
junctional proteins consisting of tight junctions (TJ) and adherens junctions (AJ)16. The TJ are composed of 
multiple proteins including the transmembrane proteins occludin, the claudin family, junctional adhesion mol-
ecule (JAM), the cytoplasmic proteins zona occludens-1, -2 and -3 (ZO-1, -2, -3)16, and tricellular tricellulin and 
angulins17. The AJ consist of the transmembrane protein E-cadherin that interacts with the cytoplasmic protein 
β-catenin15. Alterations in distribution and expression of TJ and AJ have been shown in inflamed mucosa of CD 
patients16,18–21.

Intestinal barrier integrity is regulated by multiple factors including nutrients, commensal gut bacteria, 
cytokines and immune cells. Notably, despite the fact that many of those factors such as lipopolysachariden (LPS), 
TNF-α, and IL-17 (+) immune cells were found to be increased in blood of CD patients compared to healthy 
subjects22, it is yet not known whether the systemic circulation from CD patients, as a whole compartment, 
confers a substantial effect on intestinal barrier. In particular, TNF-α as a central pro-inflammatory mediator in 
CD, has been shown to impair TJ expression or localization and subsequently induces barrier dysfunction23–25. 
In vitro studies using intestinal epithelial monolayers revealed that TNF-α induces barrier dysfunction through 
a mechanism that is primarily mediated by myosin light chain kinase (MLCK) activation26. This notion is fur-
ther supported by in vivo studies demonstrating an improved intestinal permeability in patients responding to 
anti-TNF therapy27,28. In addition to the TNF-α-MLCK cascade, the mitogen-activated protein kinase (MAPK) 
transduction pathway has also been found to be implicated in CD disease course29. Sustained activation of the 
extracellular signal-regulated kinases (ERK) 1/2, the p38 kinases and the c-Jun N-terminal kinases (JNKs) has 
been observed in the inflamed mucosa of CD patients29. However, the majority of previous research on the role 
of MAPK in CD has focused on its involvement in the inflammatory responses and cross-talk to other inflam-
matory pathways, such as NF-kB and Janus kinase/STAT signalling29. Their function in mediating intestinal bar-
rier defects has not been fully elucidated. In particularly, recent advances have demonstrated JNK pathway as a 
potential target for IBD therapy, the beneficial effects of JNK inhibitors in reducing intestinal inflammation are 
currently under exclusive investigations, whether the JNK isoform and its inhibitors converge intestinal barrier 
function to regulate pathological process in CD is largely unknown. Therefore, in this study, our first aim was to 
determine the effects of plasma from active, inactive CD patients and healthy controls on paracellular permeabil-
ity and TJ integrity. Second, we investigated the role of the MAPK as potential underlying signalling mechanism 
involved in CD plasma-modulated barrier function. For the current study, a three-dimensional (3D) Caco-2 cell 
culture model was employed, which more accurately recreates the features of intestinal epithelium in vivo and 
offers a great promise to examine the responsiveness and underlying mechanisms of epithelial cells to pathophys-
iological stimuli.

Results
Effects of plasma from CD patients on paracellular permeability.  Intestinal epithelial Caco-2 cells 
were cultured to form hollow 3D cysts with a single layer of cells following a previously described protocol30 
(Fig. 1a), and then exposed basolaterally to plasma from HC, active and inactive CD patients. EGTA, which is 
known to effectively impair barrier function, was used as a positive control. Upon HC plasma treatment, FITC-D4 
was exclusively observed at the basolateral side of cysts, resulting in a very low L/BL fluorescence ratio, while 
exposure to active and inactive CD plasma dramatically increased intraluminal FITC-D4 signals, as evidenced by 
a significant increase of the L/BL fluorescence ratio (Fig. 1b,c, 0.194 ± 0.024 and 0.052 ± 0.005 vs. 0.012 ± 0.002, 
P < 0.001 and P < 0.05 respectively). Interestingly, a significant reduction of FITC-D4 permeation in the lumen 
was observed when cysts were exposed to plasma from inactive compared to the active CD patients (Fig. 1b,c, 
P < 0.001). Similar effects were also observed using conventional 2D Caco-2 culture model. We observed that 
exposing Caco-2 monolayers to plasma from CD patients resulted in a significant, though less pronounced reduc-
tion of the TEER values in a disease activity-dependent manner (Supplementary Fig. 1).

To investigate whether the increased permeation of FITC-D4 was due to cell lysis, effects of the plasma treat-
ment (37% v/v) on 3D Caco-2 cell viability were determined by measuring LDH release. No significant reduction 
in LDH activity was detected for any of the groups when compared to maximum LDH leakage induced by Triton 
X-100 (Fig. 1d).

Effects of plasma from CD patients on tight junction integrity.  The epithelial paracellular per-
meability is largely regulated by intercellular junctional complex. To understand the modulating effect of 
patient-derived plasma on paracellular permeability, we assessed the gene expression of key cell junction pro-
teins, such as OCCLUDIN, ZO-1, TRICELLULIN, LSR, ILDR-1 and ILDR-2. In parallel to the observed changes 
in FITC-D4 permeability (Fig. 1b,c), exposure to active and inactive CD plasma (37.5% v/v) significantly blunted 
the mRNA levels of OCCLUDIN, ZO-1 as compared to HC plasma (Fig. 2a, 0.203 ± 0.027 and 0.144 ± 0.013 vs. 
1 ± 0.073, P < 0.001; 0.205 ± 0.081 and 0.088 ± 0.007 vs. 1 ± 0.207, P < 0.001). However, no significant differ-
ence was observed under inactive CD plasma exposure as compared to the active (Fig. 2a). The mRNA expres-
sion profiles of ZO-1 and OCCLUDIN were accompanied by alterations of their protein levels, as evidenced by 
immunofluorescent staining of both molecules. Incubation of both active and inactive CD plasma resulted in 
a profound loss of ZO-1 and OCCLUDIN at the intercellular junctions when compared to HC plasma-treated 
cysts (Fig. 2b,c), as well as deformed sinuous TJ belts at bicellular contacts (Fig. 2d). No significant distortion 
from apical-side towards basal-side was observed in any of the treatments (Fig. 2d). In addition, despite no sig-
nificant difference in protein levels of ZO-1 and OCCLUDIN between active and inactive CD plasma treatments, 
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exposure of active CD plasma yielded a more pronounced sinuous junction morphology compared to inactive 
CD plasma (Fig. 2d). Additionally, qRT-PCR analyses demonstrated undetectable expressing levels of LSR, ILDR-
1, ILDR-2 in Caco-2 cells. No significant changes of TRICELLULIN were found among treatments of plasma from 
active, inactive or HC (Supplementary Fig. 2).

