University of Groningen

Effects of lifestyle and environmental factors on intestinal epithelial cell morphogenesis
Klunder, Leo Jan

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Klunder, L. J. (2016). Effects of lifestyle and environmental factors on intestinal epithelial cell
morphogenesis. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-01-2023

Effects of lifestyle and environmental factors on
intestinal epithelial cell morphogenesis

Leon Klunder

Introduction & scope of the thesis

Effects of lifestyle and environmental
factors on intestinal epithelial cell
morphogenesis

Proefschrift

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen
op gezag van de
rector magnificus prof. dr. E. Sterken
en volgens besluit van het College voor Promoties.
De openbare verdediging zal plaatsvinden op
maandag 27 juni 2016 om 09.00 uur

door

Leo Jan Klunder
geboren op 4 maart 1989
te Groningen

Introduction & scope of the thesis

Promotores
Prof. dr. S.C.D. van Ijzendoorn
Prof. dr. G. Dijkstra
Beoordelingscommissie
Prof. dr. A. Masclee
Prof. dr. R.P. Coppes
Prof. dr. M.P. Peppelenbosch

Introduction & scope of the thesis

Cover: T84 cells in 3D culture stained for
tubulin, f-actin, and nuclei. Image
captured with confocol microscope and
digitally reconstructed subsequently
ISBN Print:978-90-9029750-7
ISBN E-Book:978-90-9029823-8
3

Introduction & scope of the thesis

Table of contents
Chapter 1

Introduction and scope of
the thesis			

7

Chapter 2 Mechanisms of cell polaritycontrolled epithelial		
homeostasis and immunity
in the intestine		

29

Chapter 3 Differential effects of
TNF (TNFSF2) and IFN-γ
on
intestinal epithelial
cell morphogenesis and
barrier
function in
three-dimensional culture		

63

Chapter 4 Effect of interferon-gamma
and energy metabolism
on intestinal epithelial gland
morphogenesis in threedimensional culture			

107

Chapter 5 Cigarette smoke impairs
intestinal epithelial cell
polarity development and
morphogenesis		

135

Chapter 6 Loss of intestinal Myosin
Vb function impairs
Claudin-1 trafficking but
not barrier functioning in
microvillus inclusion disease

163

Chapter 7

189

Summary and perspectives

4

Introduction & scope of the thesis

Appendices
Nederlandse samenvatting			

197

Curriculum Vitae

201

Dankwoord

202

5

Introduction & scope of the thesis

6

Introduction & scope of the thesis

1

Chapter 1
Introduction & scope of the thesis

Leon J. Klunder
Department of Cell Biology, University Medical Center
Groningen, University of Groningen, Groningen, the
Netherlands
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The intestinal epithelium is a polarized cell
monolayer which is crucial for its function
The intestinal epithelium is a 1-cell-thick layer (a
monolayer) separating the lumen of the gut from the
rest of the body. The intestinal epithelium functions
as the gateway between these compartments; taking
up fluids and nutrients from the gut, and preventing
these to leak into the lumen, thus performing the
main task of the gut.
In order to form a functional tissue, individual
cells must organize themselves in context of each
other and their surroundings, in a process termed
‘morphogenesis’; from the Greek ‘beginning of
the shape’1. To be able to organize as a tissue,
(intestinal) epithelial cells adhere to their neighbor
cells, utilizing transmembrane proteins. The mature
intestinal epithelial cells are, like all epithelial cells,
polarized, i.e. display an asymmetric distribution of
cell components allowing for different functions on
different locations in the cells2. IECs have distinct
membrane domains, an ‘apical’ domain facing
the intestinal lumen, and a ‘basolateral’ domain
facing away from the lumen, with the lateral part
facing and contacting the neighboring IECs, and
the basal part facing and contacting the underlying
tissue. The lateral surface houses intercellular
adhesions, including E-cadherin-based adherens
junctions and Claudin-based tight junctions, which
ensure monolayer strength and impermeability,
respectively3. The basal part harbors transmembrane
proteins attaching the IEC to the basement
membrane, produced by the IECs themselves and
local fibroblasts. The apical and basolateral domains
are separated by tight junctions (TJs) sealing the
intercellular space. TJ localization is part of apicalbasal polarity; and prevents diffusion of membrane
proteins between the apical and basolateral plasma
membrane domains it separates3-6. The TJs, by virtue
of the pore-forming Claudins, are rate limiting for
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epithelial permeability of electrolytes and water6and restrict the localization of secreted molecules in
either gut lumen or lamina propria9,10. Tight junctions
also recruit transcription factors and prevent
their translocation to the nucleus, and in this way
contribute to the regulation of cell proliferation11.
The apical membrane of intestinal epithelial cells
harbors numerous densely and uniformly packed
finger-like projections filled with actin filament
bundles tethered to the subapical actin web, called
microvilli. Microvilli are essential for enterocyte
function; enlarging the apical absorptive area
6- to 15- fold while minimally influencing cellular
volume12,13.
Polarity of IECs is initiated and maintained by the
intracellular trafficking machinery14. This epithelial
polarity program (further detailed in the next
chapter) consists of three evolutionary conserved
polarity complexes; one consisting of Crb3a, Pals1
and PATJ, one consisting of Par3, Par6, atypical
(a)PKC and the small GTPase Cdc42, and one
consisting of Lgl, Dlg and Scribble14. Dysregulation
of these polarity complexes has been correlated with
impaired intestinal epithelial morphogenesis and
homeostasis15-18
IECs originate from stem cells that reside in crypts,
which are invaginations in the intestinal wall. These
stem cells give rise to highly proliferative IECs that
differentiate and polarize as they migrate from the
crypts to the surface epithelium (in the colon) or
to the villi (in the small intestine), were they are
eventually shed into the lumen. This morphogenic
process is tightly controlled in time (3-4 days)
and space to ensure maintenance of monolayer
organization and, consequently, an adequate barrier
function. In order for the monolayer to remain
intact and in contact with the basement membrane,
every cell that divides must maintain its polarized
configuration and divide in a planar orientation, i.e.
perpendicular to the apical-basal axis19-21.
8
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Concluding, specific cellular characteristics are
crucial for epithelial morphogenesis and therefore
function. These characteristics are the capacity to (1)
engage in cohesive interactions with neighbor cells,
(2) create distinct apical and basolateral membrane
domains separated by tight junctions, (3) establish
a polarized distribution of cellular components,
and (4) to maintain their spatial relationship to the
environment, i.e., remain in a monolayer (planar
orientation) separating lumen from the underlying
tissue1Fig 1.
External factors disrupt epithelial barrier
function
Inflammatory bowel diseases (IBD), encompassing
Crohn’s disease (CD) and ulcerative colitis (UC),
are characterized by a chronic inflammation of
the intestine, relapsing diarrhoea, and additional
symptoms such as vomiting, abdominal pain, and
weight loss. UC is limited to the colon, were it
affects the superficial mucosal layer22. CD is not
limited to any part of the gastro-intestinal tract,
but is predominant in the ileocecal region, and is
characterized by transmural ulcers23. The aetiology
of IBD is not fully elucidated. The concordance
between monozygotic twins is 20-50% for CD
and 16% for UC, implying a significant role for
environmental (extrinsic) factors. Extrinsic, i.e.,
non-epithelium derived factors include smoking
tobacco, appendectomy, hygiene as per the ‘hygiene
hypothesis24, infectious pathogens and antibiotics,
other medications such as aspirins or NSAIDs, a
lack of fibers in diet, major life stressors, anxiety
and depression25. These factors can be classified
as ‘western lifestyle’. Indeed, the incidence of IBD
has increased in the last decades in the western
world, as well as in countries adapting to western
lifestyle26,27.
Amongst life style factors especially smoking

10

Introduction & scope of the thesis

1

Figure 1 Schematic overview of typical polarized
intestinal epithelium showing different membrane
domains separated by tight junctions (TJ), the apical
domain harboring microvilli and facing the intestinal lumen,
and the basolateral membrane facing extracellular matrix
and basolateral membranes of neighbor cell, to which it is
anchored with adherens junctions (AJ). Also depicted is the
theoretic apicobasol axis, perpendicular to which cell division
takes place in order to maintain the monolayer.
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stands out; with smokers having a higher change
of developing CD and a lower change of developing
UC relative to non-smokers28,29. While IBD was
emerging it seemed a disease disproportionally
afflicting people with higher socio-economic status,
which is seemingly at odds with their generally lesser
exposition to above stated extrinsic factors; however,
socio-economic status as an independent predictor
has not been uniformly found in recent research30.
On tissue and cellular level IBD is characterized
by mucosal and epithelial injury and increased
permeability31-33, including changes in epithelial
tight junctions, mucosal lesions, epithelial
restoration failure, and changed functionality of the
epithelial cells, which are correlated with immune
deregulation34. Local inflammatory mediators
and lifestyle factors play an important role in
this perturbation of epithelial function. Increased
expression of pro-inflammatory cytokines (i.e. such
as interferon gamma (IFNγ) and Tumor Necrosis
Factor (TNF), IL-1β, IL-6, IL-17, IL-22, IL-23)
plays a crucial role in the perturbation of epithelial
function in IBD33,35-37. IFNγ and TNF directly target
and negatively affect intestinal epithelial cells.
For instance, IFNγ and TNF disrupt a previously
intact intestinal epithelial barrier in a synergistic
manner by eliciting intracellular signalling pathways
that negatively affect tight junctions that control
paracellular transport38-40 and control the release of
transcription factors41,42. The importance of cytokines
in the pathogenesis of IBD is further underscored
by the effectiveness of anti-TNF monoclonal
antibodies in the treatment of IBD in the clinic37,43.
The effectiveness of anti-TNF monoclonal antibodies
could not be found with recombinant TNF-receptors,
possibly because of a less stable bond, or because
of a not fully elucidated enhanced pro-inflammatory
cytokine production44-48.
Cigarette smoking as a Life style factor has been
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found to negatively affect intestinal epithelial function
in animal models. These studies reveal a causal
relationship between the breathing in of cigarette
smoke and therefore basal exposition to IECs (via
blood vessels), and the effects on morphogenesis.
In this way, cigarette smoke exposure impaired
intestinal barrier function49,50, increased apoptosis
and autophagy in the ileum51,52, decreased cystic
fibrosis transmembrane conductance regulator
(CFTR) activity in the intestinal epithelium53,
and increased bacterial translocation, intestinal
villi atrophy49, and altered tight junction protein
expression in a small/large intestine-specific
fashion49,54. In cell models, exposure to cigarette
smoke extract has been demonstrated to perturb
epithelial barrier function and TJs in pulmonic
epithelia cells55,56 and, likewise, impaired intestinal
barrier function has been associated with the
smoking-related lung disease chronic obstructive
pulmonary disease (COPD)50,57
As the intestinal epithelium is the first defense layer
against whatever is in the gut, it is prone to damage
by mechanical or immune-mediated stressors. If a
patch of epithelium is damaged; functionality is lost.
Epithelial wound healing consists of three different
processes; migration of dedifferentiated epithelium,
‘restitution’, subsequent proliferation, and the final
morphogenetic step of differentiation and thereby of
regaining function58. The behavior of IECs is tightly
controlled trough locally excreted growth factos,
cytokines and/or bacterial products. These factors
induce signaling cascades leading to activation of
master transcription factors such as NF-kB and
STAT-3 in IECs. These induce anti-apoptotic and
proliferative effects, leading to augmented survival
and division of IECs59.
In IBD repeated intestinal epithelial damage with
disruption of barrier function is a key feature, and
mucosal healing has recently been established as a
key prognostic parameter59.
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Inherent and acquired polarity dysfunction
effects on morphogenesis and function in IECs
Dysregulation of (intestinal) epithelial morphogenesis
is precursor to epithelial dysplasia, polyposis and
eventually colon cancer8,60,61. Cancer arises in the
epithelium of the crypt, where the IECs proliferate
and differentiate. Uncontrolled proliferation is one
of the first steps in cancer progression, and occurs
after IECs have obtained the capacity to survive
while no longer in a monolayer, no longer attached
to the underlying tissue. Hyperproliferation leads
via an adenoma stage to a cancerous stage while
molecular alterations stack (chromosomal instability,
microsatellite instability, hypermethylation, early
APC mutation, late p53 mutations)62,63. Inflammatory
bowel diseases are associated with an enhanced
risk of colorectal cancer up to three times the risk
in the general population, with a longer disease
duration, greater extent and severity of inflammation
associated with an increasing risk62. An intricate
interplay between cytokines, immune cells and
intestinal epithelial cells, possibly in predisposing
genetic and/or environmental contexts, likely
drives the development of IBD associated colorectal
cancer64,65. Inflammation in IBD leads to increased
proliferation and regeneration and thus increased
cell turnover with resultant increase in the number
of mutations66. Consequently, the events leading
to eventual cancer happen faster. Histologically,
IBD-associated colorectal cancer follows a different
pathway, that is, from inflamed, regenerative
epithelium, to hyperplastic epithelium, to flat
dysplasia, and finally to invasive adenocarcinoma66.
Epithelial regeneration and dysplasia may be difficult
to distinguish histologically. Also, as opposed
to sporadic colorectal cancer development, APC
mutations occur relatively late, and p53 mutations
occur relatively early, and can even be found in
non-dysplastic lesions62. These findings have led to
a theory of ‘field cancerization’, where a complete
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area of inflammation-affected epithelium is prone
to progress to a cancerous phenotype66. Thus, loss
of polarity and differentiation in IECs to cancer
progression can be caused by a combination of
intrinsic and extrinsic factors.
Loss of polarity mechanisms leads to loss of epithelial
characteristics.
Defective epithelial barrier function frequently leads
to diarrhea, and can be caused on the cellular level
by defective cell polarity mechanisms. Tight junctions
are the rate limiting factor for epithelial permeability
in an otherwise intact monolayer. Therefore,
disruption of tight junctional protein function or
localization might cause impaired barrier function.
Tight junctions are dynamically endocytosed
and recycled via apical recycling endosomes67-73.
Microvillus inclusion disease (MVID) is a rare disease
clinically characterized by an early-onset severe
secretory diarrhea, caused by polarization defects
due loss of function of Myosin Vb, a key regulator
of recycling endosomes, encoded by the MYO5B
gene74,75.
MVID IECs are characterized by microvillus atrophy,
the intracellular retention of transmembrane
apical brush border proteins, and the name-giving
cytoplasmic microvillus inclusions76-79 including the
main brush border anion transporter cystic fibrosis
trans-membrane conductance regulator and the NHE2 and -3 Na+/H+ exchangers80 and some basolateral
proteins79,81.
IECs need a tight control of their metabolic
pathways to ensure proper morphogenesis
The two main energy metabolism pathways in
mammalian cells are mitochondrial oxidative
phosphorylation and (aerobic) glycolysis. During
oxidative phosphorylation, adenosine triphosphate
(ATP) is formed following the oxidation of nutrients
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in mitochondria. During glycolysis, glucose is
converted into pyruvate thereby generating ATP.
Glycolysis is relatively inefficient compared to
oxidative phosphorylation, generating two ATP
molecules per molecule glucose, versus 36 in
oxidative phosphorylation. This, however, can
be compensated for by the higher rate by which
aerobic glycolysis can take place, and aerobic
glycolysis allows proliferating cells to use glycolytic
intermediates as macromolecular precursors facilitate
biomass accumulation82. Rapidly proliferating tissue
has a relative increase in glycolysis. In the mouse
intestine a relative increase in glycolysis is found
in the (proliferating) crypt epithelium compared to
the (differentiated) villus epithelium. A particular
proliferative tissue, the epithelium-derived colon
carcinoma, also undergoes this metabolic shift,
and recently a mouse model professing an increase
in glycolysis has been found to have an increased
change of colon carcinoma development83. Taken
together, intestinal epithelial cells need to control
their metabolic pathways in order to maintain
homeostasis in their dynamic environment.
The need for a reductionist in vitro
model mimicking key in vivo aspects to
study intestinal epithelial integrity and
morphogenesis
An intestinal disease phenotype is the product
of activities of many cell types, including IECs,
communities of commensal or pathogenic microbiota
living in the gut and immune cells. While animal models
and clinical studies are very useful to assess correlation
and causation of interventions to total disease
phenotypes, such approaches do not easily allow to
determine the specific role of the epithelium. The
epithelium, however, is the functionally impaired cell
layer. Therefore, a reductionist approach is warranted
for studying epithelium specific effects. By isolating the
epithelium, we can assess effects of different factors
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considered pathogenic or ameliorating, excluding that
the epithelial effect perceived is in fact secondary to a
contextual change. In this way, deeper knowledge of
disease mechanisms may be obtained.
For in vitro assessment of epithelial morphogenesis,
a model mimicking key aspects of in vivo
morphogenesis is necessary. Cell lines that are
able to obtain morphological and biochemical
features of intestinal epithelial cells, such as CaCo2 cells84-89 that show contact-inhibition of growth
and changes in the expression levels of mRNA86,87,90
and proteins84,88 associated with their proliferation
and differentiation which are similar to those during
enterocyte differentiation in vivo87, are therefore
suited best for morphogenesis studies. The recent
advances in culturing primary intestinal stem cells,
giving rise to organoids bring the possibility of
creating a model system that might be even closer
to the in vivo situation. However, cell lines are well
characterized and isogenic. Organoids will differ from
donor to donor, and indeed even from part to part
in the same intestine91. Therefore, organoids are
per definition not as well characterized, making the
distinction between a treatment effect or specificorganoid-intrinsic factor more difficult to make. This
makes cell lines perhaps more suitable as a primary
tool to decipher mechanistic features of a disease
phenotype.
Three-dimensional cultures are a relatively new
method in the assessment of epithelial function and
morphogenesis. Certain intestinal epithelial cell lines,
amongst which is CaCo-2, are capable of forming a
three-dimensional structure when given the correct
cues and physical surroundings. When plated in the
presence of matrigel; a gel resembling extracellular
matrix, CaCo-2 cells clonally proliferate and start
polarizing after the first division. In a two-cell stage
the IECs create an apical membrane at the cell-cell
interface, and further division happen perpendicular
to the apical-basal axis. As fluid is excreted from

17

1

Introduction & scope of the thesis

1

the apical side, a lumen is created between the
cells. Eventually the cell cluster thus resembles
a hollow ball lined by a monolayer of IECs whose
apical membranes are directed to the lumen with
microvilli protruding into the lumen, and basally a
basement membrane is recruited, analogous to the
in vivo situation92. Analogous to in vivo situation, the
3D-cultured IEC must be capable of (1) interlinking
to neighbor cells, otherwise gross organization
would be lost, (2) separating membrane domains,
otherwise the cell could not organize itself respective
to its environment or create a lumen, (3) the IEC
must have functional TJ, otherwise the sphere
would not be impermeable, (4) distributing cellular
components in a polarized fashion, as evidenced
by e.g. the microvillus localization, (5) dividing in
planar orientation, otherwise a monolayer could not
be created or maintained. Thus, to be able to form
such a spheroid, the IECs morphogenesis in culture
must resemble in vivo morphogenesis in all crucial
ways (See figure 2 for a schematic overview of a
spheroid). Therefore, this model is an appropriate
approach for studying morphogenesis8,93-96,
analogous to in vivo epithelial (re)generation.
Scope of this thesis
The aim of this thesis is to investigate the direct
effects of different pathogenic factors on intestinal
epithelial morphogenesis and function. Previous
studies have mainly focused on the assessment of
either the complex interplay of all cell types in the
gut, or used conventional, two-dimensional cell
culture systems lacking essential characteristics of
in vivo epithelium. In this thesis we developed and
employed a reductionist model system that bridges
the gap between conventional two-dimensional
cell culture and in vivo animal models/humans to
investigate the direct effects of potentially pathogenic
extrinsic factors (including pro-inflammatory
cytokines, changes in energy metabolism, and
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cigarette smoke) as well as intrinsic factors on
intestinal epithelial morphogenesis and integrity.

Figure 2 Schematic overview of a typical intestinal
epithelial spheroid, showing an established lumen, faced
by apical membranes delineated by tight junctions. On the
left a see-into 3D model is shown, on the right a crosssection of the sphere on the left is shown.
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Abstract
Intestinal epithelial cell polarity is instrumental
to maintain epithelial homeostasis and balance
communications between the gut lumen and bodily
tissue, thereby controlling the defense against
gastrointestinal pathogens and maintenance of
immune tolerance to commensal bacteria. In this
review article, we highlight recent advances with
regard to the molecular mechanisms of cell polaritycontrolled epithelial homeostasis and immunity in the
human intestine.