Involvement of TNF-α in CD plasma-mediated barrier function.  As TNF-α, a key pro-inflammatory 
cytokine in CD, has been shown to impair TJ integrity and epithelial barrier function24, we hypothesized that 
the impact of plasma from CD patients on barrier function is attributed to TNF-α. Incubation of Caco-2 cysts 
with TNF-α (25 pg/mL) increased barrier permeability significantly (Fig. 3a,b, 0.253 ± 0.028 vs. 0.087 ± 0.009, 
P < 0.001), which was ameliorated by pre-incubation of cysts with 20 μg/mL adalimumab, a concentration com-
monly found in sera from treated patients lacking anti-adalimumab antibodies31 (Fig. 3a,b, 0.164 ± 0.009 vs. 
0.253 ± 0.028, P < 0.01). In parallel, exposure to TNF-α to 3D Caco-2 cyst also attenuated the TJs integrity via 
dysregulating ZO-1 and OCCLUDIN on both mRNA and protein levels, and inducing deformed sinuous TJ belts 
at bicellular contacts (Fig. 3c–f). These effects were further ameliorated by the supplementation of adalimumab 
(Fig. 3c–f). In support of this, similar effects were observed in 2D Caco-2 cell culture model. Treatment of Caco-2 
monolayers to TNF-α (10 ng/mL) led to a significantly decrease of TEER values as compared to control, which 
was prevented by pre-incubation of adalimumab (Supplementary Fig. 3a,b).

To further investigate the importance of TNF-α as a mediator in the plasma-modulated epithelial permeabil-
ity, Caco-2 cysts were pre-treated with 10 or 20 μg/mL adalimumab and then incubated with plasma. We observed 
that pre-incubation of adalimumab significantly reduced the FITC-D4 flux and L/BL fluorescence ratio in a dose 
dependent manner compared to CD plasma alone (Fig. 4a,b, 0.210 ± 0.015 and 0.109 ± 0.012 vs. 0.272 ± 0.011, 
P < 0.01 and P < 0.001 respectively). Consistent with this, pre-treatment of adalimumab (20 μg/mL) in 2D Caco-2 
monolayers also prevented the TEER drop induced by active CD plasma (Supplementary Fig. 1). In parallel, while 
plasma from active CD patients induced a reduction in ZO-1 and OCCLUDIN proteins, pre-administration of 
adalimumab (20 μg/mL) substantially restored their abundance (Fig. 4c–e).

Involvement of MAPK pathway in CD plasma-mediated barrier function.  We further elucidated 
the involvement of the MAPK signalling pathway in plasma-modulated barrier function. Phosphorylation levels 
of ERK1/2, p38 and JNK were assessed using cell-based ELISA and western blotting. As shown in Fig. 5a–d, 
incubation with active and inactive CD plasma led to no significant changes of ERK1/2 and p38 phosphorylation 
when compared with HC plasma treatment. Notably, we observed a significant activation of JNK phosphoryl-
ation when the cysts were exposed to active or inactive CD plasma (Fig. 5a,d, 2.360 ± 0.127 and 1.593 ± 0.060 
vs. 1 ± 0.069, P < 0.001). Increased p-JNK to total JNK was further prevented by pre-treatment with SP600125 
(100 nmol/L), a potent JNK inhibitor (Fig. 5e, 1.495 ± 0.060 vs. 1.896 ± 0.039, P < 0.01). To further delineate 
the role of JNK, we evaluated the effects of SP600125 on CD plasma-induced barrier dysfunction. We observed 
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Figure 1.  Effects of plasma from patients with Crohn’s disease (CD) on paracellular permeability in 3D Caco-2 
cysts. (a) Representative Caco-2 cysts with luminal and basal compartments indicated. The bar indicates 
100 µm (b) Representative images showing the intraluminal accumulation of FITC-dextran-4 (FITC-D4, green) 
in the cysts treated with plasma (37.5% v/v) from healthy controls (HC), active or inactive CD patients, or 
EGTA (2 mM, positive control) for 24 hours. Images were captured from the middle of the cysts using confocal 
microscopy. The bar indicates 50 µm. (c) The mean fluorescence intensity of FITC-D4, expressed as the ratio 
of the luminal (L) over the basal (BL) compartment, after the abovementioned plasma exposure. The L/BL 
ratio of EGTA exposure was set to 1. (d) Effect of the abovementioned plasma treatments on LDH release in 
Caco-2 cysts. Triton X-100 was used as positive control to induce maximum LDH leakage. Data are reported 
as percentage of maximum LDH release. All graphs are expressed as means ± SEM of three independent 
experiments with 6 subjects per group and at least 8 cysts per subject. *P < 0.05; **P < 0.01; ***P < 0.001 by 
one-way ANOVA and Tukey’s post-hoc test.
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that pre-treatment of both Caco-2 3D cysts and 2D monolayers with SP600125 showed a significant decline in 
FITC-D4 permeation (Fig. 5f,g, 0.205 ± 0.007 vs. 0.316 ± 0.019. P < 0.001) and TEER values (Supplementary 
Fig. 1) respectively, in response to active CD plasma treatment, which suggested a distinct role for the JNK iso-
form in the mediation of CD plasma-induced barrier dysfunction.

Discussion
In the present study, using a 3D Caco-2 cell culture model, we evaluated the effects of plasma from patients with 
Crohn’s disease (CD) on epithelial barrier function. We demonstrated that plasma from active and inactive CD 
patients, compared to healthy controls, triggers a disruption of the epithelial tight junctions, which results in 
increased paracellular permeability, while the effect of plasma from inactive CD patients was less pronounced as 
compared to the active. This was at least in part mediated by TNF-α, involving activation of the MAPK signalling 
pathway, in particularly through the JNK isoform. Pre-incubation with the anti-TNF biological adalimumab or 
the JNK inhibitor both ameliorated the barrier disruption induced by plasma from CD patients (Fig. 5h).

Epithelial barrier dysfunction is increasingly recognized as a hallmark that contributes to the pathogenesis of 
CD32. However, studies addressing the role of systemic compartment and key triggers of an increased intestinal 
permeability are so far very limited. Previous investigations revealed different cytokine profiles in plasma of CD 
patients compared to healthy controls, including increased TNF-α levels4,5,33. Herein, using a well-established 
Caco-2 3D culture model, we examined the interaction between plasma from CD patients and intestinal epithelial 
cells. Our data showed that exposure of the cysts to plasma from CD patients results in enhanced paracellular 
permeability in a disease activity-dependent manner, without compromising cell viability.

Figure 2.  Effects of plasma from patients with Crohn’s disease (CD) on OCCLUDIN and ZO-1 in 3D Caco-2 
cysts. mRNA levels (a), confocal microscopy analyses of OCCLUDIN and ZO-1 (b–d) in Caco-2 cysts that were 
treated with plasma (37.5% v/v) from healthy controls (HC), active or inactive CD patients for 24 hours. Images 
in (b) were captured from the middle cross-section of the cysts. Bar indicates 50 µm. Quantified fluorescence 
intensities in (b) are shown in (c). Images in (d) were captured from the top surface of the cysts. Bar indicates 
20 µm. All graphs represent the results of three replicate experiments. Data expressed as means ± SEM with 6 
subjects per group and at least 8 cysts per subject. **P < 0.01; ***P < 0.001 by one-way ANOVA and Tukey’s 
post-hoc test.
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As disruption of the barrier junctional proteins is known to contribute to changes in epithelial permeability, 
expression of key bicellular and tricellular TJ components were examined. Our data showed that exposure to 
CD plasma did decrease ZO-1 and OCCLUDIN expression on both mRNA and protein levels, coupled with 
deformed TJ belts, indicating that the observed changes in paracellular permeability were attributable to disrup-
tion of TJ integrity. Furthermore, exposure of Caco-2 cysts to plasma from active CD patients induced a more 
leaky barrier compared to inactive CD patients. ZO-1 and OCCLUDIN, however, did not show significant differ-
ences in protein contents or localization between active and inactive CD plasma treatments. In contrast, a more 
pronounced sinuous junction morphology was noted upon the exposure of active CD plasma as compared to 
inactive CD (Fig. 2d), which may contribute to the more disrupting effect of active CD plasma. Collectively, these 
findings reveal that plasma compartment is a key factor that regulates barrier function, which could contribute 
to CD disease progression.