Absorptive intestinal epithelial cells are the
predominant cell type of are the lumen-facing layer
of the intestinal wall as they cover the intestinal villi.
As such, intestinal epithelial cells are responsible for
the metabolism and uptake of diet-derived nutrients
and for their transfer to the tissue side where they
can enter the blood circulation. Intestinal epithelial
cells are also the first line of defense against
potential pathogens which may easily enter the
intestinal lumen via the mouth. The lumen of the
intestinal tract, however, is also colonized by trillions
of commensal bacteria that play important roles in
normal physiology. Intestinal epithelial cells are thus
confronted with the challenging task to maintain
good relationships with these bacteria yet prevent
these bacteria from entering the body tissue. At
the tissue side, the intestinal epithelial cells must
maintain good relationships with the immune system
which actively monitors and probes the microbiota
via intraepithelial immune cells. The intestinal
epithelial cells thus ensure carefully balanced
communications between the gut lumen and bodily
tissue, thereby controlling the defense against
gastrointestinal pathogens while maintaining immune
tolerance to commensal bacteria.
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A brief introduction to epithelial cell polarity in
the intestine
Intestinal epithelial cells are arranged as a monolayer
of columnar-shaped, polarized epithelial cells. Cells
predominantly communicate with their environment
via proteins (receptors, transporters, channels) at
their surface. The surface (or plasma membrane) of
the intestinal epithelial cell is divided into one apical
and one basolateral domain, which face the lumen
of the gut and the intestinal tissue, respectively.
The basolateral cell surface domain can be further
divided in a basal and a lateral domain that face
the basement membrane and neighboring cells,
respectively. The lateral surface houses intercellular
adhesions, including E-cadherin-based adherens
junctions and Claudin-based tight junctions, which
ensure monolayer strength and impermeability,
respectively 1. The basal surface is home to integrinbased cell-matrix adhesions via which the cells are
attached to the basement membrane. Planar polarity
mechanisms ensure that all intestinal epithelial cells
orientate their apical and basal surface domains in
the same direction.
The apical and basal cell surface domains are
readily distinguished with regard to both structural
organization and macromolecular composition.
Only the apical plasma membrane displays densely
packed actin filament-based finger-like projections
of ~80 nm in diameter, called microvilli 2. Because
the microvilli have the appearance of a brush at
the electron microscopic level, the apical plasma
membrane of intestinal epithelial cells is also referred
to as the brush border. In addition to their structural
differences, the apical and basal plasma membrane
domains are differently equipped with enzymes
and transporter proteins to control the metabolism,
absorption and/or secretion of nutrients between
the gut lumen, cell interior and body tissue. The
polarized distribution of cell surface receptors and
transporter proteins allows for the vectorial transport
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of circulating molecules, such as nutrients and
immunoglobulins, across the intestinal epithelial
monolayer. Not surprisingly, the mislocalization of
apical brush border proteins leads to malnutrition,
diarrheal disorders and, if untreated, to death. The
mislocalization of basement membrane receptors
such as integrins at the opposing basal surface
domain has been correlated with loss of epithelial
architecture and cancer development 3. Further, the
polarized, basal expression of cytokine receptors
mediate the cytokine-mediated communication
with immune cells in the lamina propria, while
the polarized, apical expression of several pattern
recognition receptors controls the induction of innate
immunity responses. Defects in the mechanisms
that control apical microvilli development or the
polarized distribution of cytokine receptors or pattern
recognition receptors result in the perturbation of
intestinal epithelial-microbial interactions and gut
immune homeostasis in mice, and often contribute to
the pathogenesis of inflammatory bowel diseases in
humans 4–7, as will be further discussed below.
Intracellular sorting and trafficking secures the
polarized distribution of integral membrane proteins
at the apical and basal plasma cell surface domains
8,9
. The Golgi apparatus is well-known for its role
in the polarized sorting and trafficking of proteins.
In addition, the endosomal system and therewith
associated proteins (e.g., the small GTPase
Rab8, Rab11, Rab25 and their effectors, and the
epithelium-specific polarized sorting factor adaptor
protein (AP)-1B) have in the last decade emerged
as important regulators of polarized sorting and
trafficking of proteins 6,7,10–12. Local interactions
between proteins and the cytoskeleton secure and
stabilize the polarized distribution of cell surface
proteins. Intracellular sorting and trafficking also
controls the constitutive or regulated polarized
secretion of signaling molecules such as growth
factors, cytokines and antimicrobial products.
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Recycling endosomes have been implicated in the
polarized secretion of cytokines in immune cells 13,
but the mechanisms of polarized cytokine secretion
in intestinal epithelial cells is not well understood.
Tight junctions, situated at the border between the
apical and basal cell surface domains, establish tight
cell-cell adhesion and restrict the lateral diffusion
of apical and basal cell surface proteins, thereby
securing cell surface polarity. Tight junctions, by
virtue of the pore-forming Claudins, also control the
paracellular transport of electrolytes and water 1,14,
and restricts the localization of secreted molecules
in either gut lumen or lamina propria 15,16. In
inflammatory bowel disorders, tight junctions and
consequently the intestinal barrier is often impaired,
allowing the translocation of pathogens or pathogenderived molecules 14. Tight junctions also recruit
transcription factors and prevent their translocation
to the nucleus, and in this way contribute to the
regulation of cell proliferation 17. The aberrant
expression or distribution of several tight junctionassociated proteins has been implicated in
colon cancer development and progression 18,19,
underscoring the importance of tight junctions in
intestinal epithelial homeostasis.
The polarized intracellular trafficking machinery and
tight junctions are central players in the epithelial
polarity program 20. Evolutionary conserved polarity
protein complexes are the core components of this
epithelial polarity program. Three polarity complexes
are typically distinguished: a complex consisting of
Crb3a, Pals1 and PATJ, a complex consisting of Par3,
Par6, atypical (a)PKC and the small GTPase Cdc42,
and a complex consisting of Lgl, Dlg and Scribble 20.
The individual loss or aberrant expression or function
of most of these core cell polarity determining
proteins has been correlated with impaired intestinal
epithelial homeostasis 21–24 and inflammatory bowel
disorders 25–30 .
Taken together, intestinal epithelial cell surface
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polarity and tight junctions are instrumental to
balance communications between the gut lumen
and bodily tissue and control the defense against
gastrointestinal pathogens and maintenance of
immune tolerance to commensal bacteria 15,16,31.
Below, we highlight recent advances with regard to
the molecular mechanisms of cell polarity-controlled
epithelial homeostasis and immunity in the intestine.
Apical brush border dynamics contribute to
epithelial homeostasis and innate immunity in
the gut
Apical microvilli greatly enlarge the absorptive cell
surface area while minimally influencing cellular
volume. In agreement, apical microvillus atrophy
has been correlated with sub-optimal absorption of
diet-derived nutrients. Interestingly, recent studies
have demonstrated novel roles for apical plasma
membrane microvilli and their protein components in
intestinal epithelial cells beyond absorptive surface
expansion.
Villin is an actin modifying protein and in intestinal
epithelial cells exclusively located in apical plasma
membrane microvilli and the underlying subapical
terminal web. 32. Targeted disruption of the
villin gene in mice did not impair the organization of
apical microvilli, suggesting that Villin plays a minor
or redundant role in the microvilli development 33.
Villin was demonstrated to be required to sever
filamentous actin to depolarize microvilli and, in
this way, allow intestinal epithelial cell migration
and remodeling upon mucosal injury 34. Villin was
also shown to be subject to post-translational
changes, i.e., proteolysis, following gut infection
and during the recovery phase of gut infection, but
not in immune deficient mice, suggesting a role
for immune cells 35. Villin expression in intestinal
epithelial cells is reduced in inflammatory bowel
disorders characterized by recurring inflammation
and associated lesions 36. These results highlight
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the importance of the apical polarity of intestinal
epithelial cells and, specifically, the apical plasma
membrane microvilli and their dynamics, in the
process of gut wound healing and, hence, intestinal
epithelial homeostasis and immunopathology.
While the regulated breakdown of apical microvilli
appears to be necessary for gut wound healing,
apical microvilli are also important for maintaining
intestinal epithelial homeostasis. This is well
exemplified by the deletion of the only member of
the Ezrin-Radixin-Moesin (ERM) family of membraneactin crosslinking proteins present in the intestinal
epithelial cells, Ezrin. Germline as well as conditional
deletion of Ezrin led to apical microvillus atrophy
throughout the intestinal epithelium, and resulted
in villus morphogenesis defects (i.e., villus fusions)
and neonatal death in mice 37,38. Similar effects were
observed in Crumbs3-deficient mice 21,22, presumably
because of the functional interaction between
Crumbs3 and Ezrin 21. Moreover, villus fusions
were also reported in humans with microvillus
inclusion disease and carrying MYO5B mutations 39.
Loss of the Myosin Vb protein in these individuals
was shown to inhibit the activation of Ezrin at the
apical surface and lead to microvillus atrophy in
their intestinal epithelial cells 39. The loss of Ezrinmediated microvillus atrophy in the adult mouse
intestine caused defects in cell geometry, cell
extrusion, cell-cell adhesion remodeling, and
mitotic spindle orientation 38, which are essential
for intestinal epithelial homeostasis and villus
morphogenesis. By contrast, an increased expression
of Ezrin has been correlated with elongated apical
microvilli in the small intestine of Vitamin D receptor
knock-out mice 40. Ezrin is proteolytically cleaved in
mice with intestinal inflammation in a CD4+ T-celldependent manner 35, but the physiological or
pathophysiological relevance of this phenomenon is
not clear.
The intestinal brush border, in agreement with
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its role in the regulation of epithelial tissue
morphogenesis and architecture (see above),
protects against carcinogenesis. Thus, the loss
or inactivation of Myosin Ia, another abundant
component of microvilli and necessary for microvilli
development 41, leads to the loss of intestinal
epithelial cell polarity, carcinogenic behavior of
intestinal epithelial cells and tumor development
in mice 42. These results point to a functional link
between apical plasma membrane architecture and
epithelial cell homeostasis.
Apical microvilli are highly dynamic structures,
governed by interactions between the apical
plasma membrane and the underlying actin
cytoskeleton. The motor activity of Myosin Ia and
Myosin VI controls the microvillus tip- and basedirected movement, respectively, of the plasma
membrane along the actin filaments that make
up the microvillus core 43. As such, these myosins
regulates the intra-microvillus (that is, microvillus tip
versus microvillus base) distribution of brush border
enzymes 44–46. Interestingly, the tips of the apical
microvilli give rise to vesicles that are shed into the
gut lumen 47. These microvillus-derived vesicles are
enriched in Intestinal Alkaline Phosphatase. This
enzyme allows the vesicles to dephosphorylate and,
thereby, detoxify bacterial lipopolysaccharide and
prevent Toll-like receptor 4 (TLR4) responses on
host cells. Furthermore, the exposure of intestinal
epithelial cells to Escherichia coli induced the
expression of intestinal alkaline phosphatase and
the production of microvilli-derived vesicles which,
in turn, inhibited Escherichia coli proliferation and
the attachment of these bacteria to the host cells in
vitro, albeit in an Intestinal Alkaline Phosphataseindependent manner 6. The activity of Myosin Ia
appears to be crucial for the correct assembly of
these microvilli-derived vesicles, as microvilli-derived
vesicles in mice and cell lines lacking Myosin Ia
were not enriched in Intestinal Alkaline Phosphatase

36

Mechanisms of cell polarity-controlled epithelial homeastasis and immunity in the intestine

but, rather, displayed a protein composition that
was similar to the overall enterocyte brush border
6
. Together, apical brush border microvilli release
membrane vesicles into the intestinal lumen which
are laden with host defense machinery, and indicate
a new role for apical plasma membrane microvilli in
intestinal innate immunity 7. Whether loss of Villin,
Ezrin or Myosin Vb and resultant microvillus atrophy
affects the release of microvilli-derived vesicles
and therewith associated functions, and whether
microvilli-derived membrane vesicles contribute to
intestinal epithelial wound healing, homeostasis and/
or tumor suppression, is not known.
In conclusion, these studies have demonstrated
novel roles for apical plasma membrane microvilli
and their protein components in wound healing,
epithelial homeostasis and tumor suppression, and
innate immunity in the gut.
Polarized endosomal sorting and trafficking
mechanisms control epithelial homeostasis,
tumor suppression, and innate immunity in the
gut.
The endosomal system has emerged as a crucial
regulator of polarized sorting and trafficking of cell
surface proteins in epithelial cells 10. In addition, the
spatial distribution of endosomal system may provide
polarized signalling platforms 39,48,49 that control the
activation of Ezrin at the apical surface of intestinal
epithelial cells and, thereby, the development of
the apical brush border membrane 39. While the
endosomal system consists of a heterogeneous
network of vesicular an tubular structures 50,51, two
endosomal sub-compartments have been identified
that appear particularly important for the correct
sorting and trafficking of apical and basal proteins:
the apical recycling endosome and the common
recycling endosome. The apical recycling endosome
is characterized by the presence of small GTPases
Rab8, Rab11a, Rab25 and their common effector
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protein Myosin Vb. The apical recycling endosome is
predominantly accessible for resident apical proteins
and functions in the dispatch of newly synthesized
and apically recycling and/or transcytosing
proteins to the apical brush border membrane. The
common recycling endosome is characterized by
its accessibility to proteins internalized from either
apical or basal surface domain 52 and contains the
polarized sorting factor adaptor protein AP-1B,
which is believed to control the sorting of proteins
to the basal cell surface. Noteworthy, most of the
knowledge about the organization of the endosomal
system in polarized cells is derived from Madin-Darby
canine kidney epithelial cells 50,51, and whether this
organization of the endosomal system is similar
in intestinal epithelial cells has not been carefully
addressed. Nevertheless, components of the apical
and/or common recycling endosome play a role
in the regulation of epithelial homeostasis, tumor
suppression, and innate immunity in the gut, as
outlined below.
The apical recycling endosome
Intestine-specific Rab11a knockout mice show
intracellular accumulation and mislocalization
of resident apical plasma membrane proteins to
the basal surface domain, microvillus atrophy
and microvillus inclusion bodies 53,54. Some apical
proteins, such as Dipeptidyl Peptidase IV and
Intestinal Alkaline Phosphatase were downregulated
in the intestinal epithelial cells of Rab11a knockout
mice, while the polarized distribution of basal
proteins appeared unaffected. Rab11a knockout
mice die in the postnatal period as the consequence
of starvation. Intestinal epithelial cells of intestinespecific Rab8 knockout mice, Myo5b-knockout
mice, and individuals with microvillus inclusion
disease that carry MYO5B mutations show very
similar intracellular accumulation of resident apical
plasma membrane proteins, microvillus atrophy and
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microvillus inclusion bodies, yet died of diarrhea
12,55,56
. The apical transport abnormalities in intestinal
epithelial cells in Rab8-deficient mice may be the
result of effects of Rab8a depletion on the secretion
of Wnt ligands, which play an important role in
intestinal epithelial morphogenesis 57. The aberrant
expression or function of either Rab11a, Rab8 or
Myosin Vb in mice or humans affected each other’s
expression or subcellular distribution in the intestinal
epithelial cells 12,24,39,58(p11),59,60. Together, these results
support the in vitro evidence that Rab11a, Rab8
and Myosin Vb operate in the same pathway that
control the trafficking of apical brush border proteins
and development of apical microvilli in (intestinal)
epithelial cells 11,39,49.
The RAB11A gene is located adjacent to a Crohn’s
disease risk locus 4. Intestine-specific Rab11a
knockout mice spontaneously develop colitis, and
exhibit excessive intestinal epithelial proliferation.
Intestinal epithelial cells of Rab11a knockout mice
show upregulation of interleukins-6 and -1B and
monocyte chemoattractant protein-1, and show a
redistribution of Toll-like receptor 9 (TLR9) from
its normal brush border location to late endosome
and/or lysosomes. Stimulation of TLR9 at the
apical surface domain of intestinal epithelial cells
was shown to counteract NF-κB activation that
curtailed inflammatory responses induced by basal
stimulation by other TLRs or TNF-alpha 61,62. TLR9
knockout mice are highly susceptible to experimental
colitis 61. In line with these observations, intestinal
epithelial cells of Rab11a knockout mice exhibit
upregulated signalling activity through NF-κB and
mitogen-activated protein kinase, which is involved
in inflammatory and stress responses 63. Moreover,
germ-free Rab11a knockout mice failed to tolerate
intraluminal stimulation by microbial agonists and
induced interleukin-6 when compared to wild type
mice undergoing the same treatment 4. Thus, the
apical recycling endosome, by virtue of Rab11a,
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controls subcellular TLR9 compartmentalization and,
consequently, is crucial for the regulation of immune
tolerance and inflammation.
At least in cultured epithelial Madin-Darby canine
kidney cells, Rab11a and Rab8 at apical recycling
endosomes together regulate the activation of the
small Rho family GTPase Cdc42 49. In Cdc42-deficient
mice, the intestinal epithelium showed gross
hyperplasia, crypt enlargement, microvillus inclusions
and brush border formation at the lateral surface
domains, and abnormal epithelial permeability,
suggesting a coordinating role for Cdc42 in the
polarity, migration and differentiation of intestinal
epithelial cells 23. In other intestine-specific Cdc42deficient mice, generated independently, impaired
Rab8 activation, intestinal stem cell division,
survival, and differentiation of intestinal epithelial
cells was observed 24. Also in human colorectal
carcinoma cells, loss of Cdc42 caused mitotic spindle
orientation defects and deranged intestinal epithelial
morphogenesis 64. Furthermore, single intestinal
epithelial LS174:W4 cells show multiple brush border
domains and dispersed apical recycling endosome
localization 65. Notably, in contrast to the loss of
Rab11a 4, the loss Cdc42, Rab8 or Myosin Vb in
mice did not elicit intestinal inflammation 23. This
suggests that the latter three proteins play a minimal
or redundant role in the regulation of intestinal
immunity, and it will be of interest to investigate the
distribution of TLR9 in the intestinal epithelial cells of
Cdc42- Rab8- and Myosin Vb-deficient mice.
In addition to Rab11a and Rab8, Rab25 is an
epithelial-specific component of the apical recycling
endosome 66. Depletion of Rab25 in human intestinal
Caco-2 cells resulted in disorganized apical
microvilli, loss of apical villin and the intracellular
retention of the brush border protein SucraseIsomaltase, without affecting the expression of
Rab11a or Rab8 3. Unlike Rab11a and Rab8, Rab25
has been linked to tumor aggressiveness and
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metastasis in several tissues 67. Loss of Rab25
was demonstrated to promote the development of
intestinal neoplasia and was found to be associated
with human colorectal adenocarcinoma’s 68. As
part of the underlying mechanism, loss of Rab25
from intestinal colon carcinoma Caco-2 cells was
shown to lead to upregulated Claudin-1 expression
(previously associated with perturbed intestinal
epithelial homeostasis and colon cancer development
69
), increased trans-epithelial resistance, and
increased invasive behavior 68. Loss of Rab25 likely
contributed to invasiveness of (colon) cancer cells by
regulating basal integrin expression and/or trafficking
3,70
via Rab Coupling Protein 71 and consequent
reorganization of the cortical actin cytoskeleton 72,73.
Loss of Rab25 did not appear to affect E-cadherinbased adherens junctions 3. Together, these findings
suggest that Rab25 is an important regulator
of intestinal epithelial homeostasis and a tumor
suppressor in colon carcinogenesis 74. The occurrence
of spontaneous colitis, defects in in the polarized
distribution of TLRs or alterations in other aspects
of intestinal immunity have not been reported in
Rab25-deficient mice. Notably, Rab25 and Myosin
Vb were demonstrated to control the transcytosis
of the neonatal major histocompatibility complex
class I–related IgG receptor FcRN, when ectopically
expressed in Madin-Darby canine kidney cells,
between the apical brush border and the basal
surface 75. In an in vivo setting in the intestine, the
loss of Rab25 could then be predicted to impair IgGmediated humoral immunity of the fetus or newborn,
but this has not been demonstrated.
The common recycling endosome
The best-characterized regulator of polarized protein
sorting at the common endosomes is AP-1B. AP-1B
is downregulated in colonic epithelium of individuals
with Crohn’s disease 5, an inflammatory bowel
disease. Further, a reduced ratio of tumor to non-
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tumor tissue expression of AP-1B was correlated
with nuclear translocation of b-catenin in human
colorectal tumor tissue, indicative for a hyperproliferative state 76.
Deletion of the AP-1B gene in mice resulted in
the mislocalization of several basolateral proteins.
For example, the low-density lipoprotein receptor
accumulated in cytoplasmic vesicular structures.
AP-1B deficiency led to mistargeting of a subset of
basolateral cytokine receptors to the apical plasma
membrane 5. Also E-cadherin was mislocalized to
cytoplasmic structures, the E-cadherin-beta-catenin
interaction was inhibited, and enhanced nuclear
translocation of beta-catenin was observed 77. The
mislocalization of E-cadherin was also observed in
an intestinal epithelial cell line that lacked the mu1B
subunit, and the ectopic expression of the latter
restored the normal distribution of E-cadherin 76.
The nuclear translocation of beta-catenin was shown
to stimulate the pre-proliferative beta-catenin/
Tcf4 pathway, and Ap1m2-/- mice showed massive
elongation of the small intestine and intestinal crypt
hyperplasia with villous dysplasia as a result of
excessive proliferation of epithelial cells.
Interestingly, although AP-1B is considered to be
a regulator of basolateral protein sorting 78, also
resident apical proteins were found missorted in
the intestinal epithelial cells of Ap1m2-/- mice.
For example, the resident apical proteins Villin
and Sucrase-Isomaltase were mistargeted to the
lateral plasma membrane. The apical surface of
the intestinal epithelial cells developed sparse and
disorganized microvilli, while ectopic microvillus-like
structures developed at the lateral membrane. In
accordance, these mice developed digestive and/
or absorptive defects 77. In Ap1m2-/- mice intestinal
IgA responses were induced, but the basal to apical
transcytosis of IgA from the lamina propria to the
lumen of the intestine was impaired 5, possibly
reflecting impaired basal sorting of the polymeric
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IgA receptor. Also in the nematode C. Elegans
AP-1 was shown to control an apical trafficking
pathway and regulate apical polarity and intestinal
epithelial morphogenesis 79,80. The role of AP-1B in
the delivery of apical proteins in intestinal epithelial
cells may be explained by the observation that
some apical membrane proteins, including SucraseIsomaltase, are transported in distinct vesicular
carriers 81 and are first sorted to the basal surface,
from where these are subsequently internalized and
transcytosed to the apical brush border domain of
intestinal epithelial cells 82–84. In conclusion, AP-1B
is required for the delivery of (at least a subset of)
proteins to the apical surface in intestinal epithelial
cells and, as a result, controls the function of the
intestinal apical brush border surface.
Ap1m2-/- mice spontaneously developed colitis 5.
It was proposed that the missorting of cytokine
receptors from the basal to the apical surface, the
reduced expression of antimicrobial proteins, and the
impaired apical release of IgA in these mice resulted
in intestinal dysbiosis and increased bacterial
translocation from the lumen of the gut into the
lamina propria 5.
These results demonstrate the importance of the
common recycling endosome-associated polarized
sorting factor adaptor protein AP-1B as a crucial
player in the establishment of intestinal epithelial
polarity, epithelial homeostasis, and immunity in the
gut.
Evolutionary conserved cell polarity
determining proteins regulate epithelial
homeostasis, tumor suppression, and innate
immunity in the gut
Three evolutionary conserved protein complexes,
initially discovered in the nematode Caenorhabditis
elegans 85, play a pivotal role in the development
of cell polarity, including mammalian epithelial cell
polarity 20. These proteins complexes include 1) the
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Crumbs3/protein associated with tight junctions
(PATJ)/protein associated with Lin Seven (Pals)1
complex, 2) the Partitioning defective (Par)3/Par6/
atypical protein kinase C (aPKC) complex, and 3)
the Scribble/Lethal giant larvae (Lgl)/Discs large
(Dlg) complex. Many of these proteins are tumor
suppressors and therefore link epithelial cell polarity
to the maintenance of epithelial homeostasis. These
polarity protein complexes have been extensively
studied in a variety of polarized cell systems, and
much less in the intestine. Nonetheless, as outlined
below, the aberrant expression, localization and/
or function of the human orthologues of these
proteins have been implicated in defective epithelial
homeostasis and immunity in the gut.
The Crumbs3/PATJ/Pals1 complex
Crumbs3 is localized to the apical and subapical
area of epithelial cells from the mouse and
human intestine 86. Studies in intestinal epithelial
Caco-2 cells demonstrated that PATJ stabilized
the Crumbs3 complex and regulated the spatial
concentration of several components at the border
between the apical and lateral domains 87. While
PATJ or Pals1-deficient mice have not been reported,
Crumbs3-deficient mice show defects in intestinal
epithelial morphogenesis via its role in apical brush
border organization 21,22. Of interest, tight junctions
and the barrier function of the intestinal epithelium
appeared unaffected in Crumbs3-deficient mice 21.
The Par3/Par6/aPKC complex
The atypical (a)PKC is aberrantly expressed in
intestinal tissue from individuals with active and
inactive inflammatory bowel disease 27. A negative
correlation has been reported between the
expression of active aPKC and local inflammation.
Tumor necrosis factor alpha and dextran-sulfate
sodium-induced inflammation in mice were shown
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to disrupt the Par3/Par6/aPKC polarity complex
and its activity in intestinal epithelial cells via
a posttranslational mechanism which involved
the degradation of aPKC as a result of inhibited
chaperoning activity of BAG-1M and Hsc/Hsp70 26,88.
Par3 and aPKC were proposed to act as inhibitors
of the canonical NF-κB activation pathway in this
way involved in pro-inflammatory responses 89. Loss
of aPKC or Par3 by RNA interference in cultured
intestinal epithelial cells phenocopied inflammatory
signaling, as evidenced by enhanced NF-κB activity
and resultant Myosin light chain kinase (MLCK)
expression, an enhanced TNF-alpha response, and
enhanced paracellular leakage 26,89. Genetic variants
of Par3 have been associated with coeliac disease
and ulcerative colitis in a Dutch cohort 90. Reduced
expression of Par3 in cultured intestinal epithelial
cells was associated with altered expression and
assembly of several tight junction proteins 25,
the latter of which, in turn, have been associated
with enhanced paracellular leakage in intestinal
inflammatory diseases 91,92 including coeliac disease
25
, ulcerative colitis 93 and Crohn’s disease 91.
Atypical PKC, and Par6B show aberrant localization
in the intestinal epithelial cells of individuals with
microvillus inclusion disease carrying MYO5B
mutations 39,48,94, which is in agreement with a
reported role for apical recycling endosomes in the
regulation of the subcellular distribution of these
polarity proteins 10,39. The mislocalization of aPKCiota from the subapical domain of intestinal epithelial
cells was associated with impaired activation of
ezrin at the apical surface and consequent impaired
brush border development 39. Individuals with
microvillus inclusion diseases do not typically show
signs of intestinal inflammation 95, suggesting that
the mislocalization of the Par3/Par6/aPKC complex,
as such, does not necessarily compromise the
intestinal barrier function and immunity in the gut.
Further, hypoxic stress signaling resulted in the
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angiomotin-mediated retention of Par3 and Crumbs3
in intracellular vesicles and prevented these proteins
from reaching the apical cell surface, and the
resulting loss of cell polarity potentiated the response
to invasive cues, both in vitro in intestinal epithelial
Caco-2 cells and in vivo in mice 96. Par6 was reported
to play a role in the directional, i.e., polarized
migration of intestinal epithelial cells as part of the
intestinal wound healing response 97.
In conclusion, both the expression and localization
of members of the Par3/Par6/aPKC polarity complex
are important, albeit in different ways, for intestinal
epithelial functions. The maintenance of proper
expression levels of members of the Par3/Par6/
aPKC polarity complex appears important for the
barrier function of the intestinal epithelium and
thereby for innate immunity, and reduced expression
and/or activity of aPKC and Par3 likely contribute
to epithelial barrier dysregulation in inflammatory
bowel diseases 26. By contrast, the maintenance
of the proper subcellular localization of members
of the Par3/Par6/aPKC complex appears important
for apical brush border membrane development
and preventing carcinogenesis but, based on the
available data, not for the regulation of immunity in
the intestine.
The Scribble/Lgl/Dlg complex
The expression of Scribble was reported to be
downregulated in inflamed colonic mucosa of
an individual with active Crohn’s disease 28, an
inflammatory bowel disease. RNA interference
studies in human intestinal cell lines demonstrated
that Scribble, independently of its interaction with
LgL and Dlg, regulated epithelial barrier function via
its effects on the de novo assembly and reassembly
of tight junctions 28. The depletion of Scribble did
not affect E-cadherin-based adherens junctions
28
. In vitro exposure of intestinal epithelial cells to
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interferon-gamma (IFNγ), a key pro-inflammatory
cytokine in inflammatory bowel disease 98, resulted
in the mislocalization of Scribble away from the tight
junctions, suggesting that IFNγ-induced depletion of
Scribble from tight junctions may contribute to the
breakdown of the epithelial barrier during intestinal
inflammation or impair the recovery of the intestinal
epithelial barrier during epithelial restitution 28.
Inflammatory bowel disease is an important etiologic
risk factor for the development of colorectal cancer
99
. Notably, changes in the expression patterns of
Scribble and Dgl are correlated with loss of colon
tissue architecture during malignant progression
100
. Further, Scribble was found to accumulate in
colorectal neoplasia in association with an altered
distribution of beta-catenin 101. In addition to
Scribble, the human orthologue of the Drosophila
Melanogaster tumor suppressor gene Lgl, was
found to be reduced in colorectal tumor samples
in a stage-dependent manner 102, and the human
orthologue of Drosophila Melanogaster Discs Large
(Dlg) has been associated with inflammatory bowel
diseases 30,103, albeit debated 104, and colon cancer 105.
Altogether these findings suggest a role for the cell
polarity-regulating Scribble/Lgl/Dlg complex in the
pathogenesis of inflammatory bowel disease 28 and in
colon carcinogenesis 101.
Concluding remarks
The polarity of intestinal epithelial cells is essential to
properly balance communications with the microbiota
and immune cells at opposite sides of the epithelial
barrier and, in this way, ensure effective immune
responses that allows a full restoration of intestinal
tissue function when inflammation is resolved.
Defects in the mechanisms that control the polarity
of intestinal epithelial cells are associated with
impaired epithelial homeostasis, impaired innate
immunity and inflammatory bowel diseases, and
colon carcinogenesis.
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Particularly the apical brush border membrane and
the recycling endosomal system appear as prominent
regulators of epithelial homeostasis, tumor
suppression and immunity in the gut. Interestingly,
components of both the apical recycling endosome
system (Rab11a, Rab8, Rab25, Myosin Vb) and
the common recycling endosome system (AP-1B)
appear to be involved in epithelial homeostasis and
immunity in the intestine, and further research is
warranted to elucidate how these proteins and the
different endosomal compartments cooperate.
Rab8 and AP-1B were initially reported as regulators
of basolateral protein sorting and trafficking in
cultured Madin-Darby canine kidney cells 78,106–108.
Intestine-specific deletion these proteins, however,
have implicated these proteins (also) in the
regulation of apical protein sorting and /or trafficking
5,12,109
. These results suggest that the function of
these proteins may differ between in vitro and in vivo
contexts, or may be different in intestinal epithelial
cells. Regardless, the study of these proteins in
intestinal epithelial cells have shed new light onto
their function in cell polarity.
Notably, although Rab11a, Rab8, Rab25 all have
been implicated in the regulation of intracellular
trafficking via the apical recycling endosomes and all
can interact with Myosin Vb, the individual depletion
of these proteins from the intestine in mice gives
rise to only partly overlapping and often distinctive
effects on intracellular protein expression and
distribution, epithelial homeostasis and immunity
in the intestine. This may indicate that the apical
recycling endosome and/or its molecular components
display extensive functional heterogeneity with
regard to the regulation of nutrient absorption,
epithelial homeostasis and tumor suppression, and
immunity. A caveat however is the non-uniformity
of read-out between the different knock-out mice
as reported in the different studies. For example,
TLR mislocalization has been studied in the mouse
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intestine depleted of Rab11a, but not in the mouse
intestine depleted of Rab8, Rab25 or Myosin Vb (or
at least not reported). A more comprehensive and
uniform read-out of effects is therefore needed in
order to obtain better insight into the roles of the
apical recycling endosomal system and its regulators
in the different processes.
Along the same lines, further studies are required
to determine the organization and function of the
endosomal system, expression and function of
cell polarity-determining proteins and immunityregulating cell surface proteins 1) along the vertical
(crypt-to-villus) axis (e.g., 110, and 111), 2) along
the horizontal (from duodenum to colon) axis of the
intestine 112, and 3) as a function of age 113,114, and to
determine how variations in these contribute to the
regulation of intestinal epithelial homeostasis and
immunity.
An intriguing finding was that apical surface microvilli
appear to give rise to extracellular vesicles that can
interfere with bacteria in the lumen of the gut. It
will be of interest to determine the consequences of
microvillus atrophy - as a result of different causes
- on the regulation of immunity in the intestine.
Further, it will be of interest to determine the
potential contribution of apical microvilli-derived
vesicles to normal intestinal epithelial homeostasis
and tumor suppression.
Perturbed immunity in the intestine and the initiation
and/or progression of colon carcinogenesis have
been proposed to be associated. The observation that
inhibition or depletion of some polarity-determining
proteins give rise to both inflammation and colon
cancer are in support of this. However, in some cases
defects in either immunity or tumor suppression are
observed, underscoring that these events may not
be necessarily linked, and offering tools to further
investigate their interrelationship.
In conclusion, intestinal epithelial cell polarity is at
the heart of epithelial homeostasis and immunity