The pro-inflammatory cytokine TNF-α has been extensively characterized as a key player in the pathogene-
sis of CD34,35. Normally, TNF-α is hardly detectable in healthy individuals, but elevated plasma levels are found 
in inflammatory and infectious conditions3–5. In the present study, the HC did not suffer from any inflamma-
tory GI or other chronic disorders, nor from an infection at the time of inclusion. The secretion patterns of 
TNF-α from patients with CD demonstrated a positive correlation with disease activity and extent of inflam-
mation3–5,36. To better understand the potential mechanisms underlying the plasma-induced epithelial barrier 
integrity in CD, we examined whether the effects can be, at least in part, attributed to TNF-α. Caco-2 cysts 
incubated with 25 pg/mL TNF-α for 24 hours displayed a significant increase of cell permeability, reduction of 
ZO-1 and OCCLUDIN protein contents, and deformed TJ belts, which were prevented by pre-administration 
with adalimumab. Adalimumab is a recombinant human immunoglobulin-G1 monoclonal antibody that binds 
to TNF-α and inhibits its interaction with TNF-α receptors. By blocking TNF-α, adalimumab reduces abnormal 
and progressive inflammatory processes. Treatment of adalimumab to CD patients was found to induce mucosal 
healing, fistula closure, and is proven to be effective for induction and maintenance of deep remission37. Based 
on these landmark studies, adalimumab therapy has been approved for use in patients with moderate-to-severe 
CD who are refractory to conventional therapy27,38. In our experimental settings, both TNF-α (25 pg/mL) and 
adalimumab (10 and 20 μg/mL) were applied at a physiological range of concentrations39 without showing any 
significant cell cytotoxicity (data not shown). These results are akin to previous in vitro studies using Caco-2, 

Figure 3.  Effects of TNF-α and adalimumab on paracellular permeability, OCCLUDIN and ZO-1 in 3D Caco-2 
cysts. Caco-2 cysts were exposed at the basal side to medium only (Ctrl), TNF-α (25 pg/mL) with or without 
pre-incubation of adalimumab (20 μg/mL) for 24 hours. (a) Representative images showing the intraluminal 
accumulation of FITC-dextran-4 (FITC-D4, green) in the Caco-2 cysts. Bar indicates 50 μm. (b) The mean 
FITC-D4 intensity of Caco-2 cysts measured and expressed as the L/BL ratio of the luminal (L) over the basal 
(BL) compartment. (c) mRNA levels of OCCLUDIN and ZO-1 in 3D Caco-2 cysts. (d–f) Confocal microscopy 
analyses of ZO-1 (green), OCCLUDIN (red) and nuclei (blue). Images in (d) were captured from the middle 
cross-section of 3D cysts. Bar indicates 50 μm. Images in (e) were captured from the top surface of 3D cysts. 
Bar indicates 20 μm. Quantified fluorescence intensities in (d) are shown in (f). All graphs represent the results 
of three replicate experiments. Data expressed as means ± SEM with at least 8 cysts per treatment. *P < 0.05; 
**P < 0.01; ***P < 0.001 by one-way ANOVA and Tukey’s post-hoc test.
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T84, or HT-29/B6 monolayers23,26,40,41, although the precise effects largely depend on the cell type. Moreover, 
pre-incubation with adalimumab effectively prevented the barrier disruption induced by active CD plasma, and 
the blockage was almost complete when adalimumab was applied at 20 μg/mL, confirming that TNF-α was the 
major factor responsible for the observed effect of the plasma. While previous studies on anti-TNF therapy have 
focused primarily on inflammation, our current results demonstrated a clear potential of the anti-TNF drug 
on epithelial barrier restoration. This notion is also supported by findings obtained with another anti-TNF-α 
antibody, infliximab, demonstrating its ability to improve barrier function in patients suffering from CD28,42 and 
to antagonize structural changes of the TJs in mice with colitis43. Our data therefore support the concept that 
strengthening the intestinal barrier is a potential mechanism that contributes to the clinical efficacy of adali-
mumab in CD patients. On the other hand, it is worth mentioning that, in addition to TNF-α, there might be 
other factors attributable for the more impaired barrier function of active CD plasma as compared to the inactive, 
including other pro-inflammatory cytokines, bacterial outer-membrane vesicles44 or metabolites45, which remain 
to be investigated in further studies.

Molecular events underlying the regulation of intestinal permeability in IBD have been the subject of intense 
investigation over the past years, as this can provide leads for preventive strategies and improved therapeutic. 
Strong evidence has revealed a crucial role for MAPK signalling pathway in the pathogenesis of IBD. Different 
isoforms of MAPK pathway p38, ERK1/2 and JNK were shown to be significantly activated in the inflamed intes-
tinal mucosa of IBD patients29. Further investigations demonstrated that MAPK cascades share extensive net-
works with inflammatory pathways. Among these, TNF-α is one of the best-characterized agonists of the p38 
and JNK pathways and itself is regulated by p38 and JNK29. Other cytokines, such as IL-16, which is up-regulated 
in CD also activates JNK and p3846. Despite the in-depth characterization of MAPK signalling in inflammation, 

Figure 4.  Pre-treatment of adalimumab attenuates the effects of plasma from Crohn’s disease (CD) patients 
on paracellular permeability, OCCLUDIN and ZO-1 expression of 3D Caco-2 cysts. Cysts were exposed at 
the basal side to plasma (37.5% v/v) from healthy controls (HC) or active CD patients with or without pre-
incubation of adalimumab (10 or 20 μg/mL) for 24 hours. (a) Representative images showing the intraluminal 
accumulation of FITC-D4 (green) in Caco-2 cysts. Bar indicates 50 μm. (b) The mean fluorescence intensity 
of FITC-D4 measured and expressed as the L/BL ratio of the luminal (L) over the basal (BL) compartment. 
Representative images (c), and fluorescence intensities (d–e) from confocal microscopy analyses of ZO-1, 
OCCLUDIN in 3D Caco-2 cysts, Images were captured from the middle cross-section of the cysts. Bar indicates 
50 μm. All graphs represent the results of three replicate experiments. Data expressed as means ± SEM with at 
least 8 cysts per subject (6 subjects per group) or per treatment. *P < 0.05; **P < 0.01; ***P < 0.001 by one-way 
ANOVA and Tukey’s post-hoc test.
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its potential linkage to epithelial barrier function is still largely unexplored. In this study, exposure of the Caco-2 
cysts to the plasma from active CD patients led to increased phosphorylation of JNK, but did not affect ERK1/2 
and p38 phosphorylation. Concurrent administration of a JNK inhibitor could ameliorate barrier disruption 
induced by plasma from active CD patients, assigning a crucial role for JNK signalling in the regulation of barrier 
function. This is of particular interest, because previous investigations have mainly focused on the involvement 
of ERK1/247–49 and p3850,51 in the regulation of epithelial barrier function. It has been demonstrated that activa-
tion of p44/42 ERK led to an increased expression of claudin-4 in MDCK cells47. In Caco-2 cells, phospho-ERK 
directly interacts with OCCLUDIN and prevents H2O2-induced disruption of TJs and increased paracellular 
permeability48. Furthermore, in a total-parenteral-nutrition (TPN) rat model, the p38 MAPK inhibitor SB203508 
significantly suppressed TPN-mediated intestinal permeability51. In Caco-2 cells, SB203580 treatment also inhib-
ited IL-1β-induced increase in tight junction permeability via repressing the p38/ATF-2 signalling51. Our study 
particularly highlighted an essential role of JNK MAPK isoform in the modulation of barrier function by plasma 
obtained from CD patients and provides new evidence for potential applications of JNK inhibition in IBD therapy.

In the present study, we used a well-established 3D Caco-2 cyst model52. Compared to the widely used 2D 
intestinal cell monolayers, 3D cyst with a single lumen recaptures typical morphological and biological features of 
intestinal epithelial in vivo, such as expression of brush border enzymes and formation of microvilli53. Moreover, 
Caco-2 monolayers are shown to have tighter cell junctions and to be more resistant to stressors than the human 
intestinal epithelium54,55. As a comparison, we also exposed 2D Caco-2 monolayers to TNF-α and observed 
that only basollateral TNF-α concentration greater than 1 ng/mL were able to impair the paracellular barrier 
(Supplementary Fig. 3a), while treatment with a concentration of 25 pg/mL, in the range of those found in blood 
of CD patients, to the 3D Caco-2 cysts already resulted in a significant increase in the paracellular permeability 
(Fig. 3a,b). These data demonstrated that 3D Caco-2 culture system allows us to study the effect of stimuli at 
much lower and physiological concentrations, and serves as an excellent model system to study intestinal barrier 
function and putative mechanisms. Moreover, in our study, Caco-2 cysts were exposed to plasma at the basal 
side, which mimics in vivo basolateral exposure of the intestinal epithelium and provides insights into the role of 
systemic compartment in the modulation of barrier function. However, in future studies, it would also be inter-
esting to assess effects of different stimuli (patient plasma, intestinal lumen contents, pro- or anti-inflammatory 

Figure 5.  MAPK signalling mediates CD plasma induced disruption of barrier function in 3D Caco-2 cysts. 
(a–e) Phosphorylation levels of ERK1/2, p38 and JNK in Caco-2 cysts that were exposed to plasma from healthy 
control (HC), active or inactive CD patients, with or without pre-treatment of JNK inhibitor SP600125 (100 
nmol/L). (f,g) Representative images showing the intraluminal accumulation of FITC-D4 (green) in Caco-2 
cysts (f), and the mean fluorescence intensity of FITC-D4 measured and expressed as the L/BL ratio of the 
luminal (L) over the basal (BL) compartment (g) in 3D Caco-2 cysts that were exposed to plasma from healthy 
control (HC) or active CD, with or without pre-treatment of JNK inhibitor SP600125. Bar indicates 50 μm. (h) 
Graphical summary illustrating how plasma from CD active patients promotes barrier dysfunction. Data are 
expressed as means ± SEM of at least 8 cysts per condition, with 6 subjects per group. **P < 0.01; ***P < 0.001 
by one-way ANOVA and Tukey’s post-hoc test.
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mediators, and IBD-related drugs) on barrier function through exposure at the basolateral or luminal side of the 
3D Caco-2 model.

Noteworthy, we have included plasma samples from only 6 subjects per group in the current study. Although 
we could demonstrate that plasma from all the CD patients with various disease phenotypes had an increased 
disrupting effect on barrier function as compared to healthy controls, and the impairing impact correlates with 
disease activity, the small sizes of the subgroups precluded us from performing additional analyses to investigate 
whether other factors such as drug use or disease location/behaviour were related to plasma-modulated intestinal 
permeability. Moreover, in this study disease activity was defined based on the Harvey-Bradshaw Index (HBI). 
Although we are aware of the rather poor correlation with mucosal inflammation, we think that our current find-
ings still point to potential differences in barrier function in relation to disease activity. Further studies including 
a larger number of well-phenotyped patients with longitudinal follow-up, including endoscopic and/or fecal cal-
protectin scores are warranted to further unravel the contribution of barrier dysfunction in the development of 
exacerbations.

In summary, our study showed for the first time that plasma from CD patients is able to induce epithelial 
barrier dysfunction, partly by TNF-α induced TJs modulation, with a pronounced involvement of JNK MAPK 
signalling pathway. Moreover, we revealed that precondition of adalimumab and SP600125 could inhibit the 
damaging effect of plasma from CD patients on epithelial barrier function. These findings highlight the relevance 
of the systemic compartment as a contributing factor in promoting disease development, and underscore intesti-
nal barrier restoration as a potential mechanism that contributes to the clinical benefits of adalimumab and JNK 
inhibitor in CD patients. In conclusion, our findings provide new insights into understanding the regulation of 
barrier function and its role in the pathogenesis of IBD. We also provide new basic evidence that combined treat-
ment with JNK inhibitor and TNF blocker might be beneficial in IBD therapy.

Methods
Study population and sample.  This study is part of the population-based IBD South Limburg (IBDSL) 
cohort study56, which has been approved by Maastricht University Medical Centre + Committee of Ethics 
(NL31636.068.10). The study was executed according to the revised version of the Declaration of Helsinki 
(Seoul, South Korea, Oct. 2008) and all subjects had signed an informed consent prior to participation. Patients 
with active CD (n = 6) and inactive CD (n = 6) and healthy controls (HC, n = 6) were recruited in the pres-
ent study (Supplementary Table 1). Clinical disease activity was graded according to the well-accepted Harvey-
Bradshaw Index (HBI) with validated cut offs to define active disease and remission. Active disease was defined 
as an HBI score of more than 457. Phenotype data according to the Montreal classification58 and medication use 
were retrieved from the IBDSL data warehouse56. From each subject, blood samples were collected in pre-cooled 
Sodium-Heparin tubes and stored on ice. Within 2 hours, samples were centrifuged (4000 rpm; 4 °C; 10 min), 
supernatant was collected, aliquoted and stored at −80 °C until further experiments.

Three-dimensional cell culture.  Caco-2 cells (ATCC, Rockville, USA) were maintained in Dulbecco’s 
Modified Eagle Medium (DMEM; Lonza Benelux BV, Breda, the Netherlands) containing 4.5 g/l glucose 
and L-glutamine, 10% (v/v) fetal calf serum (FBS, Invitrogen, Breda, the Netherlands), 1% (v/v) solution of 
non-essential amino acids (NEAA, Invitrogen) and 1% (v/v) solution of antibiotic/antimycotic mixture (anti-anti, 
Invitrogen, Breda, the Netherlands) in an atmosphere of 5% CO2 at 37 °C. Caco-2 cells were grown in growth 
factor-reduced Matrigel® (8 mg/ml; BD Biosciences, San Jose, California USA) in 10 mm glass bottom culture 
dishes of 35 mm diameter (MatTek Corporation, Ashland, USA) for barrier function analyses, in 4-well µ-dishes 
(Ibidi GmbH, Planegg/Martinsried, Germany) for immunofluorescent staining, and in 96-well plates (Corning 
BV, Amsterdam, the Netherlands) for cell viability analysis30. Briefly, Caco-2 (2.5 × 104 cells/ dish; passage 29–46) 
were embedded in 40% growth factor-reduced Matrigel® and solidified at 37 °C for 30 min in culture dishes. 
Thereafter, medium (DMEM with 10% FBS, 1% NEAA and 1% anti-anti) was added and cysts were allowed to 
grow for 5–7 days at 37 °C30. The quality of cultures was checked by counting the number of high quality cysts and 
classifying them according to the number of lumens formed. Only cultures containing >70% of cysts with a single 
lumen were used for further experiments.