49

2

Mechanisms of cell polarity-controlled epithelial homeastasis and immunity in the intestine

2

in the intestine. Defects in the mechanisms that
underlie intestinal epithelial cell polarity are
functionally associated with inflammatory bowel
diseases and colon carcinogenesis, of which the
pathogenesis is not fully understood and for which
cures do not exist. The further elucidation of the
mechanisms that underlie intestinal epithelial cell
polarity will contribute to the further elucidation of
the pathogenesis of these diseases and is expected
to provide potential molecular targets that may be
exploited for therapeutic interventions.
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Abstract

3

BACKGROUND: The cytokines TNF (TNFSF2) and
IFNγ are important mediators of inflammatory bowel
diseases and contribute to enhanced intestinal
epithelial permeability by stimulating apoptosis and/
or disrupting tight junctions. Apoptosis and tight
junctions are also important for epithelial tissue
morphogenesis, but the effect of TNF and IFNγ on
the process of intestinal epithelial morphogenesis
is unknown. METHODS/PRINCIPAL FINDINGS: We
have employed a three-dimensional cell culture
system, reproducing in vivo-like multicellular
organization of intestinal epithelial cells, to study the
effect of TNF on intestinal epithelial morphogenesis
and permeability. We show that human intestinal
epithelial cells in three-dimensional culture
assembled into luminal spheres consisting of a single
layer of cells with structural, internal, and planar cell
polarity. Exposure of preformed luminal spheres to
TNF or IFNγ enhanced paracellular permeability, but
via distinctive mechanisms. Thus, while both TNF and
IFNγ, albeit in a distinguishable manner, induced the
displacement of selected tight junction proteins, only
TNF increased paracellular permeability via caspasedriven apoptosis and cell shedding. Infliximab and
adalumimab inhibited these effects of TNF. Moreover,
we demonstrate that TNF via its stimulatory effect
on apoptosis fundamentally alters the process of
intestinal epithelial morphogenesis, which contributes
to the de novo generation of intestinal epithelial
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monolayers with increased permeability. Also IFNγ
contributes to the de novo formation of monolayers
with increased permeability, but in a manner that
does not involve apoptosis.
CONCLUSIONS: Our study provides an optimized 3D
model system for the integrated analysis of (realtime) intestinal epithelial paracellular permeability
and morphogenesis, and reveals apoptosis as
a pivotal mechanism underlying the enhanced
permeability and altered morphogenesis in response
to TNF, but not IFNγ.
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Introduction
The intestinal epithelium is a selectively permeable
single-cell layer, which is subject to continuous
renewal. This includes progenitor proliferation,
directional migration of epithelial cells from
the crypt region and, ultimately, cell death and

3

shedding [1]. This morphogenic process is tightly
controlled in time and space to ensure maintenance
of the characteristic monolayer-type organization
and, consequently, an adequate barrier function.
Inflammatory bowel diseases such as Crohn’s disease
are characterized by mucosal and epithelial injury
and barrier abnormalities, including changes in
epithelial tight junctions, mucosal lesions, epithelial
restoration failure, and changed functionality of the
epithelial cells, which are correlated with immune
deregulation [2]. Little is known about the molecular
events that cause intestinal epithelial remodelling
during inflammatory processes. The excessive
secretion of proinflammatory cytokines plays an
integral role in the pathogenesis of inflammatory
diseases [3,4]. For instance, Crohn’s disease is
associated with hyperactivation of T helper 1 (Th1)
cells with abundant secretion of interferon (IFN)
γ and tumor necrosis factor (TNF). These cytokines
mediate a variety of biological effects that potentiate
the immune response, which can lead to, e.g.,
oedema in the lamina propria and consequent breaks
in the epithelial monolayer [5]. In addition, these
cytokines can directly target intestinal epithelial cells
to elicit signalling pathways that stimulate apoptosis
and/or inhibit the function of tight junctions, both of
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which may result in reduced epithelial integrity [68]. Treatment of patients with active Crohn’s disease
with the TNF inhibitor infliximab has been reported to
reduce gut inflammation and largely restore the gut
barrier, underscoring the important role of TNF in IBD
[8,9].
While regulated apoptosis and cell-cell adhesions are
crucial to maintain the barrier integrity of existing
monolayers, apoptosis and cell-cell adhesion are
also important for proper epithelial morphogenesis,
i.e. the assembly of intestinal epithelial cells into a
stable, single-layered polarized tissue [10]. Epithelial
morphogenesis is crucial to maintain the integrity
of a constitutively developing and differentiating
tissue [11], such as the gut epithelium. Epithelial
morphogenesis requires the establishment of an
apical-basal axis of polarity and the formation of
apical, lateral and basal cell surface domains with the
appropriate adhesive junctions and, in concert with
this, a remodeling of the cytoskeleton and polarized
vesicular transport to secure these domains [12,13].
It furthermore requires a planar orientation of cell
division [14-16]. This ensures that newly formed
epithelial daughter cells stay within the monolayer,
thereby preserving the integrity of the monolayer
during cell division [14-16]. Together, these events
allow cells to generate a stable cell monolayer that
is able to functionally cope with distinct extracellular
environments (i.e. gut lumen versus body tissue and
fluids). Whereas the effects of proinflammatory Th1
cytokines like TNF and IFNγ on existing epithelial
monolayers have been studied in detail, it is not
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known whether exposure of intestinal epithelial cells
to such cytokines interferes with the process of
epithelial morphogenesis and, as such, may perturb
the functional differentiation of a regenerative
intestinal epithelium.
In this study we have investigated the involvement

3

of TNF and IFNγ in epithelial morphogenesis
employing a three-dimensional (3D) intestinal
epithelial cell culture system. 3D epithelial culture
systems allow key events in the life cycle of intestinal
epithelial cells, such as proliferation, differentiation,
apoptosis and migration, to be controlled in concert
by organizing principles that are determined by the
spatial context of the cells. 3D culture systems,
therefore, mimic essential aspects of the in vivo
organisation of epithelial cells of various origins
[17-20]. Epithelial cells cultured in 3D matrix selfassemble into polarized monolayers that separate
central apical lumens from a basal environment
containing extracellular matrix. We have further
characterized and implemented a previously reported
3D intestinal epithelial model system [16,21] for
the quantitative analysis of real-time epithelial
permeability changes, and show that TNF perturbs
and, by stimulating apoptosis, alters the process of
gut epithelial morphogenesis.

Materials and Methods
Cell culture. Human intestinal epithelial T84
cells (ATCC Rockville, MD/ USA) were cultured
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in 5% CO2 at 37oC in Dulbecco’s modified Eagle
medium (DMEM)/Ham’s F-12 (1:1) medium
(Gibco-BRL, Paisley/Scotland), supplemented with
10% heat-inactivated fetal calf serum (GibcoBRL) and antibiotics (500 IU/mL penicillin/100 μl/
ml streptomycin, Gibco-BRL). Human colorectal
carcinoma Caco-2 cells (15) were cultured in DMEM
with 4.5 g/L glucose and supplemented with 10%
heat-inactivated fetal calf serum (Gibco-BRL)
and antibiotics (500 IU/mL penicillin/100 μl/ml
streptomycin, Gibco-BRL). Cells were seeded at 500
cells/μl in 35% (v/v) MatrigelTM (BD Biosciences,
MA/USA) and cell culture medium, according the
manufacturer’s instructions and essentially as
described elsewhere [15]. Cells were cultured for 7
days and medium was refreshed every 2-3 days. For
immunofluorescence investigation cells were cultured
in Lab-Tec Chamber Slides (Nunc, Rochester, NY/
USA), and for live-cell barrier integrity assessment
in MatTec glass-bottom dishes (MatTec, Ashland, MA/
USA), and for electron microscopy experiments in
24-well plates (Nunc, Rochester, NY/USA).

Immunofluorescence microscopy. 3D cell cultures
were fixed with 4% paraformaldehyde at 37°C for
1 h, permeabilized with 0.1% Triton-X100 (SigmaAldrich, Selze/Germany) at room temperature for
45 minutes and washed with Hank’s balanced salt
solution (HBSS). Following blocking in 3% BSA in
HBSS at 37°C, spheres were immunolabeled with
mouse anti-CD10 (1:200, gift from dr. Karrenbeld,
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UMCG/Netherlands), mouse anti-gp135 (1:150,
gift from dr. Mostov, UCSF/ USA), mouse antiβ-catenin (1:250 BD Transduction Laboratories,
CA/USA) rabbit anti-ZO-1 (1:100; Invitrogen,
Carlsbad/USA), mouse anti-occludin (Zymed/
Invitrogen, USA), rabbit anti-NHE8( 1:100, gift
from dr. Kanazawa, Osaka University/Japan), rabbit
anti-giantin (1:500, Covance/USA), mouse antiβ1-integrin (1:100, hybridoma bank), rabbit antilaminin1/2 (1:100, Abcam, Cambridge/UK), rabbit
anti-claudin-1 (Invitrogen, USA), and/or mouse antiacetylated α-tubulin (Abcam). All primary antibody
incubations were performed at 37°C for 1.5 h.
Samples were washed with HBSS and labeled with
secondary Alexa-Fluor488 conjugated goat antirabbit or Alexa-Fluor488 goat anti-mouse antibody
(1:1500; Molecular Probes, Leiden/The Netherlands).
Filamentous actin was labeled with TRITC-phalloidin
(1:1500 Sigma-Aldrich). In double labelings, AlexaFluor546 conjugated goat anti-rabbit or goat antimouse was used as secondary antibody. Labeled
cells were mounted with DAPI-containing VectaShield
Mounting Medium (Vector Laboratories, CA/USA).
For evaluating the distribution profile of cellcell adhesion proteins along the lateral plasma
membrane, fluorescence intensity data from the
green and red channels along the lateral plasma
membranes of cells in a confocal section taken from
the middle of a sphere were collected with ImageJ
software, exported to MSExcell and plotted. Each
analysis included at least 5 spheres with at least 7
lateral plasma membrane domains per sphere.
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Apoptotic index was determined with ApopTag Red in
situ Apoptosis detection kit (Chemicon International,
CA/USA) according to the manufacturer’s
instructions. Samples were analyzed with an
Olympus Provis AX70 fluorescence microscope or
witha Leica TCS SP2 AOBS confocal microscope.
Stack deconvolution and 3D reconstruction
were done using Huygens (SVI, Hilversum/The
Netherlands) IMARIS software (Bitplane).

Electron microscopy. 3D cell cultures were rinsed
with 0.1 M cacodylate buffer (pH 7.4), fixed with
2% glutaraldehyde in 0.1 M cacodylate buffer (room
temperature; 2 h), and washed in 0.1 M cacodylate
buffer. Cells were incubated in 1% OsO4 / 0.5%
K4Fe(CN)6 in 0.1 M cacodylate buffer on ice for 2 h.
Samples were washed with water and dehydrated
in series of ethanol After dehydration, samples were
incubated in 1:1 mixture of 100% ethanol:EPON
for 1 h at room temperature, then in 2:1 mixture of
100% ethanol:EPON for 1 h in room temperature,
and in 100% EPON at room temperature for 2
h. Samples were incubated in vacuum at room
temperature for 1 h, after repeated refreshing of
100% EPON for 2 h vacuum at 45°C and finally
over night at 60°C. Sections were made using LKB
Ultramicrotome. Images were taken on a Phillips
CM100 transmission electron microscope.
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Determination of epithelial barrier integrity. Cells
were cultured in Matrigel for 5 days, after which 10
ng/ml TNF or 100 IU/ml IFNγ (Peprotec, London,
UK), culture medium (control) and/or the pancaspase
inhibitor Q-VD-OPH (50 µM, Calbiochem, CA/USA),
infliximab or adalumimab (1 μg/ml; gift from dr. G.
Dijkstra, University Medical Center Groningen, The
Netherlands) was added for another 48 h. Spheres
were then exposed to FITC-dextran of 4 kDa (FD4,
Sigma-Aldrich) for 1 h at 37°C. As a positive control,
spheres were treated with EGTA (2 mM, SigmaAldrich) to disrupt tight junctions. Concentrations
and incubation times were similar as those used
by other groups in previously publications. Live
cell imaging was performed on a Leica Solamere
confocal microscope in a humidified incubator at
37oC. Images were taken every 5 min. Changes
in barrier integrity were determined from live-cell
imaging pictures. Fluorescence intensity in luminal
side (FL) and basal medium are expressed as ratio
FL/FB where the maximal permeability (100%) was
determined following EGTA treatment.

Epithelial morphogenesis studies. T84 cells were
cultured in medium (control), supplemented or
not with 10 ng/ml TNF, 100 IU/ml IFNγ and/or the
pancaspase inhibitor Q-VD-OPH (50 μM, Calbiochem,
CA/USA) for up to 72 h. Spheres were examined as
described above every 24 h after seeding.
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Sodium dodecyl sulfate polyacrylamide gel
electrophoresis and Western blotting. Cells were
lysed in lysis buffer (PBS containing 1% NP-40
and protease inhibitors: 1 μg/ml aprotinin, 100
μM benzamidine, 0.5 μg/ml leupeptin, and 1 μg/
ml pepstatin A). After incubation on ice for 15
min, cells were homogenized in a syringe with a
27-gauge needle (20 strokes) and centrifuged for
10 min at 13,200 × g at 4°C. The supernatant
fraction was collected and the protein concentration
was determined with a bicinchoninic acid (BCA)
protein assay. 60 micrograms of protein per lane was
separated in a SDS-polyacrylamide (12.5% (w/v)
gel. Proteins were transferred (semi-dry) onto PVDF
membranes. For the detection of rabbit polyclonal
claudin-1 (Invitrogen) or mouse monoclonal
β-tubulin (Millipore) antibody reactivity, an ODYSSEY
infrared imaging system (LI-COR Biosciences,
Westburg BV, the Netherlands) was used according to
the manufacturer’s instruction.

Results

Intestinal epithelial cells in 3D culture form
polarized monolayers.
Human T84 cells, widely used to study various
aspects of intestinal epithelial cell biology, were
cultured in MatrigelTM. The cells readily (i.e. starting
within 1 day) formed hollow spheres of uniform size
(30-45 μm diameter) consisting of a single layer
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Figure 1. T84 cells in 3D culture develop a polarized monolayer that
separates an apical and basal extracellular environment. A) Low
magnification phase contrast image of 7 days-old T84 in 3D culture. B)
CD10 and gp135 (podocalyxin) are exclusively expressed at the actin
filament-rich luminal cell surface of the spheres. C) Transmission electron
microscopical cross section of a hollow sphere. Note microvilli (Mv) facing
the lumen (Lu). Electron dense tight junctions and an apically orientated
Golgi apparatus are indicated by the open and closed arrow, respectively.
D) β-catenin and ZO-1 localize along the lateral surface and at the apicalmost apex of the lateral surface, respectively. E) The β-1 integrin receptor
localizes to the basolateral domain of the luminal sphere formed by T84
cells. Corresponding DIC image is depicted in the lower panel. F) Golgiassociated NHE8 is orientated towards the apical surface. ZO-1 is labeled
in green. In B,D-F, cell nuclei are stained with DAPI (blue). Bars: 40 µm (A),
10 µm (B, D-F).
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of 25-40 cells (visualized by DAPI-stained nuclei)
surrounding a central lumen (Figure 1A,1B). Proteins
that are typically expressed at the intestinal brush
border, the metalloendopeptidase CD10, podocalyxin
(gp135), and filamentous actin, predominantly
localized to the cell surfaces lining the lumens of the
spheres (Figure 1B), indicating that the sphere lumen
was representative of the gut lumen. The adherens
junction-associated protein β-catenin predominantly
localized to sites of cell-cell contact (Figure 1D).
The tight junction-associated protein ZO-1 was
organized in a belt around the cells’ apex (Figure
1D). A 3D graphical reconstruction of deconvoluted
confocal image stacks taken from a sphere is shown
in supplementary movie 1, and demonstrate the
typical organization of tight junctions and adherens
junctions along the lateral cell surface. Transmission
electron microscopy confirmed that the cells
developed microvilli-rich brush border domains facing
the lumen, and electron-dense tight junctions could
be readily distinguished between cells (Figure 1C).
β1 integrin localized to the basal and lower lateral
domains of the cells (Figure 1E), just as it does in
vivo. Finally, the Golgi apparatus was positioned in
the supranuclear region of the cells facing the apical
brush border domain, evidenced by transmission
electron microscopy (Figure 1C), and fluorescence
microscopy (Figure 1F). These data demonstrate that
T84 cells assembled into a monolayer with structural,
internal, and planar cell polarity, as displayed by
enterocytes in the intestine. Also Caco-2 cells,
another human intestinal epithelial model cell line
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formed polarized luminal spheres (supplementary
Figure S1, B,C), although these cells displayed
considerable heterogeneity with regard to sphere
morphology (supplementary Figure S1,A).
TNF and IFNγ increase the permeability of
intestinal epithelial monolayers in 3D culture.