Exposure of human plasma, adalimumab, TNF-α and SP600125.  Caco-2 cysts were incubated 
basolaterally with either 2 ml solution containing 37.5% (v/v) plasma from active or inactive CD patients and 
healthy controls (HC) for a period of 24 hours at 37 °C, or with 25 pg/mL TNF-α (Cell Signalling Technology, 
Danvers, MA) for 24 hours at 37 °C. In all treatments, cysts were pre-incubated with or without 10 or 20 μg/mL of 
the TNF-blocker adalimumab (HUMIRA, Abbott Laboratories, Wiesbaden, Germany), or 100 nmol/L SP600125 
(Sigma-Aldrich, Amsterdam, The Netherlands). Medium only and 2 mM ethylene glycol tetraacetic acid (EGTA) 
were used to serve as negative and positive controls, respectively.

Determination of paracellular barrier function.  To assess barrier function, cysts were incubated with 
10% (v/v) fluorescein isothothiocyanate-labelled dextran of 4 kDa (FITC-D4; Sigma-Aldrich, Amsterdam, The 
Netherlands) for a period of 24 hours at 37 °C. Paracellular permeability was determined by the flux of FITC-D4 
from the basal to the luminal compartment using confocal microscopy, and quantified as luminal/basal (L/BL) 
ratio. Confocal images were taken with Leica TCS SPE confocal laser scanning microscope (Leica Microsystems 
GmbH, Mannheim, Germany) and processed using TCS SPE browser and Image J software59.

Transepithelial electrical resistance measurements (TEER).  Caco-2 monolayers at the density of 
1 × 105/well were seeded on collagen-coated permeable polycarbonate Transwell filters (Costar, Cambridge, MA, 
USA) and cultured for 3 weeks. Before and after various basolateral treatments (including plasma, TNF-α, adali-
mumab or SP600125 at the above described concentrations), TEER values were measured using EVOM Epithelial 
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Voltohmmeter (World Precision Instruments, Berlin, Germany) and chopstick-style electrodes. TEER of all 
inserted wells were normalized to the corresponding 0 h value and are presented as percentage of initial value.

Cell viability assessment.  Cell viability was determined by measuring the release of lactate dehydrogenase 
(LDH) using the LDH essay (CytoTox ONEtm; Promega, the Netherlands) according to manufacturer’s instruc-
tions30. Briefly, Caco-2 cysts in 96-well plates were incubated with plasma from active and inactive CD patients 
and HC. Plates were incubated at 37 °C for 24 hours and equilibrated at room temperature (RT) for 20 min. Then 
100 µL of the substrate mix was added and incubated at RT, protected from light for another 30 min, followed by 
addition of 20 µL stop solution. Maximum LDH release was induced by using lysis solution. The fluorescence was 
measured at an excitation and an emission wavelength of 560 nm and 590 nm, respectively. The percentage of 
LDH activity was calculated as percentage of maximum LDH release from fully lysed cells.

Immunofluorescence analyses of ZO-1 and OCCLUDIN.  Caco-2 cysts were fixed in 4% (w/v) par-
aformaldehyde in PBS at RT for 40 min and processed for immunocytochemistry as described previously with 
minor modifications52. Briefly, cysts were permeabilized with 0.5% (v/v) Triton X-100 in PBS at RT for 30 min 
and incubated with 1% (w/v) BSA for 1 hour. Cysts were then incubated at 4 °C overnight with conjugated 
mouse anti-ZO-1 (Life Technologies Europe BV, Bleiswijk, Netherlands) and/or rabbit anti-OCCLUDIN (Life 
Technologies, Bleiswijk, Netherlands) at 1:200 dilution, then washed three times with PBS for 5 min, and then 
stained for 10 min at RT with diamidino-2-phenylindole (DAPI; Sigma Chemical Co) at 1:1500 dilution. After 
two washings with PBS, cysts were mounted in dishes using VectaShield mounting medium (Vector Laboratories, 
Burlingame, USA). Confocal images were obtained using a Leica TCS SPE confocal laser scanning microscope 
(Leica Microsystems GmbH) with identical acquisition settings (laser power, objectives, magnifications) for each 
acquired image and condition. Fluorescence quantification of the confocal images was done using Image J soft-
ware59. Cysts contacting other cysts or located at the image border were excluded for quantitative analyses. 5 
cross-section views per biological replicate were collected. For each cross-section image, the total surface (cov-
ering ZO-1, OCCLUDIN or DAPI staining signals) was marked as the region of interest by manually defining 
the out border of the cyst. A threshold was applied to refine the detection. The total pixel intensities of ZO-1, 
OCCLUDIN or DAPI were subtracted with the background pixel intensity. The fluorescence intensities of ZO-1 
and Occludin were then normalized to that of DAPI from the same cross-section.

RNA isolation and real time PCR.  Caco-2 cells (50 × 103 cells/well) were cultured in 3D in 12-well plates 
(Corning BV, Amsterdam, the Netherlands). After treatment, RNA was extracted using Qiagen RNeasy Mini kit 
(QIAGEN, Germantown, USA), according to manufacturer’s instructions. Briefly, 3D cysts were lysed and placed 
on a rotating platform (100 rpm) for 10 min at RT. Next, the lysate was homogenized and transferred to an RNeasy 
spin column and centrifuged for 15 seconds at 8.000 × g. Thereafter, RNA was eluted in 50 µl RNase-free water 
and its concentration was measured using NanoDrop (NanoDrop Products, Wilmington, USA). Gene expression 
of ZO-1, OCCLUDIN, MARVELD2, LSR, ILDR-1 and ILDR-2 was evaluated by qPCR as described previously52. 
Primer sequences are given in Supplementary Table 2.

ELISA assessment of ERK1/2, p38 and JNK phosphorylation.  Caco-2 3D cysts in 96-well plates 
were exposed to plasma from active, inactive CD patients or HC for 24 h at 37 °C and 5% CO2. Thereafter, 
cysts were processed for cell-based ELISA and incubated with rabbit anti-human antibodies (Cell Signalling 
Technology, Leiden, The Netherlands) against p-p38 (#9258P4511P), p38 (#9212P), p-ERK1/2 (#4370), ERK1/2 
(#4695), p-JNK (#4668) and JNK (#9252) with 1:100 dilution in the blocking solution Ray Biotech), followed 
by HRP-conjugated anti-rabbit IgG (Dako, Glostrup, Denmark) as we described previously60. Finally, 3, 3′, 5, 
5′-Tetramethylbenzidine (TMB) was added, followed by stop solution (2N H2SO4) and optical density was read at 
450 nm by SpectraMax M2 spectrophotometer (Molecular Devices).