3

We next investigated the effects of TNF and IFNγ
on the integrity and permeability of pre-formed
3D intestinal epithelial monolayers. T84 or Caco-2
cells were cultured for 5 days after which cells had
assembled into uniform hollow spheres. Spheres
were then treated with or without TNF (10 ng/ml)
or IFNγ (100 IU/ml) for 48 h and exposed to FITClabeled dextran of 4 kDa (FD4). FD4 was efficiently
excluded from the apical lumen of control, single
lumen-containing spheres indicating that the cells
in single lumen-containing spheres had formed tight
monolayers (Figure 2A and supplementary Figure
S1,C). In contrast, FD4 fluorescence was readily
observed in the apical lumen of 47 ± 3% (p<0.01) of
TNF-treated T84 spheres and of 21 ± 2% (p<0.05)
of IFNγ-treated T84 spheres (Figure 2A). Similarly,
FD4 fluorescence was readily observed in the apical
lumen of 54 ± 2% (p<0.05) of TNF-treated and
18 ± 4% (p=0.07) of IFNγ-treated single lumencontaining Caco-2 spheres (Figure 2A). As a positive
control, control spheres were treated with the Ca2+chelator EGTA (2 mM), which disrupts tight junctions.
Indeed, FD4 rapidly equilibrates from the basolateral
side to the apical lumen of all EGTA-treated control
spheres (Figure 2A and supplementary Figure S1,C).
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Figure 2. Effect of TNF and IFNγ on paracellular permeability in 3D T84
and Caco-2 luminal spheres. A) Five days-old spheres of T84 cells were
treated or not treated with TNF for 48 h and exposed to FD4 at 37°C for 1 h
and fixed. Occasionally, EGTA was included during FD4 treatment. Note the
appearance of FD4 in the apical lumens of TNF-, IFNγ- and EGTA-exposed,
but not untreated spheres (left column). Corresponding DIC images are
depicted in the right column. The graph depicts the percentage of total
hollow T84 spheres containing FD4 in their lumen. Asterisks indicate
statistical significance in changes in percentages of leaky spheres T84 and
Caco-2 relative to their respective controls in a Student’s t-test (p<0.05).
B-D) Five days-old spheres of T84 cells were treated or not treated with
TNF or IFNγ for 48 h and exposed to FD4 at 37°C for 1 h on a live cells
imaging microscope. After 1 h EGTA was added (positive control, i.e. 100%
leaky spheres). At each time point, the ratio of FD4 fluorescence in the
luminal contents (FL) over the FD4 fluorescence in the basolateral medium
(FB), as an indication of paracellular permeability, was determined.
Paracellular permeability was set to zero at the start of the measurement
in non-treated control cells and set to 100% following EGTA exposure.
Three control and TNF- or IFNγ-treated T84 spheres are depicted (panel B,
C and D respectively). The red line indicates the average.
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Figure 3. Effect of TNF and IFNγ on subcellular distribution of tight junction proteins.
A-C) Five days-old spheres were treated or not with TNF and immunolabeled with
antibodies against laminin1/2 (A, left column), occludin (B, left column), ZO-1 (B, middle
column), or claudin-1 (C, left column). In panel A (middle column) cells were stained
with TRITC-phalloidin to visualize the actin filament-rich apical surface. Corresponding
DIC images are depicted in the right columns of panels A, B, and C. Boxed areas in
panels B (left and middle column) and C (left column) correspond to the enlarged
images in panel D. Bars 10 µm. Graphs in panels A-C show the distribution profiles of
tight junction proteins (green and red channels) from the apex to the basal side of the
lateral plasma membranes. Arrows point to the absence of a peak expression at the TJ
area when compared to control cells. D) Enlarged images corresponding to the boxed
areas indicated in panels B and C. The arrow points to cytoplasmic ZO-1 or claudin-1
staining in EGTA-treated spheres. Bar 5µm. E. Western blot showing the expression
level of claudin-1 in control cells and cells treated with TNF or IFNγ. Tubulin was used
as an internal control for loaded cell proteins.
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Overall sphere morphology was maintained after
cytokine treatment (Figures 2A and Figure 3), and
immunolabeling of the basal extracellular matrix
protein laminin1/2 revealed that it maintained its
exclusive localization at the basal surface of all
spheres (Figure 3A). The organisation of filamentous
actin at the apical poles in the cells of the spheres
after TNF or IFNγ treatment was unaltered
(Figure 3A). TNF and IFNγ did not visibly alter the
distribution of the tight junction-associated protein
ZO-1. By contrast, TNF and IFNγ did alter the
distribution of other tight junction proteins, albeit
in a distinct manner. Thus, whereas occludin and
claudin-1 intensities in untreated spheres peaked
at the cell apices and was additionally distributed
along the lateral surfaces, in TNF-treated but not in
IFNγ-treated spheres, occludin and claudin-1 failed
to peak at the cell apices (Figure 3B, C). Both TNF
and IFNγ induced the appearance of claudin-1, but
not occludin or ZO-1, in intracellular puncta (Figure
3D). No changes in the total expression of claudin-1
was observed between TNF or IFNγ-treated cells and
control cells (Figure 3E).
Paracellular permeability to FD4 was also investigated
in T84 spheres using live cell fluorescence
microscopy. Control, TNF- or IFNγ-treated spheres
were exposed to FD4 in the basolateral medium for
90 min. At different time points the fluorescence
intensity from FD4 in the basal and apical/luminal
space was measured and expressed as the ratio
of fluorescence in the luminal compartment (FL)
over that in the basal compartment (FB). As shown
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Figure 4. TNF but not IFNγ increases the mitotic index in 3D T84 cell
cultures. Five days-old spheres were treated (A, C) or not treated (A,
B) with TNF or IFNγ for 48 h, fixed and immunolabeled with antibodies
against α-tubulin (B, C; middle-right column) to visualize the mitotic
spindle and stained with the DNA-binding dye DAPI to visualize prophase
and metaphase cells (B, C; right column). Cells were also stained with
TRITC-phalloidin to visualize the apical surface (middle-left column).
Corresponding phase-contrast (PC) images are depicted in the left column
(B, C). The percentage of spheres containing mitotic cells is depicted in
A, where the asterisk indicates statistical significance in a Student’s t-test
(p<0.05). Arrows indicate mitotic spindles. Bars 10 µm.

in figure 2B, all non-treated spheres that were
measured excluded FD4 from the apical lumen,
evidenced by a very low FL/FB ratio, and displayed
an increase in permeability following EGTA addition.
Interestingly, TNF- and IFNγ-treated spheres (3
tracings of individual spheres are depicted) all
showed increased paracellular permeability, but
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with variable rate and to a variable extent (Figure
2C,D). Paracellular leakage of FD4 in TNF-treated
cells occurred at a higher rate when compared to
IFNγ-treated cells (Figure 2C,D). Thus, the average
time to reach half maximum leakage in response to
TNF or IFNγ was 32 or 56 min, respectively. (Figure
2C, D, blue lines), which seems consistent with the
higher percentage of leaky spheres in response to
TNF (Figure 2A). These data demonstrate that both
TNF and IFNγ increase the paracellular permeability
of intestinal epithelial monolayers in 3D cultures
to small molecular weight molecules, albeit with
distinguishable kinetics and with distinguishable
effects on the subcellular distribution of tight junction
proteins.

TNF, but not IFNγ, increases the mitotic
index and stimulates apoptosis of intestinal
monolayers in 3D culture.
The number of spheres containing mitotic cells
increased from 5% to 18% following treatment with
TNF, as determined by the presence of mitotic DNA
figures and tubulin-marked mitotic spindles (Figure
4A). In contrast to TNF-treated cells, no increase in
the mitotic index was observed in IFNγ-treated cells
(Figure 4A). The remaining 82% of the TNF-treated
spheres did not reveal any mitotic cells. In mitotic
cells, we found that the orientation of the mitotic
spindle in TNF-treated cells was predominantly
orientated within the plane of the monolayer, i.e.
parallel to the apical surface and lumen (Figure 4C,
arrows).
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Figure 5. TNF, but not IFNγ, stimulates apoptosis. A) 7 days-old T84
spheres shown by phase contrast microscopy (left column) were stained
with DAPI to visualize the DNA (right column). Note the appearance of
bright micronuclei in the monolayer and lumen of TNF-, but not IFNγtreated spheres (arrows). B) Control, TNF- and IFNγ-treated spheres
were immunolabeled with ApopTag and stained with the DNA binding
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dye DAPI. Note that the bright DAPI-stained micronuclei are positive for
ApopTag (purple colour in ‘merge’). C) The apoptotic index, expressed as
the percentage of all luminal spheres that contain ApopTag-positive cells
in the presence/absence of the apoptosis inhibitor QVD is depicted in the
graph. D) Five days-old spheres were treated or not treated with TNF and/
or the caspase inhibitor QVD for 48 h and exposed to FD4 at 37°C for 1
h and fixed. E) Quantification of data as displayed in panel D. Note that
the luminal appearance of FD4 in TNF-, but not IFNγ-treated spheres is
counteracted by the co-incubation with QVD. Asterisks indicate statistical
significance in a Student’s t-test (p<0.05). Bars indicate 10 µm.

This was comparable to the orientation of the mitotic
spindle in non-treated spheres (Figure 4B) and in
agreement with reports from 2D cell cultures [16]
and intestinal biopsies [15]. Accordingly, cell
multilayering, which could have been a result of
disorientated cell division [16], was not observed.
TNF, but not IFNγ, stimulated the accumulation
of DAPI-positive material in the apical lumen
of T84 spheres that resembled condensed and/
or fragmented nuclei (Figure 5A), indicative of
apoptosis. To verify that these represented apoptotic
cells, we stained apoptotic cells in situ by labeling
and detecting DNA strand breaks by the TUNEL
method. Apoptotic cells positively correlated with
condensed DAPI-stained nuclei in spheres that were
treated with TNF (Figure 5B). Notably, apoptotic cells
resided in the apical lumen as well as in the
monolayer of TNF-treated cells (Figure 5B, arrow).
Less than 20% of non-treated control or IFNγ-treated
spheres contained apoptotic cells, whereas ~75% of
TNF-treated spheres contained apoptotic cells (Figure
5B).
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TNF-stimulated permeability is secondary to
TNF-stimulated apoptosis.

3

To determine whether TNF-stimulated apoptosis
is involved in the TNF-stimulated permeability
of the luminal spheres, 5 day-old (post-seeding)
spheres were treated with or without TNF and/or
the caspase-inhibitor Q-VD-OPH (QVD). Treatment
with QVD prevented apoptosis in TNF-treated
cells, resulting in spheres with virtually no luminal
cellular debris (Figure 5D). We next examined the
permeability of the luminal spheres by including
FD4 in the medium. Whereas TNF-treated spheres
showed a pronounced accumulation of FD4 in their
apical lumens (Figure 2A), co-treatment with QVD
reduced the number of spheres that had leaked FD4
into their apical lumens (Figure 5D,E). These data
indicate that TNF-stimulated apoptosis, at least in
part, mediated the TNF-stimulated permeability of
the intestinal luminal sphere. QVD did not prevent
the enhanced paracellular leakage of FD4 in IFNγtreated cells (Figure 5E), consistent with the
observation that IFNγ did not stimulate apoptosis
(Figure 5A,C).
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Figure 6. TNF-stimulated apoptosis a nd p ermeability i s effectively
prevented by infliximab a nd adalumimab. A ) T he apoptotic index,
expressed as the percentage of all luminal spheres that contain
apoptotic cells in the presence/absence of the TNF inhibitors infliximab
or adalumimab is depicted in the graph. B,C) Five days-old spheres were
treated or not treated with TNF and/or the TNF inhibitors infliximab or
adalumimab for 48 h and exposed to FD4 at 37°C for 1 h and fixed. The
percentage of luminal spheres containing apoptotic material is shown in B.
Representative images are shown in C. Note that the luminal appearance
of FD4 in TNF-treated spheres is counteracted by the co-incubation with
either infliximab or adalumimab. Asterisks indicate statistical significance
in a Student’s t-test (p<0.05). Bars indicate 10 µm.

TNF-stimulated apoptosis and permeability
is effectively prevented by infliximab and
adalumimab
Infliximab and adalumimab are two TNF inhibitors
that are used in the clinic for the treatment of
inflammatory Crohn’s disease. We next determined
whether infliximab and adalumimab were able to
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Figure 7. TNF interferes with 3D intestinal epithelial cell
morphogenesis (T84). A) Cells were plated in Matrigel in the
presence or in the absence of TNF and/or the caspase inhibitor
QVD. The number of hollow spheres (expressed as percentage of
all spheres) is depicted as function of time following cell plating.
B) Cells were cultured for 48 h in Matrigel in the presence or
absence of TNF, fixed and immunolabeled with antibodies against
the Golgi-associated protein giantin (green) and stained with the
actin filament-binding dye TRITC-phalloidin (red). Corresponding
DIC images are depicted in the left column. Asterisks indicate
position of the nucleus of two or three cells in the spheres. C) Cells
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were plated in Matrigel in the presence or in the absence of TNF
and/or the caspase inhibitor QVD. The number of hollow spheres
containing apoptotic c ells (expressed a s percentage o f a ll hollow
spheres) is depicted as function of time following ce ll plating. D)
Cells were cultured for 24 h in Matrigel in the presence or absence
of TNF, fixed and immunolabeled with antibodies against the Golgiassociated protein giantin (green), laminin1/2 (blue), and/or ZO-1
(green) and in some cases stained with the actin filament-binding
dye TRITC-phalloidin (red). Corresponding DIC images are depicted
in the left column. # indicate apoptotic cells in the sphere. E) Cells
were plated in Matrigel in the presence or in the absence of TNF
for 24, 48, or 72 h and exposed to FD4 at 37°C for 1 h and fixed.
The percentage of total hollow spheres that contained FD4 in their
lumen is depicted. Bars indicate 10µm.
prevent TNF-stimulated apoptosis and monolayer
permeability. For this, 5 day-old (post-seeding)
spheres were treated with or without TNF and/
or infliximab or adalumimab (1μg/ml). Treatment
with either infliximab or adalumimab prevented
apoptosis in TNF-treated cells, similar to cells that
were cotreated with QVD (Figure 5) and resulting
in spheres with virtually no luminal cellular debris
(Figure 6A). We then examined the permeability of
the luminal spheres by including FD4 in the medium.
Whereas TNF-treated spheres showed a pronounced
accumulation of FD4 in their apical lumens (Figure
6B,C), co-treatment with either infliximab or
adalumimab prevented the accumulation of FD4 into
the apical lumens (Figure 6B, C). Treatment with
either infliximab or adalumimab in the absence of
TNF was without effect (Figure 6). Together these
data indicate that the presence of the TNF inhibitors
infliximab or adalumimab effectively prevent TNF
from stimulating apoptosis and enhancing monolayer
permeability.
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TNF perturbs intestinal epithelial
morphogenesis.

3

We then investigated the effect of TNF and IFNγ
exposure on intestinal epithelial morphogenesis and
the ability of intestinal epithelial cells to form tight
monolayers in 3D culture. Cells, suspended in
Matrigel, were cultured in control medium or medium
supplemented with TNF or IFNγ. In control cells
cultured for 24 h, lumens were detected in 46% of
the spheres (Figure 7A). Comparable numbers were
obtained with IFNγ-treated cells (supplementary
Figure S2,A). In contrast, in TNF-treated cells,
mainly solid clumps of cells with small F-actin-rich
protrusions on the basal delineating membrane were
observed at this time point, and only 10%
of these contained a lumen (Figure 7A). Following
another 24 h, the number of control (Figure 7A), and
IFNγ-treated (supplementary Figure S2,A), spheres
with a lumen increased to 60-70%. In TNF-treated
cells only 22% of the spheres did reveal lumens
(Figure 7A). After 72 h in culture, 70-80% of the
control (Figure 7A), and IFNγ-treated spheres
(supplementary Figure S2,A), had formed one or
multiple lumens. In the presence of TNF, only 53% of
the spheres had formed one or more lumens
(Figure 7A). The orientation of the Golgi complex is a
measure of internal cell polarity. In TNF-treated
spheres lacking a lumen the Golgi complex was
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randomly positioned or was facing the F-actin-rich
basal delineating surface (Figure 7B), which is typical
for the absence of an apical-basal axis of polarity in
these cells [18], and which is in striking contrast to
the predominant orientation of the Golgi complex
towards the F-actin-rich luminal surface of the
epithelial cells in control spheres (Figure 7B).
The vast majority (98%) of lumens in 48 h-old
cultures and 72 h-old T84 cultures incubated with
TNF coincided with the presence of apoptotic cells. In
sharp contrast, lumens in control and IFNγ-treated
spheres in general did not contain apoptotic cells
(<20% of all spheres, Figure 7C and supplementary
Figure S2,B). In virtually all (98%) TNF-exposed
spheres cultured for 72 h the lumens were filled with
apoptotic material (Figure 7C, illustrated in 7D, upper
row). Cells surrounding an apoptotic cell in TNFtreated clusters accumulated filamentous actin and
repositioned their Golgi complex (Figure 7D, middle
row) and the tight junction-associated protein ZO-1
(Figure 7D, bottom row) towards the apoptotic cell,
even before a noticeable lumen could be observed.
However, in contrast to non-treated spheres, all
lumens in TNF-treated spheres contained FD4 when
FD4 was added to the culture medium (Figure
7E), suggesting the absence of a tight junctionbased paracellular barrier for small molecules.
Basal laminin remained restricted to the basal
surface of TNF-treated spheres (Figure 7D, bottom
row). Importantly, in the presence of the caspase
inhibitor QVD, virtually no lumens were formed in
the presence of TNF, whereas the caspase inhibitor
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alone did not inhibit lumen formation (Figures 7A
and 7C). These data demonstrate that exposure
to TNF inhibited the efficient development of tight
epithelial monolayers and lumens. As a function of
time, TNF induced the formation of leaky monolayers
and lumens via a mechanism that involved apoptosis,
while lumen formation in the control situation
typically does not involve apoptosis.

3

Discussion
Here we have employed a 3D cell culture system
for the study of intestinal epithelial integrity,
permeability, and morphogenesis in response to the
proinflammatory cytokines TNF and IFNγ. In this
system, T84 and Caco-2 cells, as a function of time,
formed monolayered spheres that separated a central
apical lumen from the basal environment, consistent
with previous reports [16,18,21]. Cells in such
hollow spheres coordinately segregated structurally,
compositionally, and functionally distinct cell surface
domains resembling the in vivo architecture of
enterocytes. These included i) an apical surface rich
in microvilli, cortical F-actin and typical brush border
proteins, ii) a basal surface that expressed integrin
receptors and recruited the basement membrane
protein laminin, and iii) a lateral surface with typical
epithelial cell-cell adhesion junctions and associated
proteins such as β-catenin and ZO-1. Furthermore,
live cell imaging revealed that the intestinal epithelial
cells in 3D culture formed a tight monolayer,
impermeable to low molecular weight molecules.
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Exposure of pre-assembled monolayered (i.e.
luminal) T84 or Caco-2 spheres to typical Th1
cytokines TNF or IFNγ induced paracellular
permeability. While the enhancement of permeability
as such is consistent with previous results obtained
with 2D cell culture systems, our data demonstrate
clear differences between the two cytokines with
regard to the kinetics of paracellular leakage as
measure in real-time and the mechanisms involved.
Thus, in TNF-, but not IFNγ- exposed T84 spheres,
the tight junction protein occludin was displaced from
the apical-most aspect of the lateral surface, where
ZO-1 maintained its residence. A redistribution of
claudin-1 but not of occludin or ZO-1 to intracellular
punctae was observed both in TNF- and IFNγ-treated
cells. Previous studies with 2D culture systems have
demonstrated a more dramatic redistribution and
internalization of tight junction proteins in response
to TNF and IFNγ [24, 25]. It is conceivable that the
interaction of the cells with the basal extracellular
matrix in the 3D culture influences the dynamics of
tight junction proteins (see also below).
TNF, but not IFNγ, only moderately stimulated
the mitotic index and did not interfere with the
orientation of cell division, which is carefully
regulated and an important factor in maintaining
proper intestinal epithelium architecture [15,16].
Indeed, TNF did not visibly affect the overall
architecture of the spheres. By contrast, however,
TNF, but not IFNγ, significantly stimulated the
accumulation of apoptotic cell debris in the apical
lumens of these pre-formed epithelial spheres,

91

3

Differential effects of TNF (TNFSF2) and IFN-y on intestinal epithelial cell
morphogenesis and barrier function in three-dimensional culture

3

which is most likely the result of apoptotic cell
extrusion into the lumen. Inhibition of apoptosis with
a caspase inhibitor inhibited TNF-stimulated, but
not IFNγ-stimulated paracellular permeability. The
role of apoptosis in enhanced intestinal paracellular
permeability is debated in the literature [22,23,25].
The effect of TNF on tight junction function, i.e.
the redistribution of tight junction proteins and/
or changing the membrane/lipid properties of tight
junctions, is a widely accepted mechanism via which
TNF contributes to enhanced monolayer permeability
(reviewed in [24]). Although we do not exclude an
involvement of tight junction perturbation, possibly
including the redistribution of occludin, claudin-1,
and/or other tight junction proteins, in TNF- or IFNγstimulated paracellular permeability, our data clearly
show that paracellular permeability of 3D cultured
monolayers induced by TNF, but not by IFNγ, is
primarily mediated by TNF-stimulated apoptosis.
The effects of TNF on apoptosis and permeability
were effectively inhibited when the cells were
cotreated with infliximab or adalumimab, which
are mouse-human chimeric and fully human TNFneutralizing monoclonal antibodies, respectively,
that are used in the clinic for the treatment of
inflammatory Crohn’s disease.
The responsiveness of T84 cells to TNF and IFNγ
as reported in this study contrast results obtained
by Bruewer and colleagues [25]. It is conceivable
that this is the result of the different treatment
conditions used (i.e., 5h TNF treatment [25] vs. 72
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h TNF treatment (this study)), read-outs (i.e., TER
measurement and quantitative FD3 flux [25] vs.
imaging-based quantitative FD4 flux (this study))
and, importantly, the cell culture model system used
(i.e., 2D [25] vs. 3D cultures (this study)). Indeed,
with respect to the latter, it is not unprecedented
that cells in 2D or 3D culture respond differently to
stimuli. Hepatic epithelial cells, for instance, display
exacerbated NFkB signalling and cell survival when
cultured in a monolayer, whereas their culture in a
3D matrix sensitizes them to apoptotic signalling
[26]. Also Madin-Darby canine kidney cells in 2D or
3D culture respond differently to transformation by
v-Src [27]. Collectively, these results thus emphasize
the importance of the 3D cell culture model system.
3D cell culture systems particularly provide an
opportune model system and are increasingly
used for the study of epithelial morphogenesis.
Characteristic for (single-layered) epithelial
morphogenesis is the development of internal and
cell surface polarity and the assembly of individual
cells into a monolayer that physically separates an
apical and basal extracellular environment. Two main
mechanisms for epithelial monolayer development
have emerged [13,19], in which the extracellular
matrix plays an important role. Studies in renal
tubular [19,28,29] and intestinal [16] epithelial cells
suggest that extracellular matrix-RhoGTPase-elicited
signalling pathways cause individual cells to establish
an axis of polarity and organize themselves such
that the secretion of fluid-filled and apical proteincarrying transport vesicles occurs in a coordinated
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and polarized fashion. This produces an apical
surface-lined intercellular cavity that is typically
positioned opposite to the extracellular matrix-facing
basal surface. Subsequent cell divisions that are
strictly orientated perpendicular to the newly formed
apical surface help expand the monolayer and
apical lumen. By contrast, other epithelia, including
mammary [30] and salivary gland epithelia [31],
develop single-layered lumens via an alternative
mechanism. Here, extracellular matrix surrounding
a cluster of cells promotes the selective survival
of those cells that are in direct contact with the
matrix. Cells in the centre of the clump die through
apoptosis, creating an apical lumen surrounded by
a single layer of matrix-facing epithelial cells. Such
monolayers typically display enhanced paracellular
permeability [32]. Of interest, when renal tubular
epithelial cells fail to respond to the polarization
cue from the extracellular matrix, these can form
monolayers via the latter alternative mechanism by
virtue of the natural occurrence of apoptosis [33].
Apoptosis thus can provide for a backup mechanism
for epithelial monolayer development during
epithelial morphogenesis when the acquisition of
apical-basal polarity is disrupted or delayed [34].
We show that under control conditions, intestinal
epithelial T84 and Caco-2 cells developed polarity
and self-organized into tight luminal spheres
separating apical and basal environments. Whereas
Caco-2 cells developed heterogeneous luminal
spheres, which prohibited an accurate examination
of morphogenesis, T84 cells developed uniform
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Figure 8. Cartoon illustrating the working model of apical lumen and
monolayer formation in control and TNF-treated cells. Non-treated
cells develop single apical lumens and expanding monolayers with no
correlation to apoptosis. In contrast, TNF-treated cells at first form solid
cysts, followed by apoptosis of single cells within the cyst and polarization
of the surrounding cells.

luminal spheres with no correlation to the presence
of apoptotic material. Together with the observed
orientation of T84 cell divisions, our data are
consistent with the mode of epithelial morphogenesis
reported for intestinal epithelial cells [16]. IFNγ
did not inhibit luminal sphere formation but an
increasing number of formed spheres displayed
paracellular leakage as a function of time. In contrast
to control and IFNγ-exposed cells, exposure of T84
cells to TNF inhibited the initial development of
an apical-basal polarity axis. Nevertheless luminal
spheres were formed, however with a severe delay
and to a reduced extent when compared to controls.
The vast majority of these luminal spheres displayed
high paracellular permeability without visible
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changes in the typical basal localization of laminin.
In strong contrast to control and IFNγ-treated
cells, the majority of lumens in the monolayerlined spheres that were formed in the presence
of TNF, from the earliest time points observed,
correlated with the presence of apoptotic cells.
Furthermore, co-treatment of the cells with an
inhibitor of caspase activity, was shown to prevent
TNF-induced apoptosis, precluded luminal sphere
formation. These data suggest that TNF inhibited
polarization and lumen formation by T84 cells in
response to extracellular matrix stimuli. Which of
the emerging molecular players involved in lumen
formation [34,35] is targeted by TNF remains to
be investigated. TNF, by stimulating apoptosis,
however, allowed polarization of cells that surround
the dying cell and the formation of monolayers and
lumens, albeit leaky, via this alternative mechanism.
An illustrating cartoon is depicted in figure 8. It is
important to note that, in contrast to mammary and
saliva epithelium in which apoptosis appears to be
a process that is tightly regulated by the interaction
of the cells with the surrounding matrix, TNFstimulated apoptosis in intestinal epithelial cells was
not restricted to centrally located cells. The random
occurrence of apoptosis in TNF-treated spheres can
explain the delay and/or limited extent by which
luminal spheres were formed.
Our data demonstrate that the proinflammatory
cytokine TNF inhibits normal intestinal epithelial
morphogenesis, which would lead to the formation
of tight epithelial monolayers and instead, by
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stimulating apoptosis, promotes an alternate
mode of gut epithelial morphogenesis, resulting
in the formation of ´leaky´ monolayers. Once
tight intestinal epithelial monolayers are formed,
exposure to TNF or IFNγ does not perturb their
overall monolayer organization, but increases
paracellular permeability with apoptosis as an
important mediator for TNF, but not for IFNγ.
On a cautionary note, whereas the stimulatory
effects of TNF on apoptosis and permeability were
demonstrated in both T84 and the single lumencontaining Caco-2 cells, the heterogeneity of Caco-2
sphere development allowed demonstration of TNF
effects on epithelial morphogenesis in T84 cells only.
Further optimalization of the 3D culture for Caco2 or other epithelial cells are awaited to further
substantiate the effects of TNF on intestinal epithelial
morphogenesis as reported in this study. Similar
results were obtained when growth factor-reduced
Matrigel (BD Bioscience #356230) was used instead
of normal Matrigel (our unpublished data), indicating
that the effects of TNF are not modulated by
matrigel-derived growth factors. We postulate that
TNF contributes to a reduced mucosal and epithelial
integrity as observed in inflammatory bowel diseases
by perturbing and altering the mode of intestinal
epithelial morphogenesis and, in this way, the
functional differentiation of regenerative intestinal
mucosa.
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Supporting figures.