Western blotting analyses.  3D Caco-2 cysts were lysed with RIPA buffer containing 1% protease inhibi-
tor and 1% phosphatase inhibitor cocktails (Sigma-Aldrich, Amsterdam, NL). Protein concentration was equal-
ized then subjected to 12% SDS-PAGE separation, and then transferred to PVDF membrane (GE healthcare, 
Amsterdam, NL). After blocking for 1 hour with 5% milk at RT, the membranes were then incubated overnight 
at 4 °C with primary rabbit anti-human antibodies (Cell Signalling Technology, Leiden, NL) against p-p38, p38, 
p-ERK1/2, ERK1/2, p-JNK and JNK with 1:1000 dilution, and then against horseradish peroxidase-conjugated 
goat anti-rabbit IgG (Cell Signalling Technology, Leiden, NL) with 1:4000 dilution. After final washes, mem-
branes were incubated in ECL western blotting detection reagent, and detection was performed using Gel Doc 
XR + Imaging system (Bio-Rad).

Statistical analyses.  Descriptive data of the subjects were analysed using SPSS (IBM SPSS Statistics for 
Windows, version 19.0). All experiments were performed three times in triplicate and results were reported as 
means ± SEM of at least 8 cysts per experiment. Data were analysed parametrically. One-way analysis of vari-
ance (ANOVA) and Tukey’s post-hoc test was performed to determine significant differences between different 
treatment conditions using GraphPad (GraphPad Software Incorporated, version 6.0). P < 0.05 was considered 
significant.

References
	 1.	 Bernklev, T. et al. Health-related quality of life in patients with inflammatory bowel disease measured with the short form-36: 

psychometric assessments and a comparison with general population norms. Inflammatory bowel diseases 11, 909–918 (2005).
	 2.	 Zhang, Y. Z. & Li, Y. Y. Inflammatory bowel disease: pathogenesis. World J Gastroenterol 20, 91–99, https://doi.org/10.3748/wjg.v20.

i1.91 (2014).

https://doi.org/10.1038/s41598-018-38322-8
https://doi.org/10.3748/wjg.v20.i1.91
https://doi.org/10.3748/wjg.v20.i1.91


www.nature.com/scientificreports/

1 0Scientific Reports |          (2019) 9:2030  | https://doi.org/10.1038/s41598-018-38322-8

	 3.	 Braegger, C. P., Nicholls, S., Murch, S. H., Stephens, S. & MacDonald, T. T. Tumour necrosis factor alpha in stool as a marker of 
intestinal inflammation. Lancet 339, 89–91 (1992).

	 4.	 Murch, S. H., Lamkin, V. A., Savage, M. O., Walker-Smith, J. A. & MacDonald, T. T. Serum concentrations of tumour necrosis factor 
alpha in childhood chronic inflammatory bowel disease. Gut 32, 913–917 (1991).

	 5.	 Hagel, A. F. et al. Plasma histamine and tumour necrosis factor-alpha levels in Crohn’s disease and ulcerative colitis at various stages 
of disease. Journal of physiology and pharmacology: an official journal of the Polish Physiological Society 66, 549–556 (2015).

	 6.	 Wyatt, J., Vogelsang, H., Hubl, W., Waldhoer, T. & Lochs, H. Intestinal permeability and the prediction of relapse in Crohn’s disease. 
Lancet 341, 1437–1439 (1993).

	 7.	 Meddings, J. B., Sutherland, L. R. & May, G. R. Intestinal permeability in patients with Crohn’s disease. Gut 35, 1675–1676 (1994).
	 8.	 Hollander, D. et al. Increased intestinal permeability in patients with Crohn’s disease and their relatives. A possible etiologic factor. 

Ann Intern Med 105, 883–885 (1986).
	 9.	 Soderholm, J. D. et al. Epithelial permeability to proteins in the noninflamed ileum of Crohn’s disease? Gastroenterology 117, 65–72 

(1999).
	10.	 Clayburgh, D. R., Shen, L. & Turner, J. R. A porous defense: the leaky epithelial barrier in intestinal disease. Lab Invest 84, 282–291, 

https://doi.org/10.1038/labinvest.3700050 (2004).
	11.	 Wyatt, J. et al. Increased gastric and intestinal permeability in patients with Crohn’s disease. American Journal of Gastroenterology 

92, 1891–1896 (1997).
	12.	 D’Inca, R. et al. Intestinal permeability test as a predictor of clinical course in Crohn’s disease. Am J Gastroenterol 94, 2956–2960, 

https://doi.org/10.1111/j.1572-0241.1999.01444.x (1999).
	13.	 Arnott, I. D., Kingstone, K. & Ghosh, S. Abnormal intestinal permeability predicts relapse in inactive Crohn disease. Scand J 

Gastroenterol 35, 1163–1169 (2000).
	14.	 Jager, S., Stange, E. F. & Wehkamp, J. Inflammatory bowel disease: an impaired barrier disease. Langenbeck’s archives of surgery 398, 

1–12, https://doi.org/10.1007/s00423-012-1030-9 (2013).
	15.	 Laukoetter, M. G., Nava, P. & Nusrat, A. Role of the intestinal barrier in inflammatory bowel disease. World J Gastroenterol 14, 

401–407 (2008).
	16.	 Suzuki, T. Regulation of intestinal epithelial permeability by tight junctions. Cell Mol Life Sci 70, 631–659, https://doi.org/10.1007/

s00018-012-1070-x (2013).
	17.	 Higashi, T. & Miller, A. L. Tricellular junctions: how to build junctions at the TRICkiest points of epithelial cells. Mol Biol Cell 28, 

2023–2034, https://doi.org/10.1091/mbc.E16-10-0697 (2017).
	18.	 Gassler, N. et al. Inflammatory bowel disease is associated with changes of enterocytic junctions. Am J Physiol Gastrointest Liver 

Physiol 281, G216–228 (2001).
	19.	 Karayiannakis, A. J. et al. Expression of catenins and E-cadherin during epithelial restitution in inflammatory bowel disease. The 

Journal of pathology 185, 413–418, https://doi.org/10.1002/(SICI)1096-9896(199808)185:4<413::AID-PATH125>3.0.CO;2-K 
(1998).

	20.	 Jankowski, J. A. et al. Alterations in classical cadherins associated with progression in ulcerative and Crohn’s colitis. Lab Invest 78, 
1155–1167 (1998).

	21.	 Pastorelli, L., De Salvo, C., Mercado, J. R., Vecchi, M. & Pizarro, T. T. Central role of the gut epithelial barrier in the pathogenesis of 
chronic intestinal inflammation: lessons learned from animal models and human genetics. Front Immunol 4, 280, https://doi.
org/10.3389/fimmu.2013.00280 (2013).

	22.	 Norouzinia, M., Chaleshi, V., Alizadeh, A. H. M. & Zali, M. R. Biomarkers in inflammatory bowel diseases: insight into diagnosis, 
prognosis and treatment. Gastroenterol Hepatol Bed Bench 10, 155–167 (2017).

	23.	 Mashukova, A., Wald, F. A. & Salas, P. J. Tumor necrosis factor alpha and inflammation disrupt the polarity complex in intestinal 
epithelial cells by a posttranslational mechanism. Molecular and cellular biology 31, 756–765, https://doi.org/10.1128/MCB.00811-10 
(2011).

	24.	 Al-Sadi, R., Guo, S., Ye, D., Rawat, M. & Ma, T. Y. TNF-alpha Modulation of Intestinal Tight Junction Permeability Is Mediated by 
NIK/IKK-alpha Axis Activation of the Canonical NF-kappaB Pathway. Am J Pathol 186, 1151–1165, https://doi.org/10.1016/j.
ajpath.2015.12.016 (2016).

	25.	 Haines, R. J. et al. TNFalpha/IFNgamma Mediated Intestinal Epithelial Barrier Dysfunction Is Attenuated by MicroRNA-93 
Downregulation of PTK6 in Mouse Colonic Epithelial Cells. PLoS One 11, e0154351, https://doi.org/10.1371/journal.pone.0154351 
(2016).

	26.	 Ma, T. Y., Boivin, M. A., Ye, D., Pedram, A. & Said, H. M. Mechanism of TNF-{alpha} modulation of Caco-2 intestinal epithelial tight 
junction barrier: role of myosin light-chain kinase protein expression. Am J Physiol Gastrointest Liver Physiol 288, G422–430, https://
doi.org/10.1152/ajpgi.00412.2004 (2005).

	27.	 Noth, R. et al. Anti-TNF-alpha antibodies improve intestinal barrier function in Crohn’s disease. J Crohns Colitis 6, 464–469, https://
doi.org/10.1016/j.crohns.2011.10.004 (2012).

	28.	 Suenaert, P. et al. Anti-tumor necrosis factor treatment restores the gut barrier in Crohn’s disease. Am J Gastroenterol 97, 2000–2004, 
https://doi.org/10.1111/j.1572-0241.2002.05914.x (2002).

	29.	 Broom, O. J., Widjaya, B., Troelsen, J., Olsen, J. & Nielsen, O. H. Mitogen activated protein kinases: a role in inflammatory bowel 
disease? Clin Exp Immunol 158, 272–280, https://doi.org/10.1111/j.1365-2249.2009.04033.x (2009).

	30.	 Elamin, E. et al. Fatty acid ethyl esters induce intestinal epithelial barrier dysfunction via a reactive oxygen species-dependent 
mechanism in a three-dimensional cell culture model. PLoS One 8, e58561, https://doi.org/10.1371/journal.pone.0058561 (2013).

	31.	 Bartelds, G. M. et al. Development of antidrug antibodies against adalimumab and association with disease activity and treatment 
failure during long-term follow-up. Jama 305, 1460–1468, https://doi.org/10.1001/jama.2011.406 (2011).

	32.	 DeMeo, M. T., Mutlu, E. A., Keshavarzian, A. & Tobin, M. C. Intestinal permeation and gastrointestinal disease. Journal of clinical 
gastroenterology 34, 385–396 (2002).

	33.	 Komatsu, M. et al. Tumor necrosis factor-alpha in serum of patients with inflammatory bowel disease as measured by a highly 
sensitive immuno-PCR. Clin Chem 47, 1297–1301 (2001).

	34.	 Papadakis, K. A. & Targan, S. R. Tumor necrosis factor: biology and therapeutic inhibitors. Gastroenterology 119, 1148–1157 (2000).
	35.	 van Deventer, S. J. Anti-tumour necrosis factor therapy in Crohn’s disease: where are we now? Gut 51, 362–363 (2002).
	36.	 Murch, S. H., Braegger, C. P., Walker-Smith, J. A. & MacDonald, T. T. Location of tumour necrosis factor alpha by 

immunohistochemistry in chronic inflammatory bowel disease. Gut 34, 1705–1709 (1993).
	37.	 Rawla, P., Sunkara, T. & Raj, J. P. Role of biologics and biosimilars in inflammatory bowel disease: current trends and future 

perspectives. J Inflamm Res 11, 215–226, https://doi.org/10.2147/JIR.S165330 (2018).
	38.	 van Dullemen, H. M. et al. Treatment of Crohn’s disease with anti-tumor necrosis factor chimeric monoclonal antibody (cA2). 

Gastroenterology 109, 129–135 (1995).
	39.	 Avdagic, N. et al. Tumor necrosis factor-alpha serum level in assessment of disease activity in inflammatory bowel diseases. Med 

Glas (Zenica) 10, 211–216 (2013).
	40.	 Schmitz, H. et al. Tumor necrosis factor-alpha (TNFalpha) regulates the epithelial barrier in the human intestinal cell line HT-29/

B6. Journal of cell science 112(Pt 1), 137–146 (1999).
	41.	 Gitter, A. H. et al. Epithelial barrier defects in HT-29/B6 colonic cell monolayers induced by tumor necrosis factor-alpha. Ann N Y 

Acad Sci 915, 193–203 (2000).

https://doi.org/10.1038/s41598-018-38322-8
https://doi.org/10.1038/labinvest.3700050
https://doi.org/10.1111/j.1572-0241.1999.01444.x
https://doi.org/10.1007/s00423-012-1030-9
https://doi.org/10.1007/s00018-012-1070-x
https://doi.org/10.1007/s00018-012-1070-x
https://doi.org/10.1091/mbc.E16-10-0697
https://doi.org/10.3389/fimmu.2013.00280
https://doi.org/10.3389/fimmu.2013.00280
https://doi.org/10.1128/MCB.00811-10
https://doi.org/10.1016/j.ajpath.2015.12.016
https://doi.org/10.1016/j.ajpath.2015.12.016
https://doi.org/10.1371/journal.pone.0154351
https://doi.org/10.1152/ajpgi.00412.2004
https://doi.org/10.1152/ajpgi.00412.2004
https://doi.org/10.1016/j.crohns.2011.10.004
https://doi.org/10.1016/j.crohns.2011.10.004
https://doi.org/10.1111/j.1572-0241.2002.05914.x
https://doi.org/10.1111/j.1365-2249.2009.04033.x
https://doi.org/10.1371/journal.pone.0058561
https://doi.org/10.1001/jama.2011.406
https://doi.org/10.2147/JIR.S165330


www.nature.com/scientificreports/

1 1Scientific Reports |          (2019) 9:2030  | https://doi.org/10.1038/s41598-018-38322-8

	42.	 Zeissig, S. et al. Downregulation of epithelial apoptosis and barrier repair in active Crohn’s disease by tumour necrosis factor alpha 
antibody treatment. Gut 53, 1295–1302, https://doi.org/10.1136/gut.2003.036632 (2004).

	43.	 Fries, W., Muja, C., Crisafulli, C., Cuzzocrea, S. & Mazzon, E. Dynamics of enterocyte tight junctions: effect of experimental colitis 
and two different anti-TNF strategies. Am J Physiol Gastrointest Liver Physiol 294, G938–947, https://doi.org/10.1152/
ajpgi.00469.2007 (2008).

	44.	 Schwechheimer, C. & Kuehn, M. J. Outer-membrane vesicles from Gram-negative bacteria: biogenesis and functions. Nat Rev 
Microbiol 13, 605–619, https://doi.org/10.1038/nrmicro3525 (2015).

	45.	 van der Beek, C. M., Dejong, C. H. C., Troost, F. J., Masclee, A. M. & Lenaerts, K. Role of short-chain fatty acids in colonic 
inflammation, carcinogenesis, and mucosal protection and healing. Nutr Rev 75, 286–305, https://doi.org/10.1093/nutrit/nuw067 
(2017).