3
Figure S1 Caco-2 cells in 3D culture develop a polarized, yet heterogenous
spheres. A) Low magnification phase contrast image of 7 days-old Caco-2
in 3D culture. B) gp135 (podocalyxin) and ZO-1 are exclusively expressed
at the actin filament-rich luminal cell surface of the spheres, whereas
the β-1 integrin receptor localizes to the basolateral domain of the
luminal sphere formed by Caco-2 cells .C) Effect of EGTA on paracellular
permeability in 3D Caco-2 lumenal spheres. Cultures were treated or not
treated with EGTA and exposed to FD4 at 37°C for 1 h and fixed. FD4 is in
the apical lumens EGTA-exposed, but not untreated spheres (left column),
corresponding DIC images are in the middle column, and merged images
are in the right column.
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Figure S2 IFNγ has no effect on 3D intestinal epithelial cell morphogenesis.
A) Cells were plated in Matrigel in the presence or in the absence of IFNγ.
The number of luminal spheres (expressed as percentage of all spheres) is
depicted as function of time following cell plating. B) Cells were plated in
Matrigel in the presence or in the absence of IFNγ The number of hollow
spheres containing apoptotic cells (expressed as percentage of all luminal
spheres) is depicted as function of time following cell plating. C) Cells
were plated in Matrigel in the presence or in the absence of IFNγ for 24,
48, or 72 h and exposed to FD4 at 37°C for 1 h and fixed. The percentage
of total luminal spheres that contained FD4 in their lumen is depicted.
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Movie 1 Three-dimensional reconstruction
of a T84 sphere. Cells were cultured for 7 days
in matrigel to form hollow spheres. Cells were
processed for immunolabeling with antibodies
against the adherens and tight junction proteins
β-catenin (in red) and ZO-1 (in green), respectively.
Confocal stacks (over sampled) were generated,
deconvoluted, 3D reconstructed as described in
Materials and Methods. An animation of one 3D
reconstructed luminal T84 sphere is shown.

3

The movie can be found in the online versions of this
paper.
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Abstract
Energy metabolism plays an important role in
intestinal epithelial homeostasis and colon cancer.
Three-dimensional (3D) intestinal epithelial cell
cultures have recently been developed as an in
vitro model to study intestinal epithelial and colon
cancer cell homeostasis and colorectal glandular
morphogenesis, but the role of energy metabolism in
these model systems has not been addressed. Here,
we investigated the role of two energy metabolic
pathways, mitochondrial oxidative phosphorylation
and glycolysis, in apical-basal polarization,
proliferation and morphogenesis of isogenic colon
carcinoma Caco-2 cells in 3D culture under normal
and interferon gamma (IFNγ)-stimulated conditions.
Our data demonstrate that selective pharmacological
inhibition of either oxidative phosphorylation
with oligomycin or glycolysis with 2-deoxy-Dglucose impaired, but not completely blocked cell
proliferation, resulting in cell clusters of smaller
size. Inhibition of either oxidative phosphorylation
or glycolysis did not affect apical-basal polarity
development and glandular morphogenesis, as
evidenced by the formation of cell clusters consisting
of single layers of polarized cells surrounding a
central apical lumen. Interestingly, treatment of
the cells with the pro-inflammatory cytokine IFNγ
stimulated the rate of cell proliferation without
affecting cell polarity and morphogenesis. IFNγstimulated proliferation was dependent on glycolysis,
but not oxidative phosphorylation. Our data
demonstrate 1) that distinct (stimulus-triggered)
cellular processes that are relevant to 3D intestinal
epithelial cell morphogenesis differently utilize and
depend on oxidative phosphorylation and glycolysis,
2) that under conditions of energy restriction
proliferation, but not polarity and morphogenesis
is affected, and 3) that targeting glycolysis may
neutralize IFNγ-inflicted effects on intestinal
epithelial (cancer) cell behavior.
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Introduction
Intestinal epithelial cells make up the innermost
layer of the intestinal tract. They are organized as a
monolayer of polarized cells with their apical surface
domains facing the intestine lumen and their basal
surface domains facing the basement membrane
and lamina propria. Cell-cell interactions provide
for the barrier function of the intestinal epithelium.
Intestinal epithelial cells arise from stem cells that
reside in the crypts. These stem cells first give rise
to a transient pool of highly proliferative intestinal
epithelial cells that then differentiate and polarize as
they migrate towards the villus tip, where they are
finally extruded from the monolayer, all in the course
of 3-4 days. This process of intestinal epithelial cell
morphogenesis is the result of a dynamic integration
of key cellular processes, such as migration,
proliferation, differentiation and polarization, acting
in conjunction with cues from the extracellular
environment to maintain epithelial order 1,2. Defective
intestinal epithelial morphogenesis can lead to
the disruption of the functional architecture of the
intestinal epithelium and has been associated with
epithelial disorder, e.g., dysplasia, polyposis 3,4 and
the development of colon cancer 2.
Key epithelial morphogenetic processes, such
as proliferation, differentiation and cell polarity
are tightly linked to nutrient status and
cellular energy metabolism. The two main
energy metabolic pathways in mammalian cells
are mitochondrial oxidative phosphorylation
and (aerobic) glycolysis. During oxidative
phosphorylation, adenosine triphosphate (ATP)
is formed following the oxidation of nutrients
in mitochondria. During glycolysis, glucose is
converted into pyruvate thereby generating ATP.
How cellular processes that are associated with
intestinal epithelial morphogenesis depend on
these energy metabolism pathways is not known.

109

4

Effects of interferon-gamma and energy metabolism pathways on intestinal epithelial gland morphogenesis in three-dimensional culture

4

Metabolic fingerprinting revealed a metabolic cryptto-villus gradient in the mouse small intestine
5
. A transient upregulation of the expression of
enolase, a key protein involved in glycolysis, was
observed during the differentiation process of
intestinal epithelial Caco-2 cells 6. Also primary rat
hepatocytes, which are the main epithelial cells in
the liver, were reported to shift from mitochondrial
oxidative phosphorylation to glycolysis as part of the
cell polarization process 7. These reports suggest
that epithelial cells can switch between energy
metabolism pathways during their differentiation
process, thereby conceivably contributing to
epithelial morphogenesis 7,8.
The putative link between energy metabolism
pathways and intestinal epithelial morphogenesis
is of particular interest in the context of colon
cancer development. Colon cancer, like most
cancers, are derived from disordered epithelial
cells and arises as a consequence of progressive
changes from normal epithelial cells through polyp
to tumor. Cancer cells, including colon cancer cells
9,10
, typically have an energy metabolism shifted
from oxidative phosphorylation to aerobic glycolysis
(Warburg effect 11) in order to accommodate their
enhanced proliferation rate. In intestinal epithelial
cells of Abhd5 knock-out mice, an increase in aerobic
glycolysis and a resultant induction of epithelial
to mesenchymal transition was recently shown to
promote colon cancer development and progression
12
, suggesting a causal relationship between
enhanced glycolysis and cancer development.
The etiology of colon cancer includes both genetic
and environmental factors. The risk of developing
(colitis-associated) colon cancer is enhanced
in individuals with inflammatory bowel disease
(IBD), and has been linked to high levels of
circulating pro-inflammatory cytokines 13–15. Two
pro-inflammatory cytokines, tumor necrosis factoralpha (TNFα) and interferon-gamma (IFNγ), that
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are elevated in IBD can bind to receptors at the
basal surface domain of intestinal epithelial cells
and elicit intracellular signaling pathways that
disturb intestinal epithelial monolayer integrity
16–19
. Interestingly, TNFα 20–24 and IFNγ 21,24–26 have
been reported to stimulate glycolysis in a variety of
cell types, including intestinal epithelial cells. The
inhibition of specific energy metabolism pathways
have been reported to attenuate intestinal epithelial
barrier dysfunction induced by IFNγ and TNFα 27,
suggesting that energy metabolism pathways play
an important role in cytokine-mediated perturbations
in intestinal epithelial integrity. Importantly, TNFα
and IFNγ were found to perturb intestinal epithelial
morphogenesis in a three-dimensional culture
system 28, but the involvement of energy metabolism
was not addressed. Thus, at least in vitro, a proinflammatory environment can give rise to defective
glandular morphogenesis of intestinal epithelial
cells and alterations in energy metabolism that are
characteristic for colon cancer.
Three-dimensional (3D) intestinal epithelial Caco2 cell cultures have been proven useful as an in
vitro model system to study the effects of genetic
and environmental factors on colorectal glandular
morphogenesis35-40. Caco-2 is a low-invasive
29
human colorectal carcinoma cell line with a
tumorigenic phenotype, which is lost and replaced
by morphological and biochemical features of
intestinal epithelial cells upon differentiation 6,30–33.
Caco-2 cells show contact-inhibition of growth and
changes in the expression levels of mRNA 30,31,34 and
proteins 6,32 associated with their proliferation and
differentiation, which are similar to those during
enterocyte differentiation in vivo 31. Importantly,
when single Caco-2 cells are plated in the presence
of basement membrane extract (matrigel), they
proliferate and, as a function of time, assemble
a basement membrane and self-organize into
spheroids that consist of a monolayer of polarized
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cells surrounding a central apical lumen, mimicking
the architecture of colorectal glands 28,35–37. This
culture system was used to study epithelial barrier
function, cell polarization and morphogenesis in
response to ethanol 35, acetyl aldehyde 35, and fatty
acid ethyl esters 38, and to investigate 3D colorectal
gland formation 39 and the disruption of colorectal
glandular architecture and morphogenesis as a result
of PTEN (phosphatase and tensin homolog deleted
on chromosome ten) deficiency 40. The role of energy
metabolism pathways in this 3D model system has,
however, not been addressed.
In this study, we have investigated the role of energy
metabolism pathways in Caco-2 cell proliferation,
differentiation and polarization, and resultant
epithelial morphogenesis and glandular architecture
development in 3D culture under normal and IFNγstimulated conditions.

4

Materials and Methods

Three-dimensional Caco-2 cell culture. Threedimensional (3D) culture of human Caucasian
colon carcinoma (Caco)-2 cells (ATCC) was
performed as described previously 28. Briefly, Caco2 cells were grown in culture medium (Dulbecco’s
modified Eagle’s medium (DMEM; 4.5 g/L glucose)
supplemented with glutamine, 10% fetal bovine
serum (FBS) and antibiotics). Cells were grown
to ~85% confluence in a 25 cm2 tissue culture
flask, detached with trypsin and ethylene diaminetetraacetic acid (EDTA), dissolved in phosphatebuffered saline solution (PBS), re-suspended in
culture medium supplemented with 2% (v/v)
Matrigel, plated at a concentration of 1.5*104 cells/
ml in wells of a 8-well plate pre-coated with 100%
(v/v) Matrigel and cultured for up to 7 days 28. With
this protocol, Caco-2 cells developed spheroids
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consisting of a monolayer of cells with functional
apical-basal cell polarity and tight junctions that
surround a central apical lumen 28,35,38.
Treatment of cells. In some experiments, cells were
grown in 3D culture in medium supplemented with
the ATP synthase inhibitor oligomycin A (10 μg/
mL) (Sigma-Aldrich, Selze, Germany), 2-deoxy-Dglucose (10 mM) (Sigma-Aldrich) and mannose (2.5
mM) (Sigma-Aldrich), and/or recombinant human
interferon-gamma (IFNγ, 100 IU/ml) (Peprotech,
Rocky Hill/NJ, USA)28 for the indicated time periods.
Fluorescence labeling, microscopy, and digital image
processing. 3D cell cultures were fixed with 4% PFA
at 37°C for 1 h, permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich) at room temperature for
20 minutes and washed with Hank’s balanced salt
solution (HBSS). Filamentous actin was visualized
with tetramethylrhodamine (TRITC)-phalloidin
(1:1000, Sigma-Aldrich) or TRITC-phalloidin-688
(1:1000, Sigma-Aldrich). Nuclei were visualized with
4’,6-diamidino-2-phenylindole (DAPI; 1:1000). Cells
were examined with a Leica DMI6000B inverted
fluorescence microscope or a Leica SP8 confocal
laser scanning microscope (Leica Microsystems).
Images were processed using LAS AF Lite (Leica
Microsystems) and ImageJ software. For cluster
sizes, the area per cluster was measured using the
phalloidin staining.
Quantitative Polymerase Chain Reaction (qPCR). RNA
was extracted from cells according to the manufacturer’s
instructions (Purelink RNA micro kit, Invitrogen,
Carlsbad, USA). cDNA was synthesized using poly-dT
primer and reverse transciptase (Invitrogen) following
the manufacturers protocol. qRT primers were
designed using perlprimer (perlprimer.scourgeforge.
net). The ΔCt values of the IFNy-treated group were
compared with those for the controls. Primers used
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are listed in supplementary Table 1. Reactions were
run on a AB StepOnePlus (ThermoFischer scientific,
Waltham, USA). Cycling conditions comprised 15
minutes polymerase activation at 95o followed by 40
cycles at 95o for 15 sec and 60o for 30 sec. HMBS was
used as an internal control, Ct value for HMBs was
subtracted from the Ct value of the target gene (ΔCt).
Measurement of lactic acid. Lactate measurements
were performed using a Lactate Assay Kit (Megazyme,
Wicklow Ireland), according to the manufacturer’s
instructions. In brief, cells were seeded in 3D culture
as described above in medium supplemented with
or without IFNγ. After 7 days, culture medium
was harvested and lactate levels were determined
spectrophotometrically using a Selectra ProM
spectophotometer (ELITech Clinical Systems) at 37

4

o
C after 5 min. The lactate levels were subsequently
normalized to the amount of cells, the normalized
value for control was set to 1.

Cells were seeded in 3D culture as described above in
in medium supplemented with IFN- gamma or not.
After 7 days supernatant was taken, and lactate
levels were determined spectrophotometrically
assessing trough spectrofotometrically assessing the
reaction with lactate dehydrogenase, using the
Selectra ProM spectophotometer (ELITech Clinical
Systems), measuring at 37C* after 5 min. The lactate
levels were subsequently normalized to the
amount of cells and control.
Cells were seeded in 3D culture as described above in
in medium supplemented with IFN-gamma or not.
After 7 days supernatant was taken, and lactate
levels were determined spectrophotometrically
assessing trough spectrofotometrically assessing the
reaction with lactate dehydrogenase, using the
Selectra ProM spectophotometer (ELITech Clinical
Systems), measuring at 37C* after 5 min.
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The lactate levels were subsequently normalized to
the amount of cells and control
Cells were seeded in 3D culture as described above in
in medium supplemented with IFNgamma or not. After 7 days supernatant was taken,
and lactate levels were determined
spectrophotometrically assessing trough
spectrofotometrically assessing the reaction with
lactate dehydrogenase, using the Selectra ProM
spectophotometer (ELITech Clinical Systems),
measuring at 37C* after 5 min. The lactate levels
were subsequently normalized to the
amount of cells and control
Mathematical modeling. In order to mathematically
estimate the number of cells present in a spheroid of
a given diameter, the following formula (formula 1) is
used:
(4∗π∗r2)/x
in which r is the radius of the spheroid in μm as
measured in a cross-sectional confocal microscopy
image from the center of the spheroid to the
basal plasma membrane, and x is the average
basal surface area of a Caco-2 cell in the spheroid
monolayer (set to 100 μm2). In this formula a perfect
sphere shape is assumed.
The average cell doubling time during a given culture
period is estimated using the following formula
(formula 2):
d∗log2 / (log [(4∗π∗r2)/x]−log [y])
in which d is the duration of the culture in hours, and
y is the number of cells at the start time (typically 1).
In this formula it is assumed that spheroids arise
clonally from one cell, as has been demonstrated
experimentally 28,36,37.
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The relative difference between the estimated
average cell doubling time between two experimental
conditions is calculated using the following formula
(formula 3):
(d∗log2 / (log [(4∗π∗r2)/x]−log [y])A / (d∗log2 / (log
[(4∗π∗r2)/x]−log [y])) B ∗100
in which A and B represent the two experimental
conditions that are compared.

Statistical analyses. Fractions of cell clusters with
micronuclei as part of total cell clusters, and fractions
of lumens with extruded cells as part of total lumens
were compared using χ-square tests. Cluster sizes
were compared using t-tests.
Results

4

Glycolysis and oxidative phosphorylation
together contribute to Caco-2 cell proliferation
in 3D culture
Mammalian cells are known to utilize two
main energy metabolism pathways, oxidative
phosphorylation and aerobic glycolysis. In order to
investigate to what extent Caco-2 cell growth in 3D
culture depends on oxidative phosphorylation, single
cells were plated for 3D culture in normal culture
medium (control) or in normal culture medium
supplemented with oligomycin A at a non-lethal
dose. Oligomycin A inhibits H+-ATP synthase, an
enzyme that is necessary for the oxidative
phosphorylation of ADP to ATP, i.e., energy
production 41. Cells cultured in normal medium (in
the absence of oligomycin) developed multicellular
spherical clusters with an average diameter of 90 μm
over a period of 7 days (Figure 1A). In contrast,
when cells were cultured in the presence of
oligomycin, the cluster cross-sectional area was
significantly reduced by 2-fold
(Figure 1B; quantification in Figure 1G).
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When the cell clusters were stained with DAPI,
which labels DNA and thereby the cell nuclei, it was
noted that the number of cells per cluster was
reduced in oligomycin-treated cultures (Figure 1E)
when compared to non-treated cultures (Figure 1D).

Figure 1. Effects of oligomycin and 2-DG on Caco-2 spheroid development.
Caco-2 cells were cultured in 3D culture in normal culture medium (A ,D),
normal culture medium supplemented with oligomycin A (B, E) or with
2-deoxy-D-glucose (2-DG; C, F) for 7 days, fixed and processed for DAPI
staining and microscopical analysis. A-C show bright field images of the
spheroids. D-F show fluorescent DAPI staining. G) shows the quantification
of the cluster size of control, oligomycin A- and 2-DG-treated cells
(normalized to control conditions). H) shows the percentage of spheroids
with extruded cells in the spheroid lumen. I) shows the percentage of
spheroids with signs of nuclear fragmentation. n.s.: not significant. Bars:
30 µm.
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Mathematical modeling (see Materials and Methods)
indicates that a 2-fold reduction in spheroid crosssectional area (with no changes in the basal surface
area occupied by a single cell) represents an
estimated 2-fold reduction in cell number. No signs of
increased cell extrusion into the lumens
(quantification in Figure 1G) or apoptosis (i.e.,
the presence of micronuclei or fragmented nuclei)
(Figure 1F) were observed in the 2-DG treated
cell clusters. These data suggested that oxidative
phosphorylation is utilized by the cells to proliferate,
but that additional energy generating metabolic
pathways also contribute to proliferation.
We next investigated the role of glycolysis in
Caco-2 cell proliferation in 3D culture. For this,
cells were plated for 3D culture in normal culture
medium (control) or in normal culture medium
supplemented with 2-deoxy-D-glucose at a nonlethal dose. 2-deoxy-D-glucose is a modified glucose
molecule that cannot undergo glycolysis and acts
competitively to inhibit the conversion of natural
glucose to pyruvate and the production of ATP from
this pathway. In all incubation with 2-DG, mannose
was included, which reverts 2-DG-induced
endoplasmic reticulum stress, but not ATP depletion
(Ramirez-Peinado et al., 2011). When cells were
cultured in the presence of 2-DG, the cluster crosssectional area was significantly reduced with ~50%
(Figure 1C) (i.e., an estimated 2-fold reduction in cell
number per spheroid; see above) when compared to
cell cultured in the absence of 2-DG (Figure 1A;
quantification in Figure 1G). DAPI staining revealed a
decreased number of cells per cluster in 2-DGtreated cultures (Figure 1F) when compared to nontreated cultures (Figure 1D). No signs of increased
cell extrusion into the lumens (quantification Figure
1H) or apoptosis (i.e., the presence of micronuclei or
fragmented nuclei) were observed in the treated cell
clusters (Figure 1F; quantification in 1I.). These data
suggest that glycolysis is utilized by the cells to
proliferate. Similar to the experiments in which
oxidative phosphorylation was inhibited, glycolysis
appears not to be the sole source of energy that is
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used by the cells for proliferation. Caco-2 cells did
not survive combined treatment with oligomycin A
and 2-DG (data not shown). We conclude that
glycolysis and oxidative phosphorylation together
contribute to Caco-2 cell proliferation in 3D culture.
Caco-2 cell polarity development and
3D glandular morphogenesis does not
selectively require glycosylation or oxidative
phosphorylation
The development of apical-basal cell polarity
development is a crucial step in epithelial
morphogenesis, that is, the process in which the
cells self-assemble into monolayers surrounding a
central apical lumen 42–44. Cell polarity development
and energy metabolism are interrelated processes
. Moreover, it has been reported that liver
epithelial cells shift from oxidative phosphorylation
to glycolysis as part of the cell polarization process
7
. Therefore, we examined the contribution of
oxidative phosphorylation and glycolysis to Caco-2
cell polarity development and morphogenesis in 3D
culture. For this, Caco-2 cells were, as described
above, plated for 3D culture in normal culture
medium supplemented or not supplemented with
either oligomycin A or 2-DG, . After 7 days, cells
were fixed and processed for labeling with TRITCphalloidin and DAPI. Untreated cells had organized
into a single cell layer surrounding a central lumen
(Figure 2A; c.f., Figure 1D). Filamentous (F-) actin
was predominantly at the lumen-facing surface of the
cells (Figure 2B; merged image of DAPI and TRITCphalloidin in Figure 2C, graph of distribution profile
of actin from basal to basal in Figure 2D), which
reflects the presence of actin-filled apical microvilli
and is indicative for apical-basal cell polarity 28,36,37.
When cells had been treated with either oligomycin A
(Figure 2E-H) or 2-DG (Figure 2I-L), cells displayed a
similar organization, albeit in cell clusters of smaller
size. Thus, DAPI staining revealed the organization
of cells in a single cell layer surrounding a central
45–47
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Figure 2. Effects of oligomycin and 2-DG on Caco-2 cell polarity and
morphogenesis. Caco-2 cells were cultured in 3D culture in normal culture
medium (A-D), normal culture medium supplemented with oligomycin A
(E-H) or with 2-deoxy-D-glucose (2-DG; I-L) for 7 days, fixed and processed
for DAPI (blue) and TRITC-phalloidin (red) staining and microscopical
analysis. The graphs in D, H and L depict the distribution profile of actin
(red channel) on a line from basal to basal. Bars: 30 µm.

lumen (Figure 2 G and K), and TRITC-phalloidin
staining revealed the predominant expression of
F-actin at the lumen-facing cell surfaces (Figure
2F and H, and J and L). These results indicate that
Caco-2 cell polarity development and epithelial 3D
morphogenesis did not selectively require glycolysis
or oxidative metabolism as it was unaffected by
the inhibition of either of these two processes. The
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results also demonstrate that under conditions of
energy restriction cells cut down on proliferation,
but maintain their polarized phenotype and normal
morphogenesis
IFN-γ stimulates Caco-2 cell proliferation
in 3D culture without perturbing glandular
architecture
Intestinal epithelial homeostasis is compromised
under inflammatory conditions, such as in Crohn’s
disease and ulcerative colitis. Several cytokines
can bind receptors on the intestinal epithelial cell
surface resulting in perturbation of key cellular
processes, such as cell-cell adhesion (barrier
function), apoptosis and proliferation 16,48. Here,
we have investigated the effects of IFNγ on Caco-2
cell morphogenesis. For this, the cells were plated
for 3D culture in normal culture medium (control)
or in normal culture medium supplemented with
IFNγ. Cells cultured in normal medium developed
multicellular spherical clusters with an average
diameter of ~90 μm over a period of 7 days (c.f.,
Figure 1A and 2A). Staining of the cells with
TRITC-phalloidin and DAPI showed that the cell
clusters consisted of a single layer of polarized cells
surrounding a central apical lumen. When cells
were cultured in the presence of IFNγ, the cluster
cross-sectional area was significantly increased by
50% (Figure 3B). Note that a 1.5-fold increase in
spheroid cross-sectional area indicates a similar
1.5-fold increase in the average number of cells
per spheroid (see also above). Staining of the cells
with TRITC-phalloidin and DAPI revealed that IFNγ
did not perturb Caco-2 cell morphogenesis, as the
cell clusters consisted of a single layer of polarized
cells surrounding a central apical lumen (Figure 3A).
Collectively, these data suggest that IFNγ stimulated
the proliferation rate of Caco-2 cells in 3D culture
without affecting epithelial cell morphogenesis.
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Figure 3. Effects of IFNγ on Caco-2 cell morphogenesis. Caco-2 cells were
cultured in 3D culture in normal culture medium, normal culture medium
supplemented with IFNγ in combination with either oligomycin A or
2-deoxy-D-glucose (2-DG) for 7 days, fixed and processed for microscopical
analysis. A) shows DAPI (blue) and TRITC-phalloidin (red) staining of IFNγ
-treated cell spheroids. B) shows the cell cluster size (relative to conditions
without IFNγ) under the different experimental conditions indicated. C)
shows the effect of IFNγ on lactate secretion (normalized to cell numbers).
D) shows the relative mRNA levels of various enzymes that participate in
glycolysis. n.s.: not significant. Bars: 30 µm.

IFNγ-stimulated Caco-2 cell proliferation requires
glycolysis and not oxidative phosphorylation
An increase in cell proliferation requires energy.
Given that both oxidative phosphorylation and
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glycolysis contributed to Caco-2 cell proliferation in
3D culture (see Figures 1 and 2), we next examined
the dependency of IFNγ-stimulated proliferation on
each of the energy metabolism pathway. For this,
cells were plated for 3D culture in normal culture
medium supplemented with either oligomycin A
or 2-DG and IFNγ. IFNγ increased the relative
cluster size in oligomycin A-treated cells to a similar
extend as it did in Caco-2 cells grown in normal
conditions (Figure 3B). In contrast, IFNγ failed to
stimulate proliferation in 2-DG-treated cultures
(Figure 3B). These data suggested that IFNγstimulated proliferation of Caco-2 cells specifically
required glycolysis. Treatment of cells with IFNγ
did not result in increased concentrations of lactic
acid in the culture medium (Figure 3C) and did not
stimulate the expression of genes that are associated
with glycolysis, i.e., gpi, aldoa, pgk1, eno1 and
pklr (figure 3D) and hk2, hk3, gck, pgm1, pgm2,
galm, pfkl, aldob, aldoc, tpi, pgk, pgam, eno2, eno3
(data not shown) beyond statistical significance,
suggesting that the cytokine itself did not stimulate
glycolysis.
Discussion
In this study, we have addressed the role of energy
metabolism pathways in intestinal epithelial Caco-2
epithelial cell morphogenesis in 3D culture. We found
that inhibition of either oxidative phosphorylation
of glycolysis resulted in the formation of glandular
spheroids of significant smaller size. A reduction
in spheroid size could theoretically result from
increased apoptosis, increased cell shedding into the
apical lumen, or decreased proliferation. However,
no micronuclei or fragmented nuclei (indicative for
apoptosis) and no increase in the appearance of
cells in the spheroids lumen (indicative for enhanced
cell extrusion) were observed in oligomycin A- or
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2-DG-exposed cultures. By contrast, we observed a
reduction in the average number of cells (identified
by the number of DAPI-stained nuclei) in oligomycin
or 2-DG-exposed Caco-2 spheroids. Together, our
data suggest that treatment with oligomycin A or
2-DG resulted in smaller size spheroids via inhibition
of cell proliferation and, hence, that oxidative
phosphorylation and glycolysis additively contribute
to Caco-2 spheroid growth.
The exposure of the cells to IFNγ resulted in the
development of glandular spheroids of significantly
larger size. We observed no decrease in the number
of cells or cell debris in the spheroid lumens,
suggesting that the increase in spheroid size was not
due to reduced extrusion of cells from the monolayer.
In addition, we observed no flattening of the cells
surrounding the lumen (which would be expected if
apical lumen expansion rather than proliferation was
increased), and therefore argues against an increase
of trans-epithelial chloride secretion (via the ATPbinding cassette transporter CFTR 49) as a possible
cause of increased spheroid size. These observations,
together with the observed increase in the number of
cells in the spheroids, suggest that IFNγ stimulates
cell proliferation.
The stimulatory effect of IFNγ on cell proliferation
and thereby on spheroid size was blocked by 2-DG,
but not by oligomycin A, which suggests a specific
requirement for glycolysis. IFNγ has been reported
to modulate glycolysis in different cell types.
For example, in dermal fibroblasts, IFNγ, when
combined with TNFα, increased the dependency for
cellular energy provision from an oxidative to the
glycolytic state 21. In rheumatoid synovial cells, IFNγ
produced a 3-6-fold increase in cellular fructose
2,6-bisphosphate, an indicator of glycolysis 25.
Also in intestinal epithelial HT-19 cells, increased
lactate was detected after apoptosis-inducing IFNγ/
TNFα treatment, but not in cells that were TNFαtreated without IFNγ preincubation 26. In intestinal
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epithelial T84 cells, IFNγ stimulated the expression
of hypoxia-inducible factor-1 50, the overexpression
of which in pancreas adenocarcinoma BxPC3 cells
enhanced the expression of pyruvate dehydrogenase
kinase 1 and lactate dehydrogenase A, thus
facilitating glycolysis 51. In glioma cells, by contrast,
metabolic gene profiling indicated a suppressed
glycolytic pathway upon IFNγ treatment 52. In our
study, the profiling of metabolic gene expression
and lactic acid measurements in the culture medium
(note that lactic acid efflux is considered to occur
at the basolateral plasma membrane 53) did not
provide evidence for IFNγ-stimulated glycolysis.
Furthermore, co-treatment of the cells with IFNγ
and either 2-DG or oligomycin A did not result in
spheroids of smaller size in comparison to treatment
of the cells withy 2-DG or oligomycin A alone. This
suggests that IFNγ treatment did not render the
cells more growth-sensitive to either glycolysis or
oxidative phosphorylation, i.e., did not shift the
metabolic profile from oxidative phosphorylation
to glycolysis or vice versa. In support of these in
vitro results, we found no evidence of a significantly
altered expression of glycolysis-related genes
between inflamed and non-inflamed colonic tissues
from individuals diagnosed with the inflammatory
bowel disease ulcerative colitis, despite a clear
overall increase in IFNγ expression in the inflamed
tissue specimens (data not shown). If IFNγ altered
the expression of glycolysis-associated genes, such
changes were too small to extend beyond the range
of normal variation in our experimental setting.
The reason why the proliferation-stimulating effect
of IFNγ required glycolysis and not oxidative
phosphorylation remains elusive, but may involve
the consumption of pyruvate for the production of
macromolecular precursors, such as acetyl-CoA for
fatty acids, glycolytic intermediates for nonessential
amino acids, and ribose for nucleotides, which are
necessary to support cell proliferation 54.
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The processes of cell proliferation on the one hand
and of epithelial cell differentiation and polarity
development on the other hand are believed to be
intimately related. Enhanced proliferation has been
proposed to elicit detrimental effects on epithelial
morphogenesis and the development of a glandular
architecture 55. Our data revealed that Caco-2 cells
proliferation in 3D culture can be substantially
reduced (by oligomycin or 2-DG) or enhanced (by
IFNγ) without visible deleterious effects on the
glandular architecture of the spheroids formed. In
order to appreciate the effect of IFNγ at the level of
the single cell rather than at the level of the spheroid
formed, we used mathematical modeling to estimate
the changes in cell doubling time that underlie the
change in spheroid size. Using formulas 1-3 as
described in the Materials and Methods section, we
estimated that IFNγ shortens the average Caco-2 cell
doubling time with ~7% (from 21 h in non-treated
cultures to 19.6 h in IFNγ-treated cultures). Thus,
the pronounced effect on the size of the spheroids
formed is the result of a relatively modest effect
of IFNγ on the doubling time per cell. The modest
reduction in cell cycle time likely falls within the
range of equilibrium dynamics 55, and explains how
spheroids of significant larger size can be formed
without deleterious effects on their polarized
glandular architecture.
The mechanisms by which IFNγ stimulates
proliferation and spheroid size remain to be
elucidated. IFNγ has been shown to increase the
permeability of intestinal epithelial cell monolayers
via perturbation of tight junction-mediated cellcell adhesion 17–19,56, also in three-dimensional
intestinal epithelial cell cultures 28. Functional tight
junctions have been implicated in the regulation of
proliferation, as specific transcription factors can be
sequestered at tight junctions and translocate to
the nucleus when tight junctions are perturbed 57,58.
Therefore, it is conceivable that IFNγ-stimulated
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proliferation (this study) is secondary to IFNγmediated perturbation of tight junctions 28. However,
treatment of intestinal epithelial cells in 3D culture
with TNFα 28, ethanol or ethanol metabolites 35,38
similarly perturbed tight junctions, but did not
stimulate proliferation 28, indicating that loss of tight
junction function does not automatically lead to
enhanced proliferation. The intriguing question can
then be raised whether IFNγ-stimulated proliferation
(this study) may lead to enhanced permeability
and, if so, whether inhibition of glycolysis with
2-DG can neutralize the negative impact of IFNγ
on intestinal barrier function without compromising
other processes that are required for epithelial
morphogenesis.
In conclusion, the results presented in this study
demonstrate 1) that distinct (stimulus-triggered)
cellular processes that are relevant to 3D intestinal
epithelial cell morphogenesis differently utilize and
depend on oxidative phosphorylation and glycolysis,
2) that under conditions of energy restriction
proliferation, but not polarity and morphogenesis,
is affected, and 3) that targeting glycolysis may
neutralize IFNγ-inflicted effects on intestinal
epithelial (cancer) cell behavior.
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Supplementary table 1. qPCR primers
Gene

Forward primer

Reverse primer

GPI

5’-TGC CTC CAA GAC
CTT TAC TAC C-3’

5’-GGT CAA TTC CAA
ACT CCT TCA C-3’

ALDOA

5’- TGA GTG ACC ACC
ACA TCT ACC- 3’

5’- AGG AAG GTG ATC
CCA GTG AC -3’

PGK1

5’-CCA AGT CGG TAG
TCC TTA TGA G-3’

5’-AAC AGA ACA TCC
TTG CCC AG-3’

ENO1

5’-CAT GGT GTC TCA
TCG TTC GG-3’

5’-TCT TCA ATT CTG AGG
AGC TGG-3’

PKLR

5’ATC GTC TTT GCC TCC
TTT GTG--3’

5’-TTT CAT CAA ACC TCT
TCA CGC C-3’

4
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Abstract

5

Cigarette smoking is emerging as an important
life style factor that affects intestinal function.
Epidemiological studies indicate that cigarette
smoking influences the course of inflammatory bowel
disorders and is a risk factor for colorectal cancer
and hyperplastic intestinal polyp development. The
mechanism by which cigarette smoke exerts its
impact on the intestinal epithelium is unclear. These
may involve indirect mechanisms via alterations
in the immune system and/or direct actions of
cigarette smoke on the intestinal epithelium. Little
is known about the direct effects of cigarette smoke
on intestinal epithelial cell behavior. In this study,
we employed a 3D human intestinal epithelial Caco2 cell spheroid model to investigate the effects of
cigarette smoke extract (CSE) on intestinal epithelial
barrier function, cell polarity and morphogenesis. We
found that CSE did not affect the polarity and barrier
function of pre-established lumen-forming Caco-2
spheroids. However, when exposed to CSE during
the process of three-dimensional morphogenesis,
cells showed dose-dependent impairment of growth
and de novo development of apical-basal cell
polarity and tight junctions, resulting in defective
self-assembly into single lumen-forming spheroids.
These effects penetrated into future cell generations.
The administration of the glutathione precursor
N-acetyl-L-cysteine (NAC) completely neutralized
the inhibitory effects of CSE in a manner that
involved glutathione-dependent and –independent
mechanisms. Our data demonstrate that CSE has
direct inhibitory effects on intestinal epithelial cell
polarity development and morphogenesis, and
suggests a potential clinical application of NAC in the
treatment of smoking-related intestinal disorders.
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Introduction
The intestinal epithelium and its homeostasis is
subject to influences from many life-style and
environmental factors. Epidemiological studies
indicate that cigarette smoking has a strong
influence on the intestinal epithelium. Cigarette
smoking influences the course of Crohn’s disease and
ulcerative colitis 1,2, two predominant inflammatory
bowel disorders that, at the epithelial level, are
characterized by impaired intestinal barrier function
3–5
. Impaired intestinal barrier function is also
associated with the smoking-related lung disease
chronic obstructive pulmonary disease (COPD) 6,7.
Furthermore, cigarette smoking is a risk factor for
hyperplastic intestinal polyp development, as well as
for colorectal cancer 8–10, which is one of the leading
causes of death in the Western world.
Animal studies support the correlation between
cigarette smoking and its negative effects on the
intestinal epithelium. Exposure of normal laboratory
mice to cigarette smoke led to impaired intestinal
barrier disruption 7,11, increased apoptosis and
autophagy in the ileum 12,13, decreased cystic
fibrosis transmembrane conductance regulator
(CFTR) activity in the intestinal epithelium 14,
increased bacterial translocation, intestinal villi
atrophy 11 and small/large intestine-specific
alterations in tight junction protein expression 11,15.
Furthermore, cigarette smoke exposure has been
reported to aggravate intestinal inflammation in
trinitrobenzenesulfonic acid-induced colitis in rats 16.
The mechanism by which cigarette smoke exerts
its impact on the intestinal epithelium is unclear 17.
Many cell types contribute to intestinal epithelial
homeostasis, including intestinal epithelial cells that
are constantly renewed through intestinal stem
cell activity, complex communities of symbiotic
microorganisms in the gut lumen (the microbiota),
and various immune cell populations in the lamina
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propria. Not surprisingly therefore, the mechanisms
by which cigarette smoking influences intestinal
epithelial homeostasis have been proposed to involve
alterations of the immune system 18 and/ or the
intestinal microbiota 15,19–22. Little is known, however,
about the potential direct effects of cigarette smoke
on intestinal epithelial cell behavior 23.
In order to investigate potential direct effects of
cigarette smoke on intestinal epithelial cell behavior,
a reductionist in vitro approach is required in which
other cell types that are normally present in the
intestine (e.g., bacteria, immune cells) are excluded.
Several in vitro model systems to study intestinal
epithelial cell biology are available. Of these, twodimensional (2D) cell culture, in which cells are
grown on flat polystyrene or glass substrata, is
most commonly used. However, these substrata
are unnatural and do not allow cells to organize
themselves in a three-dimensional environment as
they do in vivo. Moreover, 2D cell cultures are poor
predictors of cellular toxicity and toxigenic responses
24–27
. To overcome these and other drawbacks of
2D cell culture, three-dimensional (3D) cell culture
systems have been developed. In 3D cultures single
epithelial cells are mixed with extracellular matrix/
basement membrane components, which allows the
proliferating epithelial cells to establish natural cellmatrix and cell-cell attachments and to self-organize
to form a multicellular polarized architecture that
best reflects the physiological in vivo situation 28–32.
3D cell culture systems therefore provide a suitable
approach bridging the gap between 2D cell culture
and in vivo animal models/humans 33.
In this study, we employed a recently developed 3D
in vitro intestinal epithelial cell culture system 34–38 to
investigate the effects of cigarette smoke extract on
intestinal epithelial cell polarity, barrier function and
morphogenesis.
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Materials and Methods
Three-dimensional Caco-2 cell culture. Threedimensional (3D) culture of human Caucasian
colon carcinoma-2 (Caco-2) cells (ATCC) was
performed as described previously 36. Briefly, Caco2 cells were grown in culture medium (Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with glutamine, 10% fetal bovine serum (FBS) and
antibiotics). Cells were grown to ~85% confluence
in a 25 cm2 tissue culture flask, detached with
trypsin and ethylene diamine-tetraacetic acid
(EDTA) dissolved in phosphate-buffered saline
solution (PBS), re-suspended in culture medium
supplemented with 2% (v/v) Matrigel, and plated
at a concentration of 1.5*104 cells/ml in wells of a
8-well plate pre-coated with 100% (v/v) Matrigel
for up to 7 or 8 days 36. With this protocol, Caco-2
cells developed spheroids consisting of a monolayer
of cells with functional apical-basal cell polarity and
tight junctions that surround a central apical lumen
36–38
.
In vitro exposure of cells to CSE. Cigarette smoke
extract (CSE) was prepared as described 39 by
passing smoke from 2 standard 3R4F research
cigarettes (Tobacco research institute, Kentucky
3R4F, University of Kentucky, KY, USA) through 25
ml culture medium, which was defined as 100%
CSE. Freshly-prepared CSE was used within 30 min
and diluted directly into culture medium for the
indicated concentrations. Cells were exposed to CSE,
N-acetyl-L-cysteine (NAC; 1 mM), L-buthione-S,Rsulfoximine (BSO; 10 uM) from the day of plating for
various time intervals. In some experiments living
cells were subsequently used to determine epithelial
barrier integrity (see below). In other experiments
the culture medium was removed and the cells were
fixed with 4% paraformaldehyde (PFA) and processed

139

5

Effects of interferon-gamma and energy metabolism pathways on intestinal epithelial gland morphogenesis in three-dimensional culture

for immunofluorescence labeling (see below).
CSE-treated cells under conditions tested did not
show changes in cell viability that were statistically
significantly different from controls.

5

Immunofluorescent labeling, microscopy and digital
image processing. 3D cell cultures were fixed with
4% paraformaldehyde at 37°C for 1 h, permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich, Selze/
Germany) at room temperature for 20 minutes
and washed with Hank’s balanced salt solution
(HBSS). Following blocking in 3% bovine serum
albumin (BSA) in HBSS at 37°C, spheres were
immunolabeled with polyclonal rabbit antibodies
against β-catenin (BD Biosciences), polyclonal
rabbit antibodies against ZO-1 (1:100; Invitrogen,
Carlsbad/USA) or monoclonal mouse antibodies
against ZO-1. All primary antibody incubations
were performed at 37°C for 1.5 h. Samples were
subsequently washed with HBSS and labeled
with secondary Alexa-Fluor488 conjugated goat
anti-rabbit or Alexa-Fluor488 goat anti-mouse
antibodies (1:1,500; Molecular Probes, Leiden/
The Netherlands). Filamentous actin was visualized
with tetramethylrhodamine isothiocyanate (TRITC)phalloidin (1:1,000 Sigma-Aldrich) or TRITCphalloidin-688 (1:1,000 Sigma-Aldrich). Nuclei
were visualized with 4’,6-diamidino-2-phenylindole
(DAPI; 1:1,000). Cells were examined with a Leica
DMI6000B inverted fluorescence microscope or a
Leica SP8 confocal laser scanning microscope (Leica
Microsystems). Images were processed using LAS AF
Lite (Leica Microsystems) and ImageJ software.
Measurement of tight junction integrity. Tight
junction integrity of 3D Caco-2 monolayers was
performed as described previously 36–38. Briefly,
control and CSE-treated Caco-2 spheroids were
exposed to fluorescein isothiocyanate (FITC)-dextran
of 4 kDa (FD4; Sigma-Aldrich, Selze/Germany)
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at 37 °C for 1 h. Cells were then examined with a
fluorescence microscope to determine whether FD4
has leaked into the spheroid lumens. In case of
impermeable monolayers, no FD4 leakage into the
spheroid lumen is observed 36–38.
Measurement of glutathione levels. Cells were
seeded in a 6-well plate cultured for 3 days to
form a monolayer. Cells were incubated with CSE
in the presence or absence of NAC and/or BSO
for 24 h. Glutathione levels were determined
spectrophotometrically assessing the reaction
with glutathione reductase, using the Hitachi
u-29000 spectrophotometer at 30oC for 10 minutes,
measuring every 60 seconds.
Statistical analyses. The percentage of lumenforming cell clusters under different treatment
conditions were compared using χ-square tests,
sphere sizes were compared using t-tests.
Results
Cigarette smoke extract does not perturb the
integrity of preformed Caco-2 cell spheroids
Caco-2 cells in three-dimensional culture, consisting
of the basement membrane extract (Matrigel), selfassembled to form spheroids over a period of 7 days
that comprised a monolayer of cells that surrounded
a single central (apical) lumen. The cells in these
monolayers were highly polarized, with a dense actin
network at the luminal side (reflecting the presence
of actin-based microvilli 36,38), and tight junction
proteins at the apex of the lateral plasma membrane
between neighboring cells 36,38 (Figure 1A). The
functionality of these tight junctions was confirmed
by the exclusion of basolaterally-administered
FITC-labeled 4 kDa dextran (FD4) from the apical
lumen (Figure 1C). Treatment of the spheroids with
ethylene glycol tetraacetic acid (EGTA), a calcium
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Figure 1. Cigarette smoke extract does not perturb the integrity of
preformed Caco-2 cell spheroids. A) Caco-2 cells developed single
lumen-forming spheroids during 7 days in 3D culture, as evidenced by
the monolayer organization of cells (nuclei is visualized by DAPI in blue)
that display an apical enrichment of actin (labeled with TRITC-phalloidin
in red) and ZO-1 (labeled with anti-ZO-1 antibodies in green). B) Spheres
pre-formed as in A, treated with 10% CSE for 24 h. Staining as in A.C)
Exposure of Caco-2 spheroids (shown by white light microscopy images)
to CSE did not lead to the leakage of FITC-labeled dextran (FD4, green)
into the spheroid lumen, whereas treatment with the calcium chelator
EDTA did. D) Quantification of the results depicted in 1B (see Materials
and methods). Data in panel C are presented as mean ± SEM of at least
three independent experiments. Boxes in panels A and B indicate the
area of which the enlarged images are shown. Asterisks indicates the
location of the apical lumen. Bars: 30 um.
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Figure 2. Cigarette smoke extract inhibits Caco-2 cell morphogenesis
in 3D culture. White light microscopical images of Caco-2 cell clusters
formed during 7 days of 3D culture in normal culture medium or normal
culture medium supplemented with CSE. Note the presence of a
monolayers of cells surrounding a single central lumen in control cells
and the absence of a monolayer organization and lumen in CSE-exposed
clusters. Asterisk indicates the location of the apical lumen. Bars: 30 um.

chelator that perturbs tight junction integrity 40 ,
led to the leakage of FD4 into the apical lumen, as
qualitatively shown by fluorescence microscopy of
living cells (Figure 1C), and quantitatively by an
increase in the ratio of FD4 fluorescence intensity
[basal]/ FD fluorescence intensity [lumen] (Figure
1D), and was indicative of increased paracellular
permeability. Treatment of the spheroid cultures with
increasing concentrations of CSE for up to 24 hours
did not lead to alterations in the general appearance
of the spheroids, did not lead to the leakage of FD4
into the apical lumen (Figure 1C, D) and did not
alter the subcellular distribution of the tight junctionassociated protein ZO-1 (Figure 1B), indicating that
CSE did not perturb the tight junction function and
barrier integrity of pre-formed Caco-2 spheroids.
Cigarette smoke extract inhibits morphogenesis
in Caco-2 3D cultures
Under standard 3D culture conditions Caco-2 cells
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formed multicellular, single lumen-forming spheroids
as a function of time (c.f., Figure 1A). Thus, 7 days
after plating cell clusters displayed a typical donutshaped morphology, as readily visualized by light
microscopy (Figure 2) 34–36. In contrast, when the
culture medium of Caco-2 cells was supplemented
with CSE during this 7-day period, cell clusters were
smaller in diameter and very few donut-shaped
clusters were observed at day 7 (Figure 2; for
quantification see Figure 4A and B). Together these
data demonstrate that CSE led to reduced sphere
size and inhibited the self-assembly of Caco-2 cells to
form single-lumen spheroids.