	46.	 Heinrich, P. C. et al. Principles of interleukin (IL)-6-type cytokine signalling and its regulation. The Biochemical journal 374, 1–20, 
https://doi.org/10.1042/BJ20030407 (2003).

	47.	 Ikari, A. et al. Epidermal growth factor increases claudin-4 expression mediated by Sp1 elevation in MDCK cells. Biochemical and 
biophysical research communications 384, 306–310, https://doi.org/10.1016/j.bbrc.2009.04.120 (2009).

	48.	 Basuroy, S., Seth, A., Elias, B., Naren, A. P. & Rao, R. MAPK interacts with occludin and mediates EGF-induced prevention of tight 
junction disruption by hydrogen peroxide. The Biochemical journal 393, 69–77, https://doi.org/10.1042/BJ20050959 (2006).

	49.	 Kinugasa, T., Sakaguchi, T., Gu, X. & Reinecker, H. C. Claudins regulate the intestinal barrier in response to immune mediators. 
Gastroenterology 118, 1001–1011 (2000).

	50.	 Oshima, T., Miwa, H. & Joh, T. Aspirin induces gastric epithelial barrier dysfunction by activating p38 MAPK via claudin-7. 
American journal of physiology. Cell physiology 295, C800–806, https://doi.org/10.1152/ajpcell.00157.2008 (2008).

	51.	 Xiao, Y. T., Yan, W. H., Cao, Y., Yan, J. K. & Cai, W. P38 MAPK Pharmacological Inhibitor SB203580 Alleviates Total Parenteral 
Nutrition-Induced Loss of Intestinal Barrier Function but Promotes Hepatocyte Lipoapoptosis. Cellular physiology and biochemistry: 
international journal of experimental cellular physiology, biochemistry, and pharmacology 41, 623–634, https://doi.
org/10.1159/000457933 (2017).

	52.	 Elamin, E. et al. Effects of ethanol and acetaldehyde on tight junction integrity: in vitro study in a three dimensional intestinal 
epithelial cell culture model. PloS One 7, e35008, https://doi.org/10.1371/journal.pone.0035008 (2012).

	53.	 Edmondson, R., Broglie, J. J., Adcock, A. F. & Yang, L. Three-dimensional cell culture systems and their applications in drug 
discovery and cell-based biosensors. Assay Drug Dev Technol 12, 207–218, https://doi.org/10.1089/adt.2014.573 (2014).

	54.	 Artursson, P., Ungell, A. L. & Lofroth, J. E. Selective paracellular permeability in two models of intestinal absorption: cultured 
monolayers of human intestinal epithelial cells and rat intestinal segments. Pharm Res 10, 1123–1129 (1993).

	55.	 Pampaloni, F. & Stelzer, E. H. K. Three-Dimensional Cell Cultures in Toxicology. Biotechnology and Genetic Engineering Reviews 26, 
117–138, https://doi.org/10.5661/bger-26-117 (2009).

	56.	 van den Heuvel, T. R. et al. Cohort Profile: The Inflammatory Bowel Disease South Limburg Cohort (IBDSL). Int J Epidemiol 46, e7, 
https://doi.org/10.1093/ije/dyv088 (2017).

	57.	 Harvey, R. F. & Bradshaw, J. M. A simple index of Crohn’s-disease activity. Lancet 1, 514 (1980).
	58.	 Satsangi, J., Silverberg, M. S., Vermeire, S. & Colombel, J. F. The Montreal classification of inflammatory bowel disease: controversies, 

consensus, and implications. Gut 55, 749–753, https://doi.org/10.1136/gut.2005.082909 (2006).
	59.	 Abramoff, M. D., Magelhaes, P. J. & Ram, S. J. Image Processing with ImageJ. Biophotonics International 11, 36–42 (2004).
	60.	 Elamin, E. E., Masclee, A. A., Dekker, J., Pieters, H. J. & Jonkers, D. M. Short-chain fatty acids activate AMP-activated protein kinase 

and ameliorate ethanol-induced intestinal barrier dysfunction in Caco-2 cell monolayers. J Nutr 143, 1872–1881, https://doi.
org/10.3945/jn.113.179549 (2013).

Acknowledgements
This work is funded by the MLDS Career Development Grant (CDG 15-05). P.X. is supported by an early 
postdoctoral mobility fellowship from Swiss National Science Foundation (SNSF) (P2ELP3_172098).

Author Contributions
Conception and design of the study: Pan Xu, Elhaseen Elamin, Marieke J. Pierik, Ad A. M. Masclee and Daisy 
M. A. E. Jonkers. Technical support: Montserrat Elizalde and Paul P. H. A. Bours. Experimental performance, 
preparation and manuscript draft: Pan Xu and Elhaseen Elamin. Manuscript edit and revision: all the authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38322-8.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-38322-8
https://doi.org/10.1136/gut.2003.036632
https://doi.org/10.1152/ajpgi.00469.2007
https://doi.org/10.1152/ajpgi.00469.2007
https://doi.org/10.1038/nrmicro3525
https://doi.org/10.1093/nutrit/nuw067
https://doi.org/10.1042/BJ20030407
https://doi.org/10.1016/j.bbrc.2009.04.120
https://doi.org/10.1042/BJ20050959
https://doi.org/10.1152/ajpcell.00157.2008
https://doi.org/10.1159/000457933
https://doi.org/10.1159/000457933
https://doi.org/10.1371/journal.pone.0035008
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.5661/bger-26-117
https://doi.org/10.1093/ije/dyv088
https://doi.org/10.1136/gut.2005.082909
https://doi.org/10.3945/jn.113.179549
https://doi.org/10.3945/jn.113.179549
https://doi.org/10.1038/s41598-018-38322-8
http://creativecommons.org/licenses/by/4.0/

	Modulation of Intestinal Epithelial Permeability by Plasma from Patients with Crohn’s Disease in a Three-dimensional Cell C ...
	Results

	Effects of plasma from CD patients on paracellular permeability. 
	Effects of plasma from CD patients on tight junction integrity. 
	Involvement of TNF-α in CD plasma-mediated barrier function. 
	Involvement of MAPK pathway in CD plasma-mediated barrier function. 

	Discussion

	Methods

	Study population and sample. 
	Three-dimensional cell culture. 
	Exposure of human plasma, adalimumab, TNF-α and SP600125. 
	Determination of paracellular barrier function. 
	Transepithelial electrical resistance measurements (TEER). 
	Cell viability assessment. 
	Immunofluorescence analyses of ZO-1 and OCCLUDIN. 
	RNA isolation and real time PCR. 
	ELISA assessment of ERK1/2, p38 and JNK phosphorylation. 
	Western blotting analyses. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Effects of plasma from patients with Crohn’s disease (CD) on paracellular permeability in 3D Caco-2 cysts.
	Figure 2 Effects of plasma from patients with Crohn’s disease (CD) on OCCLUDIN and ZO-1 in 3D Caco-2 cysts.
	Figure 3 Effects of TNF-α and adalimumab on paracellular permeability, OCCLUDIN and ZO-1 in 3D Caco-2 cysts.
	Figure 4 Pre-treatment of adalimumab attenuates the effects of plasma from Crohn’s disease (CD) patients on paracellular permeability, OCCLUDIN and ZO-1 expression of 3D Caco-2 cysts.
	Figure 5 MAPK signalling mediates CD plasma induced disruption of barrier function in 3D Caco-2 cysts.