5

Cigarette smoke extract impairs the de novo
establishment of epithelial cell polarity
Epithelial morphogenesis is critically dependent on
the ability of the cells to polarize, that is, to develop
apical and basolateral plasma membrane domains
bordered by tight junctions 41, and to orientate their
polarity with respect to the extracellular matrixcontaining environment 42,43. To investigate the effect
of CSE on cell polarity and tight junctions, Caco-2
cells were cultured for 7 days in normal 3D culture
medium or normal 3D culture medium supplemented
with CSE, fixed with PFA and processed for
fluorescence (immuno)labeling to visualize the apical
actin network, the tight junction protein ZO-1 and
cell nuclei.
Most cells cultured in normal culture medium formed
single lumen-forming spheroids consisting of a
monolayer of cells (evidenced by nuclei staining;
Figure 3A). Actin was predominantly present at the
lumen surface of the cells (Figure 3A), which reflects
the presence of actin-dense apical microvilli and
apical surface polarity. ZO-1 appeared predominantly
with a punctate pattern at the apex of the lateral
plasma membrane facing the lumen (Figure 3A),
which is in agreement with the position of the tight
junctions 36,38. In contrast, cells cultured in medium
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Figure 3. Cigarette smoke extract impairs the de novo establishment
of epithelial Caco-2 cell polarity and morphogenesis. A-B) Labeling
pattern of nuclei (blue), actin (red) and ZO-1 (green) in Caco-2 spheroids
as formed after 7 days in 3D culture in normal culture medium (A) and
in normal culture medium supplemented with CSE (B). C-D) Labeling
pattern of nuclei (blue), actin (red) and laminin (green) in Caco-2
spheroids as formed after 7 days in 3D culture in normal culture medium
(C) and in normal culture medium supplemented with CSE (D). Asterisks
indicate the location of the apical lumen. Bars: 30 um.
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supplemented with CSE showed impaired cell polarity
and lumen formation (Figure 3B and 4A). Cell
nuclei staining revealed that the cells had failed to
assemble in monolayers (c.f., Figure 2) and, instead,
developed into solid clusters (Figure 3B) of smaller
size (Figure 4B). Actin labeling was predominantly
observed at the culture medium-facing plasma
membrane as well as at the lateral side of the
cells (Figure 3B). ZO-1 appeared to be randomly
distributed along the cell surface without a clear
polarized localization (Figure 3B). In some cases, the
cells showed a punctate ZO-1 staining at the lateral
sides of the cells, but facing the surrounding medium
(Figure 3B, arrowhead), indicative of misoriented
cell polarity. Quantification of the data demonstrated
that CSE exposure caused a decrease (~50 and
~80% with 7.5 and 10% CSE, respectively) in the
percentage of single lumen-forming Caco-2 spheroids
(Figure 4A) and in cell cluster size (Figure 4B).
In previous studies it has been shown that the
recruitment of laminin, which is a major basement
membrane component present in matrigel, to the cell
surface is an essential step in epithelial cell polarity
orientation and lumen formation in 3D culture 42,44.
We observed predominant laminin accumulation
around the polarized lumen-forming Caco-2 clusters
under control conditions (Figure 3C), as well as
around the non-polarized non-lumen-forming Caco2 cell clusters exposed to CSE (Figure 3D). This
indicates that CSE exposure does not inhibit the
recruitment of laminin to the epithelial cell surface.
Together, these data indicate that CSE exposure
impairs de novo development of Caco-2 cell
polarity and tight junctions downstream of laminin
recruitment, resulting in defective epithelial
morphogenesis.
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Figure 4. Effect of NAC and BSO on cigarette smoke extract-induced
impairment of Caco-2 epithelial cell polarity and morphogenesis. A)
Effects of various treatments (see text) on the percentage of single
lumen-forming spheroids in comparison to the control condition (7 days
3D culture in normal culture medium, set to 1); B) Effects of various
treatments (see text) on cell cluster size in comparison to the control
condition (7 days 3D culture in normal culture medium, set to 1); C)
Effects of pre-exposition to CSE and/or NAC (see text) on the percentage
of single lumen-forming spheroids in comparison to the control
condition (non-pre-exposed cells, set to 1); D) Effects of pre-exposition
to CSE and/or NAC (see text) on cell cluster size in comparison to the
control condition (non-pre-exposed cells, set to 1); E) Effects of various
treatment on intracellular glutathione levels. Continuous data (i.e. size
and glutathione expression are presented as (normalized) mean ± SD of
at least three independent experiments, dichotomous data (i.e. spheroid
formation), is represented as normalized fraction, error bars are ranges.
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The inhibitory effect of cigarette smoke extract
on epithelial cell polarity and morphogenesis
shows penetrance to next generations
In order to determine the (ir)reversibility of the
effects of CSE on Caco-2 cell polarization and
morphogenesis, we pre-exposed Caco-2 cells to
CSE (or control culture medium) for 24 h and
subsequently cultivated the cells in 3D in the
absence of CSE for 7 days. The cells were then fixed
and (immuno)labeled to visualize nuclei, actin and
ZO-1, and the percentage of single lumen-forming
spheroids was determined. As shown in Figure 4C,
CSE-pre-exposed cells showed impaired epithelial
polarization and morphogenesis when subsequently
grown in 3D culture medium in the absence of CSE,
similar to non-pre-exposed cells that were grown in
3D culture medium in the presence of CSE. Notably,
CSE pre-exposure did not significantly reduce cell
cluster size in next generation cells grown in the
absence of CSE (Figure 4D). These data demonstrate
the penetrance of the inhibitory effect of CSE on
Caco-2 cell polarization and morphogenesis to next
generations of cells, which was independent of cell
growth.

5

N-acetyl-L-Cysteine neutralizes the inhibitory
effects of cigarette smoke extract on cell
growth, cell polarity and morphogenesis
Cigarette smoke extract contains many compounds
that are toxic for cells. These include among others
reactive oxygen species and potential carcinogens,
such as polycyclic aromatic hydrocarbons. Exposure
of Caco-2 cells to CSE did not lead to cell death (as
analyzed by lactate dehydrogenase leakage tests;
data not shown). Many cells, including Caco-2 cells,
produce glutathione, a low-molecular-weight thiol, in
order to detoxify toxic compounds 45,46. Exposure of
Caco-2 cells to CSE resulted in increased (~2-fold)
levels of intracellular glutathione when compared
to cells that were grown in normal culture medium
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(Figure 4D). When Caco-2 cells were grown in 3D
culture medium supplemented with CSE together
with the glutathione synthesis inhibitor L-buthioneS,R-sulfoximine (BSO) 47, which completely abolished
glutathione production in the cells (Figure 4E),
no cells were found attached to the culture plate
after 24 h (data not shown), which is indicative for
impaired cell viability. When Caco-2 cells were grown
in 3D culture medium supplemented with only BSO,
normal development of epithelial cell polarity and
morphogenesis was observed, indistinguishable
to cells cultured in normal medium (Figure 4A,
B). These data suggest that CSE stimulated the
production of glutathione and glutathione synthesis
was required for the cells to survive and form cell
clusters in the presence of CSE.
We hypothesized that the synthesis of glutathione
was sufficient to maintain cell survival when
exposed to CSE, but insufficient to prevent the
CSE-mediated inhibition of epithelial sphere
size, polarity development and morphogenesis.
Therefore, we included the glutathione precursor
N-acetyl-L-cysteine (NAC) in the CSE-containing
culture medium. NAC completely abolished the
inhibitory effects of CSE. Thus, Caco-2 cells when
cultured in CSE-containing medium supplemented
with NAC developed normal-sized single lumenforming spheroids, similar to cells cultured in normal
medium only (Figure 4A). Surprisingly, however,
the addition of NAC did not result in increased
intracellular glutathione levels (Figure 4D), whereas
the neutralizing effect of NAC was abolished in the
presence of the glutathione synthesis inhibitor BSO
(Figure 4A). This suggested that the neutralizing
effect of NAC was via a glutathione-independent
mechanism, yet requiring endogenous (i.e., NACindependent) glutathione synthesis. Interestingly,
whereas combined exposure of cells to CSE and BSO
inhibited cell viability (see above), the combined
exposure of cells to CSE, BSO and NAC did not,
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which also indicates a glutathione-independent effect
of NAC treatment. Further, in the presence of NAC,
glutathione synthesis was not essential to allow cell
survival while glutathione synthesis was essential but
not sufficient to prevent the inhibition of epithelial
cell growth, polarity development and morphogenesis
in response to CSE. Interestingly, NAC was not able
to restore the polarity and morphogenesis phenotype
of CSE-pre-exposed cells (Figure 4C and D),
indicating that NAC was required at the time of CSE
exposure to neutralize the effects of CSE.

5

Discussion
The ability of intestinal epithelial cells to selfassemble and form polarized monolayers in
conjunction with basement membrane remodeling is
a crucial process in the generation of epithelial tissue
architecture and epithelial cell homeostasis, including
the wound healing response. Here, we show for
the first time that cigarette smoke extract directly
perturbs the de novo multi-dimensional organization
of intestinal epithelial cells in 3D culture, whereas no
effect is observed in pre-formed intestinal epithelial
cultures. As part of the underlying mechanism, we
demonstrate that cigarette smoke impairs cell growth
and the de novo development of intestinal epithelial
cell polarity (i.e., the segregation of apical and
basolateral plasma membrane domains bordered by
tight junctions), which is an essential step in the 3D
organization of columnar epithelial cells in vitro and
in vivo 29.
Previous studies have suggested that cigarette
smoke may exert its negative effects on intestinal
epithelium homeostasis indirectly via altering the
immune system or microbiota 17. While not excluding
these possibilities, our study now indicates that also
direct effects of cigarette smoke components on the
intestinal epithelial cells that interfere with epithelial
morphogenesis should be considered.
The precise molecular pathways via which CSE
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impairs Caco-2 cell polarity development remains
to be elucidated. CSE impairs epithelial sphere size:
after 7 days of CSE exposure the size of cell clusters
was similar to that of 3 day-old non-exposed cell
clusters. Three day-old non-exposed Caco-2 cells
already polarize and organize into single lumenforming spheroids 34 (our unpublished data).
Therefore, the reduced size of CSE-exposed cell
clusters, as such, is not likely to underlie the cell
polarity defects. This is further supported by the
notion that the effects of CSE on cluster size and
morphogenesis did not follow the same trend as a
function of CSE dose (Figure 4A, B). Nevertheless,
as cell growth and differentiation are intimately
linked processes, it is possible that the reduced
growth rate in CSE-exposed cells affects cell polarity
development and morphogenesis.
Intestinal epithelial cell differentiation and polarity
development depends on cell-cell interactions
mediated by adherens junctions and tight junctions
48–50
, although the necessity for cell-cell interactions
for intestinal epithelial cell polarity development
has been debated 51,52. In airway epithelial cells,
exposure to smoke-concentrated medium resulted in
loss of cell polarity as a result of perturbed function
of p120-catenin function 53, a protein that plays a
role in maintaining the integrity of adherens and
tight junctions 54. Our data demonstrate that ZO-1
is mislocalized in CSE-exposed intestinal epithelial
cells, and ZO-1 has been reported to couple the
assembly of tight junctions to adherens junctions 55.
Further studies are needed to investigate whether
defective adherens and tight junction-mediated
cell-cell adhesions underlie the CSE-mediated cell
polarization defects in intestinal epithelial cells as
reported in this study.
Notably, the inhibitory effects of CSE on cell
polarization and morphogenesis was passed on
to next generation of cells, even when to were no
longer exposed to CSE. Given that smoking has
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been demonstrated to induce epigenetic changes
56,57
, and that epithelial cell organization has been
linked to epigenetic regulators 58,59, it is conceivable
that epigenetic changes underlie the polarization
and morphogenesis defects caused by CSE. While
the effects of cigarette smoking on epigenetic
modifications in blood cells has been investigated 56,
the effects of smoking on epigenetic modifications in
the intestinal epithelium remain unknown.
The ability of the intestinal epithelial cells to (re)
establish cell polarity and (re)organize themselves
into polarized monolayers in response to cues from
the extracellular matrix (that is, the basement
membrane) is a crucial step in epithelial repair
processes 60. Loss of epithelial cell polarity and
consequent defects in multicellular organization
has also been associated with the development of
cancer 58,61,62, and cigarette smoking is a risk factor
for the development of colorectal cancer. Based on
our results we speculate that, in vivo, exposure
to cigarette smoke components perturbs repair
processes in response to epithelial damage or lesions
(such as occur in inflammatory bowel disease) by
impairing the ability of intestinal epithelial cells
to repolarize and reassemble into monolayers,
thereby preventing disease remission and eventually
contributing to aberrant organization of the intestinal
epithelium and onset of polyp formation and/or
carcinogenesis. In this regard it is of interest that
especially Crohn’s ileitis is worsened by smoking,
and that the ileum is also the site where the first
lesions in Crohn’s disease are found 12.
It is tempting to extrapolate the results of this
study to other polarized tissues. Indeed, cigarette
smoking is also a significant risk factor for intraoral
epithelial wound healing after oral surgery 63, corneal
epithelial wound healing 64, for lung epithelial wound
healing 65,66 and for the outcome of plastic surgery
patients 67,68. Possibly, cigarette smoke-induced
defects in epithelial cell polarity development
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and morphogenesis underlie smoking-associated
impaired wound healing also in these typically
polarized tissues. Our preliminary data indicate that
CSE has similar effects on morphogenesis of MDCK
cells, which are tubular kidney epithelial cells (our
unpublished results), supports this possibility and
warrant further studies.
Importantly, the inhibitory effects of cigarette
smoke extract on intestinal epithelial cell polarity
development and morphogenesis were efficiently
neutralized by NAC. Interestingly, NAC-involving
therapy was reported to accelerate mucosal
healing in a rodent model of colitis 69. However,
the mechanisms by which NAC exerts its beneficial
effects on intestinal mucosal healing remain elusive.
Whereas NAC is typically used as a precursor for
glutathione synthesis, we did not observe elevated
levels of intracellular glutathione in NAC-treated
Caco-2 cells. Yet, the neutralizing effect of NAC
was completely abolished by the glutathione
synthesis inhibitor BSO. These data suggest that
the neutralizing effect of NAC was not through
NAC-stimulated glutathione synthesis, but critically
dependent on endogenous (that is, non-NACmediated) glutathione synthesis. Of interest in this
respect, NAC was reported to promote neuronal
PC12 cell survival independently of glutathione but
via stimulating transcriptional activity 70. Moreover,
NAC was recently demonstrated to stimulate
mammalian target of rapamycin (mTOR)-mediated
protein synthesis in intestinal epithelial IPEC cells
independent of glutathione synthesis 71. Given the
role of mTOR signaling in polarity of Sertoli cells 72,
further studies are warranted to explore the role
of mTOR in NAC-mediated neutralization of CSEmediated impairment of intestinal epithelial polarity
development and morphogenesis. Our data provide
further insight into the cell biological mechanisms
that may underlie beneficial effects of NAC in the
clinical treatment of smoking-related intestinal
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disorders.
The cigarette smoke component(s) that are
responsible for the detrimental effects on 3D
intestinal epithelial cell morphogenesis remain to be
determined. Cigarette smoke contains free radicals
and many carcinogens, including polycyclic aromatic
hydrocarbons 73. In a study that examined the
influence of functional glutathione S-transferases
(GST) gene polymorphisms on the association
between smoking and colorectal cancer, Koh and
colleagues reported a role for GST enzymes in the
detoxification of colorectal carcinogens in tobacco
smoke 9. We did not obtain evidence of CSE-induced
production of reactive oxygen species in the Caco-2
cell spheroids (our unpublished results). Moreover,
menadione, a synthetic compound also known as
2-Methyl-1,4-naphthoquinone or vitamin K3 that
induces reactive oxygen species, did not mimic the
effects of cigarette smoke extract Moreover, the
effects of cigarette smoke extract were not efficiently
prevented by the reactive oxygen species inhibitor
resveratrol (our unpublished results). Given the
clear requirement for glutathione synthesis for the
neutralizing effect of NAC in our experiments, it is
conceivable that cigarette smoke components that
are substrates for GST are responsible for the effects
of CSE on intestinal epithelial morphogenesis as
demonstrated in this study, and possibly involved
in the in vivo etiology of smoking-related intestinal
epithelium dysfunction.
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Chapter 6
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Abstract

6

Microvillus inclusion disease (MVID) is one of the most
severe congenital diarrheal disorder affecting young
children and is characterized by MYO5B mutations,
impaired brush border development and chronic
diarrhea. The aim of this study was to investigate
the link between the loss of Myosin Vb function and
intestinal epithelial barrier function. We demonstrate
that loss of Myosin Vb expression or function in the
epithelial cells of the duodenum and colon of individuals
diagnosed with MVID, as well as in intestinal Caco2 cells, impaired the trafficking of Claudin-1 to tight
junctions, but not that of other examined cell-cell
junction-associated proteins. Furthermore, MVID
enterocytes showed a reduced expression of the apical
polarity complex protein Crumbs3, and Claudin-1 was
mislocalized in the enterocytes of Crb3 knock-out
mice. Notably, the resultant intracellular accumulation
of Claudin-1 was not accompanied by an decreased
trans-epithelial electrical resistance or enhanced
paracellular permeability of Caco-2 cell monolayers to
macromolecules. MVID is the first human diseases in
which Claudin-1 mislocalization is causally linked to a
gene defect. We thus conclude that Myosin Vb controls
the trafficking of Claudin-1, probably indirectly through
Crumbs3, but an intestinal epithelial barrier defect
is not likely to account for the chronic diarrhoea in
MVID. Moreover, our results argue against a role for
Claudin-1 in maintaining paracellular impermeability in
the human intestine, and suggest that the frequently
reported correlation between Claudin-1 redistribution
and increased intestinal permeability and inflammation
does not reflect a causal relationship.
Introduction
Mutations in the MYO5B gene, encoding the recycling
endosome associated motor protein Myosin Vb, have
recently been associated with Microvillus Inclusion
Disease (MVID) 1–3. To date, 41 distinct homozygous
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and (compound) heterozygous mutations have been
identified in forty MVID patients 4. MVID patients
develop nutrient malabsorption and intractable
neonatal secretory diarrhea which is aggravated
upon oral food intake 5–7. Patients depend on total
parenteral nutrition for survival. At the cellular level,
MVID is characterized by microvillus atrophy, and the
intracellular retention of transmembrane apical brush
border proteins 5,7,8 including the main brush border
anion transporter cystic fibrosis trans-membrane
conductance regulator and the NHE-2 and -3 Na+/
H+ exchangers 9 and some basolateral proteins 1,10.
MYO5B mutations have, at least in some patients,
been correlated to reduced expression of the Myosin
Vb protein in the MVID intestine 3. Despite the
identification of MYO5B as the affected gene, the
underlying disease mechanism, in particular the
cause of the chronic diarrhea, remains unclear. So
far, small bowel/colon transplantation is the only way
to end the secretory diarrhea in MVID.
The intestinal epithelial cells form a tight monolayer
along the crypt-villus axis of the intestine, and
provide a physical barrier between gut lumen
contents and the body tissue 11. Tight junctions form
an intercellular and intramembranous barrier at the
apex of the lateral (contacting) surfaces in epithelial
cell monolayers that limit the paracellular transport
of ions and water. In addition, tight junctions
are tightly associated with apical-basal polarity
and prevent the lateral diffusion of membrane
proteins between the apical and basolateral plasma
membrane domains (reviewed in 12–15). When tight
junctions of intestinal epithelial cells are disrupted,
uncontrolled paracellular leakage of solutes and
water and, hence, diarrhoea occurs 14,16. Tight
junctions consist of transmembrane and associated
cytoplasmic proteins. Transmembrane proteins
include occludin, junction-associated membrane
protein A, and various members of the Claudin
family 17. TJ-associated cytoplasmic proteins include
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Zona Occludens (ZO)-1, -2 and -3, Cingulin, and
others 12–14. The development and maintenance of
tight junctions is linked at the molecular level to
that of other cell-cell junctions 18,19, and Epcam 20,21,
although in at least some cell types the formation
of functional tight junctions is not strictly dependent
on adherens junctions 22. Furthermore, the process
of tight junction development is entwined with that
of apical-basal cell polarity development via apical
polarity complexes that include the apical polarity
determinant transmembrane protein Crumbs3
23(p3),24,25
.
Tight junctions are dynamic structures and
some tight junction proteins undergo endocytosis
and recycling back to the plasma membrane 26–28.
Interestingly, recycling endosomes have been shown
to control the intracellular trafficking of key protein
components of tight junctions as well as adherens
junctions 27,29–32. Whether Myosin Vb is involved in
the regulation of trafficking of tight junction proteins
is not known. We hypothesized that defects in the
trafficking of tight junction-associated proteins
caused by loss of Myosin Vb function and, as a
result, defects in tight junction function could help
explain the chronic diarrhoea in MVID patients in
the absence of brush border (an)ion transporters
and oral food intake. Therefore, we investigated
the involvement of Myosin Vb, as a key regulator of
recycling endosome function 33, in the organization
and function of tight junctions in intestinal epithelial
cells in the context of MVID.

6

Materials and Methods
Cell culture. Caco-2 cells were cultured in DMEM with
non-essential amino acids (Sigma) and 10% fetal calf
serum (FCS) as described previously34.
shRNA treatment. The shRNA target sequence,
region 2333-2351 of human MYO5B cDNA (target
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sequence GGCTGCAGAAGGTGAAATA) was cloned into
the shRNA expression vector described previously34.
A target sequence in the Luciferase gene34 was
used as a control. For the production of lentivirus,
HEK293T cells were plated onto poly-L-Lysine-coated
plates in DMEM supplemented with 10% FCS and
1% sodium pyruvate. Cells were transfected with
CMVdR8.1, VSV-G, and pMID-i-2 using CaCl2 and
Hank’s balanced salt solution. Medium was changed
after 17 h. After 24 h virus-containing medium was
collected, filtered and stored at -80oC. Caco-2 cells
were transduced with lentivirus diluted in DMEM with
10% FCS. Expression of GFP in cells was indicative
for successful transduction, as also evidenced by
reduced Myosin Vb mRNA. In other experiments,
Caco-2 cells/transwell filter (Corning, 0.4 micron
pore size) were plated and 48 h later transduced with
virus in the presence of polybrene (1:1000) for 16 h,
and cultured for another 4 days.
q-RT PCR. RNA was extracted from cells according
to the manufacturer’s instructions (Invisorb
Spin Cell RNA mini kit, Westburg). cDNA was
synthesized using poly dT primer and SuperscriptII
reverse transcriptase (Invitrogen) according to the
manufacturer’s protocol. q-RT primers were designed
by using Primer 3 (http://frodo.wi.mit.edu) (Table
S1). Reactions were run on an ABI7500 (Applied
Biosystems). Cycling conditions comprised 15 min
polymerase activation at 95°C and 40 cycles at 95°C
for 15 sec and 60°C for 30 sec. Experiments were
carried out in triplicate.
Immunofluorescence labelling and microscopy.
Sections of formalin-fixed samples of human MVID
and control intestines 3,34,35, and of mouse Crb3+/+
and Crb3-/- intestine (generous gift of B. Margolis of
the University of Michigan Medical School (Ann Arbor,
Michigan, USA) 36) were de-paraffinized, rehydrated,
washed with PBS and subjected to epitope retrieval
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with citric acid pH 6.0 in a microwave for 20 min.
Non-specific binding sites were blocked with 5% FCS
in PBS overnight. Primary antibodies were diluted in
blocking solution with 0.05% Tween-20 at 37oC for
2h followed by incubation with AlexaFluor-488- or
-543-conjugated secondary antibodies. Nuclei were
stained with DRAQ5, and slides were mounted with
DAKO mounting medium. Cultured cells were fixed
with 3.7% PFA at room temperature for 20 min. Cells
were incubated with 0.1 M glycine in PBS for 20 min,
permeabilized with 0.2% TritonX-100 for 10 min and
blocked with 3% FCS in PBS for 1 h. 30 and primary
antibodies were added to the basolateral and apical
side of the filter and cells were incubated at 37oC for
2 h. Cells were incubated with Cy5- or AlexaFluor543-conjugated secondary antibodies and DRAQ5/
DAPI at 37oC for 30 min. Filters were mounted in
DAKO mounting medium. Specimens were examined
and images were taken with a TCS SP8 CLSM (Leica).
Claudin-1 (1:100 Invitrogen), Claudin-7 (1:100
Sigma), Cingulin (1:100 Novus Biologicals), ZO-1
(Invitrogen 1:200), Beta-catenin (1:100 Transduction
lab). The antibody raised against the Crumbs3
protein was a generous gift of B. Margolis (University
of Michigan Medical School, Ann Arbor, Michigan,
USA).

6

Calcium switch assay. CaCo2 cells were plated on
transwell filters and transduced with lentivirus on
day 2 post seeding. The cells were allowed to grow
for six days in total. The cells were washed with
phosphate buffered saline (PBS) without calcium and
magnesium three times before adding 2.5mM EDTA
in PBS. The cells were incubated in EDTA for 8 min,
washed twice with PBS and later fixed with 4% PFA
in PBS at various time points.
Electron microscopy. For transmission electron
microscopy, freshly obtained biopsy samples were
processed for electron microscopy as described in 3.
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For scanning electron microscopy, cells were fixed
with 2% glutaraldehyde in 0,1M sodiumcacodylate
overnight at 4oC and postfixed with 1%
osmiumtetroxide in 0,1M cacodylatebuffer at room
temperature for 1 h. After dehydration samples
were critical-point dried from carbon dioxide and
sputtercoated with 5 nm palladium/gold, and imaged
at 2KV using a JEOL-JSM6301F scanning electron
microscope.
Paracellular leakage assay. CaCo2 cells were plated on
transwell filter support, transduced with the virus and
allowed to grow to form a monolayer as mentioned
above. On day 6, all transwell filer supports were
washed with PBS twice. Add 1.5ml PBS (or 2.5 mM
EDTA in PBS as control) on the basal side and 250 µg/
ml FD4 or Lucifer Yellow in PBS (or 250 µg/ml PBS
+ 2.5mM EDTA as control). The cells were incubated
with FD4 or Lucifer Yellow for 20min and the basal
medium was collected in a tube and replaced with fresh
PBS (or PBS with EDTA). Subsequent samples were
collected every 20 min for 120 min. As a blank, an
empty transwell filter was used to calculate the basal
rate of flux between the apical and basal chambers.
The sequentially collected basal solution were read
on fluorometer with a standard curve of fluorescence
intensity to FD4 or Lucifer Yellow concentration. The
apparent permeability coefficient (Papp) was calculated
using the following formula: Papp(cm/s)=dQ/dt×1/
A×Co, where dQ/dt (μg/s) is the rate of appearance of
FD4 or Lucifer Yellow on the receiver side from 20 to
120 min after application of the probe. Co (μg ml−1)
is the initial probe concentration on the donor side,
and A (cm2) is the effective surface area of the insert.

Measurement of trans-epithelial electrical resistance.
Trans-epithelial electrical resistance (TEER) across
monolayers of Caco-2 cells cultured on Transwell filter
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supports was measured with the EVOM2, epithelial
Volthometer for TEER (Millipore), following the
manufacturer’s instructions.

Results and Discussion
Loss of Myosin Vb function causes the
redistribution of Claudin-1 but not of Claudin-7,
JAM-A, ZO-1 and Cingulin in MVID enterocytes

6

We first determined the subcellular distribution of
tight junction proteins (i.e., the sealing Claudin-1,
the channel-forming Claudin-7, Cingulin, and ZO1) in two patients diagnosed with MVID by confocal
laser scanning microscopy. Patient 1 carried a
homozygous c.4366C>T mutation in the MYO5B
gene, and patient 2 carried compound heterozygous
c.1540T>C and IVS33+3753G>C mutations
in the MYO5B gene 3. Both patients presented
persistent secretory diarrhoea from birth on and this
disappeared after receiving a bowel transplantation
35
. Immunolabeling was performed on both duodenal
and colonic material of both MVID patients.
Claudin-1 localized at the apical domain of epithelial
cells in control duodenum (Figure 1A) and colon
(supplementary Figure 1) and some intracellular
staining was observed. In contrast, in epithelial
cells in MVID duodenum (Figure 1A) and colon
(supplementary Figure 1) Claudin-1 was absent from
the apical domain and accumulated intracellular and
close to the nucleus. A difference in the intracellular
distribution of Claudin-1 was noted between the
two patients, as Claudin-1 in MVID[c.1540T>C and
IVS33+3753G>C] displayed a more condensed
supranuclear appearance when compared to
MVID[c.4255C>T].
In contrast to the striking redistribution of Claudin-1
in MVID enterocytes, Claudin-7, Claudin-3, Cingulin,
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Figure 1. Loss of Myosin Vb causes redistribution of Claudin-1
A) Sub-cellular distribution of Claudin-1, Claudin-7, Cingulin and
ZO1 in Control and enterocytes of two MVID patient with distinct
MYO5B mutations. Solid white arrows show TJ or lateral staining of
these proteins. Yellow arrows show intracellular mislocalization of
these proteins. Asterisk indicates the apical lumen in the picture.
The dotted line indicates the apical surface in the tissue. Nuclei are
stained with DAPI and shown in blue. B) Sub-cellular distribution
of Claudin-7, Cingulin, Zo1 and Claudin-1 in Caco2 cells is depicted
in the x-z axis as side views in red. The cells transduced with
lentiviral virus express GFP shown in green while non-transduced
cells are controls and do not show GFP. White arrows indicate TJ
or lateral junction and normal distribution. Yellow arrows indicate
intracellular mis-localization of these proteins due to the knock
down. Nuclei are stained blue.
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ZO-1 and JAM-A predominantly localized at the
lateral plasma membrane and/or apical aspect of
the lateral plasma membrane domains in duodenal
biopsies (Figure 1A and supplementary Figure
1) and colon biopsies (supplementary Figure 2)
from both control and MVID patients, consistent
with their distribution profiles reported in other
studies 37. It was noted that a larger fraction of
Claudin-7 appeared in vesicular structures in the
cytoplasm of control duodenum when compared to
both MVID samples, while in MVID[c.1540T>C and
IVS33+3753G>C] duodenum Claudin-7 shifted more
to the apical side of the lateral plasma membrane
(Figure 1A). Furthermore, some intracellular Claudin3-positive dots were observed in the enterocytes of
one MVID individual, but these were not observed in
another MVID individual (supplementary Figure 1,
arrows).
To establish a causal relationship between
Myosin Vb function and Claudin-1 distribution
we employed human Caco-2 cells, which can be
cultured as differentiated and polarized cells such
that their phenotype resembles the enterocytes of
the small intestine 38,39. The knockdown of Myosin
Vb in Caco-2 cells using lentiviral transduction of
shRNA against Myosin Vb, which has been shown to
reproduce phenotypic hallmarks of MVID enterocytes

6

10,34,40
, replicated our observations in the MVID
intestine (Figure 1B). Thus, no overt differences were
observed in the subcellular distribution of Claudin-7,
Cingulin and ZO-1 in GFP-negative (uninfected/
control) and GFP-positive (infected) Caco-2 cells.
(Figure 1B, side view/x-z images, white arrows). In
contrast, Claudin-1 was clearly redistributed from
the lateral surface in control cells to the intracellular,
supranuclear region in Myosin Vb knockdown cells
(Figure 1B).
Together, these data demonstrate that loss of Myosin
Vb function can be causally linked to the redistribution
of Claudin-1 in MVID enterocytes.
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Loss of Myosin Vb function impairs trafficking of
Claudin-1 to tight junctions
The intracellular accumulation of Claudin-1 in Myosin
Vb knockdown Caco-2 cells and MVID enterocytes
suggested that Myosin Vb regulated the trafficking of
Claudin-1 to the tight junctions. In order to
investigate this further we used an experimental
approach in which in a confluent monolayer of
cells, the endocytosis of tight junction proteins
is first triggered by treatment with the Ca2+-chelator
ethylenediaminetetraacetic acid (EDTA) 41. Then, after

subsequent washout of the EDTA the trafficking of
these endocytosed proteins to the newly formed tight
junctions can be followed as a function of time.
Treatment of control and Myosin Vb knockdown
Caco-2 cell monolayers with EDTA resulted in the
redistribution of ZO-1 and of Claudin-1 from the apex
of the lateral plasma membrane to vesicular
structures in the apical cytosol (Figure 2). In EDTAtreated Myosin Vb knockdown cells, intracellular
Claudin-1 displayeda more condensed accumulation
in the apical cytoplasm (Figure 2). Residual plasma
membrane associated Claudin-1 disappeared (Figure
2), suggesting that Myosin Vb was not required for
the EDTA-induced endocytosis of Claudin-1. 120 min
after EDTA washout, ZO-1 had reappeared at the
apex of the lateral plasma membrane, showing a
distribution pattern that was indistinguishable from
the situation before EDTA treatment, in both control
and Myosin Vb knockdown cells (Figure 2). At this
time, a fraction of Claudin-1 had also reappeared
at the lateral surface of control cells although a
significant fraction of intracellular Claudin-1 was still
observed (Figure 2). In Myosin Vb knockdown cells, in
contrast, Claudin-1 was predominantly intracellular
and no Claudin-1 had appeared at the cell surface
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Figure 2. Myosin Vb impairs trafficking of Claudin-1. A) Localization
of Claudin-1 (red) and Zo1 (blue) in confluent monolayer of Caco2
cells which are un-infected lentivirus for Myosin Vb knock down. B)
Localization Claudin-1 in cells transduced with lentiviral for Myosin
Vb knock down and expressing GFP (green). C-D) Cells treated with
calcium chelator EDTA and then allowed to recover for time points 5
min to 240 min post EDTA treatment and stained for Claudin-1 (red).
Non-green cells are control cells without viral transduction while
green cells are lentivirus transduced cells with GFP (green). Yellow
arrows indicate the enlarged intracellular accumulation while white
arrow indicate normal distribution of Claudin-1 and ZO-1. White
arrows indicate normal localization of Claudin-1 at the cell periphery.
Yellow arrows indicate abnormal intracellular accumulation of
Claudin-1.
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(Figure 2). After 240 min in control cells, Claudin-1
localized at the lateral surface indistinguishable
from the situation before EDTA treatment, whereas
in Myosin Vb knockdown cells Claudin-1 remained
intracellular (Figure 2). Together these data
demonstrate that Myosin Vb regulates the trafficking
of Claudin-1 to the tight junctions, and that
Claudin-1 at tight junctions is dispensable for the
recruitment of ZO-1 and Cingulin at tight junctions in
human enterocytes.
Mislocalization of Claudin-1 in MVID
enterocytes is correlated with reduced
expression of the apical polarity protein
Crumbs3
The mammalian apical polarity protein Crumbs3,
encoded by the CRB3 gene, has been demonstrated
to play a pivotal role in the formation to tight
junctions 23,24 and of the apical plasma membrane
25
. Moreover, Crb3 knock-out mice show apical
microvillus atrophy and villus fusion 36,42, both
of which are also observed in the MVID small
intestine 34. Examination of Crumbs3 expression and
localization showed a predominant apical distribution
of the Crumbs3 protein in control enterocytes
(Figure 3A, arrow), consistent with the endogenous
distribution of Crumbs3 in mouse enterocytes 36,42
and of ectopically expressed Crumbs3::GFP in the
intestine of the nematode Caenorhabditis elegans
43
. In contrast, Crumbs3 expression was reduced
in the enterocytes of two unrelated MVID patients
that carry distinct MYO5B mutations, and clearly no
predominant Crumbs3 distribution was observed
at the apical surface of the enterocytes (Figure 3B,
arrow).
In order to investigate whether loss of Crumbs3
expression at the apical domain of the enterocytes
could be responsible for the loss of Claudin-1 from
tight junctions, we next examined the expression and
distribution of Claudin-1 in the enterocytes of wild-
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Figure 3. Claudin-1 mislocalization in MVID enterocytes is
correlated with loss of Crumbs3 expression. A) Crumbs3 expression
and distribution in human duodenum enterocytes of control and
MVID individuals. B) Claudin-1 expression and distribution in mouse
duodenum enterocytes of wild type control (Crb3+/+) and Crb3
knock-out (Crb3-/-) mice. Bars: 10 μm.

6

type control and Crb3 knock-out mice 36. Claudin-1
was predominantly localized at the apical domain of
the enterocytes of control mice (Figure 3C, arrows).
In contrast, this predominant apical localization was
absent and Claudin-1 was mislocalized to intracellular
puncta in the enterocytes of Crb3 knock-out mice
(Figure 3D, arrows).
Together these data demonstrate that Crumbs
expression is severely reduced in MYO5B mutationcarrying MVID enterocytes and that loss of Crumbs3
in enterocytes results in the mislocalization of
Claudin-1.
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Loss of Myosin Vb function does not affect the
lateral distribution of beta-catenin and EpCam
or the monolayer organization of intestinal
epithelial cells
The establishment and maintenance of tight
junctions has been shown to be linked to that of
adherens junctions 18–21. Nonetheless, adherens
junctions and the epithelial monolayer arrangement
appear normal in the small intestine epithelial cells
of Crb3 knock-out nice 36. We found that the key
adherens junction-associated protein beta-catenin
displayed a normal distribution along the lateral
plasma membrane in MVID enterocytes (Figure 4A)
and/or shRNA-treated Caco-2 cells (data not shown).
Also the lateral plasma membrane localization of the
cell-cell adhesion protein EpCam 44, mutants of which
in congenital tufting enteropathy 45 fail to reach the
lateral plasma membrane 46 and give rise to chronic
diarrhoea 47, was maintained in shRNA-treated
Caco-2 cells (Supplementary Figure 3; the EpCam
antibody did not work properly on our paraffin
coupes). It was noted that in control Caco-2 cells
EpCam showed an additional localization at the apical
surface, and this apical (but not the lateral) fraction
of EpCam was depleted in Myosin Vb knockdown cells
(supplementary Figure 3).
In agreement with the localization of most cellcell adhesion proteins at the lateral surfaces, the
intestinal epithelial cell monolayer arrangement in
MVID, despite the fusion of villi, appeared normal
by haematoxylin and eosin staining (Figure 4B),
and also Caco-2 cells that were treated with shRNA
against Myosin Vb displayed a normal monolayer
arrangement (c.f., Figure 1B and 2). Moreover,
cell-cell junctions in MVID intestinal epithelial cells
displayed a normal morphology when evaluated
by transmission electron microscopy (Figure 4C).
Indeed, typical electron-dense desmosomes (blue
arrows), and the for tight junctions characteristic
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Figure 4. Loss of Myosin Vb does not inhibit cel-cell adhesion,
monolayer organization and permeability. A) Beta-catenin (green)
localization in control and MVID patient enterocytes. Nuclei stained
with DAPI (blue). Asterisk indicates the apical lumen and dotted line
is the apical plasma membrane. B) MVID patient intestinal tissue
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stained with hematoxylin indicates the organization of the tissue
and enterocyte monolayer. C) Transmission electron micrographs
indicate microvillus inclusions (MI) in MVID enterocyte. Black dotted
box is blown up on right. Black arrows indicate the electron dense
tight junctions. Blue arrows indicate cell-cell adhesions and red
arrows indicate desmosome junctions. D) Cartoon depicting the
arrangement for the flux assay to establish paracellular permeability
coefficient in confluent Caco2 cells. Green is FITC-Dextran 4kda, red
show tight junctions. Cells are grown on porous polycarbonate filter.
Bottom chamber is the receiving chamber for diffusing FD4 gradient.
Apparent coefficient is calculated by the given formula. E) Relative
permeability coefficient plotted for control cells, knock down
cells, EDTA treated cells and empty filter. F) Relative permeability
coefficient plotted for control cells, knock down cells, EDTA treated
cells and empty filter. G) Trans-epithelial electrical resistance (TEER)
in control and knock-down cells. Student’s t-test was performed
between two samples. p<0.05 was considered significant. The graph
was plotted as an inverted plot with Y-axis on log scale to the base
10.

electron-dense areas of closely opposing plasma
membranes between cells at the apex of the lateral
membrane (double black arrow), were easily
distinguished (Figure 4C; red arrows indicate areas
with visible space between the opposing lateral
plasma membranes).
Taken together, these data demonstrate that of the
cell-cell junction proteins examined, loss of Myosin
Vb expression or function causes the redistribution
of only Claudin-1 in intestinal epithelial cells, without
causing overt changes in cell-cell adhesion junction
morphology or cell monolayer arrangement.

Loss of Myosin Vb function does not increase
paracellular permeability to macromolecules
Because loss of Myosin Vb function in vivo and in
vitro led to the redistribution of Claudin-1, we next
addressed the consequences of Myosin Vb loss of
function for the epithelial barrier function. For this,
control and Myosin Vb knockdown Caco-2 cells were
cultured as confluent monolayers on semi-permeable
filters. Fluorescein isothiocyanate -labelled 4 kDa
dextran (FD4) was then added to the apical side of the
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monolayer and the amount of FD4 that leaked to the
basolateral compartment was calculated as a function
of time (Figure 4D). As a positive control, cells were
treated with EDTA to disrupt the tight junctions (c.f.,
Figure 2). Whereas treatment with EDTA caused a
significant increase in paracellular leakage of the
FD4 (Figure 4E), no significant difference in FD4
leakage was observed between control and Myosin
Vb knockdown cells (Figure 4E). Similar results were
obtained when, instead of FD4, the significantly
smaller dye Lucifer yellow (453 Da), was used (Figure
4F). Furthermore, Measurement of the trans-epithelial
electrical resistance revealed no differences between
control cells and Myosin Vb knock-down cells (Figure
4G). These data demonstrated that in Caco-2 cells,
the reduced expression of Myosin Vb and resultant
redistribution of Claudin-1 did not lead to an impaired
tight junction and barrier integrity.

6

Our data demonstrate that loss of Myosin-Vb
expression/function causes impaired trafficking
and intracellular retention of Claudin-1, but is not
paralleled by an increase in the paracellular leakage
of macromolecules. The chronic diarrhoea in MVID
patients is therefore not likely due to a substantial
intestinal epithelial barrier defect by means of a
macromolecular leak flux mechanism, but rather
due to perturbed salt/water transport across the
cell surface. In support, MVID is not associated
with intestinal inflammation, which is expected
if the intestinal epithelial barrier function was
compromised. In light of the reported mislocalization
of TJ proteins including, Claudin-1, that accompanies
intestinal inflammation and other pathophysiological
conditions of intestines41,48, our data indicate there
is no causative role of Claudin-1 mislocalization
in increased intestinal permeability. Finally, the
presence of functional TJ in MVID enterocytes, in
agreement with the absence of a lateral mixing of
proteins between apical and basolateral surfaces of
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MVID enterocytes, indicates that MVID is not caused
by a defect in the core epithelial polarity program.
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Supplementary figure 1. Loss of Myosin Vb does not
cause redistribution of Claudin-3 or JAM-A. Subcellular distribution of Claudin-3, and JAM-A in biopsies of
duodenum in MVID patient samples with distinct
mutations and a control sample. Solid white arrows show
intracellular accumulation of Claudin-3 in one of the MVID
duodenum stainings. Nuclei are stained with DAPI (blue).

6
Supplementary figure 3. Loss of Myosin Vb does not
cause
a
redistribution
of
Epcam.
Sub-cellular
distribution of Epcam (Red) in control and Myosin Vbknockdown Caco-2 cells. (scalebar 10 uM)
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of
Myosin
Supplementary
figure
2.
Loss
Vb causes redistribution of Claudin-1. Subcellular distribution
of
Claudin-1,
Claudin-7,
Cingulin and Zo1 in biopsies of colon in
MVID
patient samples with distinct mutations and a
control
sample.
Solid
white
arrows
show
intracellular accumulation of Claudin-1 in MVID
colon staining. Asterisk indicates the apical lumen
in the picture. The dotted line indicates the
apical surface in the tissue. Nuclei are stained with
DAPI (blue).
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Summary
The intestinal epithelium is capable of taking up
nutrients and fluid, and forming an otherwise
impermeable layer. In order to do this, intestinal
epithelial morphogenesis is tightly regulated,
giving rise to an interlinked, polarized monolayer of
intestinal epithelial cells. Cell polarity is pivotal for
epithelial homeostasis and immunity in the intestine,
as discussed in detail in Chapter 2. Under influence
of intrinsic and extrinsic factors, morphogenesis, and
thereby the function of the epithelium can be perturbed.
Animal models and clinical studies provide information
on disease phenotypes in the context of complex
interplay of many different cell types. In this thesis
we have presented a three-dimensional cell culture
system, reflecting the in vivo polarized organization of
the intestinal epithelium, as a reductionist approach to
investigate the direct effects of individual extrinsic and
intrinsic factors on intestinal epithelial morphogenesis
and integrity.

7

In chapter 3 we thus demonstrated that intestinal
epithelial cells form a epithelial spheroid consisting of a
cell monolayer surrounding a central lumen, reflecting
the in vivo glandular organization of intestinal epithelial
tissue. In this spheroid, the intestinal epithelial cells
show typical in vivo-like polarized distributions of
cellular components. The intestinal epithelial cells
display distinct apical and basolateral membrane
domains, with microvilli projecting into the lumen,
and the basement membrane component laminin
being recruited at the cell-ECM-interface. The tight
junctions are properly localized and functional, as
evidenced by the impermeability of the spheroids. We
demonstrated that exposure of pre-formed spheroids
to TNFα enhanced the permeability of the spheroids in
an apoptosis-dependent manner. Further, the exposure
of intestinal epithelial cells to TNFα inhibited the initial
development of an apical-basal polarity axis, and
lumens formed only secondarily, after the inner cells of
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a cluster became apoptotic, a process called cavitation
and typical for mammary gland morphogenesis.
This demonstrated that TNFα not only exerted an
apoptosis-dependent perturbing effect on intestinal
epithelial barrier function, but also a perturbing effect
on intestinal epithelial morphogenesis.
In chapter 4 we assessed the role of energy
metabolism
pathways
in
intestinal
epithelial
morphogenesis and the underlying processes of
cell polarization and proliferation in our 3D model
system. We demonstrated that two main metabolic
pathways, glycolysis and oxidative phosphorylation,
both contribute to proliferation and spheroid size.
Neither pathway however, was individually necessary
for efficient intestinal epithelial cell polarization and
the development of glandular spheroids architecture.
We demonstrated that, in contrast to TNFα (chapter
3), IFNγ significantly enhanced intestinal epithelial
cell proliferation in this model system, resulting
in spheroids of larger size. This stimulation of
proliferation was shown to require glycolysis but
not oxidative phosphorylation. This study for the
first time addressed the role of energy metabolisms
in 3D intestinal epithelial morphogenesis, and
demonstrated that cell proliferation and polarization,
both key to epithelial morphogenesis, differently
utilized energy metabolism pathways. Importantly,
the studies described in chapters 3 and 4 demonstrate
that different pro-inflammatory cytokines, i.e., IFNγ
(chapter 4) and TNFα (chapter 3), affected intestinal
epithelial morphogenesis in this 3D model in very
different manners.
In chapter 5 we employed the 3D intestinal epithelial
model system to investigate the effects of cigarette
smoking as a IBD risk factor on epithelial barrier
function and morphogenesis. We demonstrated that
exposure of intestinal epithelial cells to cigarette
smoke extract resulted in impaired proliferation,
cell polarization, resulting in defective epithelial
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morphogenesis. Moreover, these effects of cigarette
smoke extract were transferrable to daughter cells.
Interestingly, cigarette smoke extract did not perturb
the barrier function or morphogenesis of pre-formed
intestinal epithelial spheroids, indicating that the effects
of cigarette smoking on intestinal epithelium may be
particularly relevant during active morphogenesis
such as during the wound healing response. Finally,
we demonstrated that the administration of N-acetylL-cysteine (NAC) completely neutralized the inhibitory
effects of cigarette smoke extract via glutathione
dependent and –independent manners. This study
demonstrated that cigarette smoke components can
exert direct effects on intestinal epithelial cells, and
that NAC may be used to neutralize cigarette smokingmediated intestinal epithelial defects.

7

In chapter 6 we assessed the influence of apical
recycling endosome regulator myosin Vb on intestinal
epithelial barrier function. We demonstrated that
loss of Myosin Vb function can be causally linked
to the redistribution of Claudin-1 in enterocytes
of individuals with microvillus inclusion disease.
We demonstrated that Myosin Vb was necessary
to regulate the trafficking of Claudin-1 to the tight
junctions, but did not control the correct localization
of other TJ proteins. The TJs were functional, given
that permeability was not altered in the absence of
myosin5b and correctly localized Claudin-1. These
results indicated that Claudin-1 mislocalization as
such is not likely to be causative factor in disorders
associated with increased intestinal permeability. In
intestinal epithelial cells of individuals with microvillus
inclusion disease carrying MYO5b mutations, we found
a loss of Crumbs3 expression, and in Crb3-/- mice we
found a mislocalization of Claudin-1. Thus, Myosin Vb
controlled Claudin-1 trafficking is associated with the
proper expression of Crumbs3. Importantly, the lack
of intestinal epithelial barrier defects in the absence
of myosin Vb indicated that intestinal epithelial
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permeability is not likely the cause of the diarrhoea
phenotype observed in MVID.
Future perspectives
In this thesis we established an in vitro threedimensional cell culture model system for the study
of intestinal epithelial morphogenesis. In this model
system, single intestinal epithelial cells self-organize
to form a multicellular polarized architecture that
best reflects the physiological in vivo situation and
therefore provide a suitable approach bridging the
gap between conventional cell culture and in vivo
animal models/humans. We have applied this model
to investigate the direct effects of extrinsic factors
on intestinal epithelial morphogenesis and integrity.
We provide a first description of the perturbation
of morphogenesis caused by different pathogenic
factors, including pro-inflammatory cytokines,
changes in energy metabolism, and cigarette
smoke. The next step would be to further elucidate
the molecular mechanisms behind the different
morphogenetic and functional perturbations as
described in this thesis.
The effects of TNFα, altering intestinal epithelial
morphogenesis to a cavitation-like phenotype, raise
the question of whether the mechanisms behind
the secondary lumen formation are mechanistically
comparable to other tissues with similar epithelial
lumen formation process, such as mammary and
slavery gland epithelium 1-3. The pro-proliferative
effects of IFNγ warrant further mechanistic research.
Given that IFNγ can cause TJ mislocalization, a
possible mechanism, postulated in chapter 4, could
include the nuclear translocation of proliferationstimulating transcription factors that are in
normal conditions physiologically sequestered at
functional TJs4,5. The studies described in this
thesis demonstrated that TNF and IFNγ directly,
but differentially, influence intestinal epithelial
morphogenesis. Considering the heterogenity of
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the disease course in IBD, including the notion that
not all patients eventually develop colon cancer6-8,
it is intriguing to consider the possibility of different
cytokine profiles giving rise to different disease
phenoypes and disease course. The perturbation
of intestinal epithelial morphogenesis by cigarette
smoke extract exposure is likely caused by an
effect in early cell polarization. The penetration
of the effects of cigarette smoke extract into next
generations of cells warrants further investigation
into the potential effects of cigarette smoke exposure
on genetics and/or epigenetics changes, and their
potential contribution to the observed cell polarity
and morphogenesis defects.
Recently developed methods to culture intestinal
stem cell-derived organoids provide the option of
a disease or location-specific readout of effects on
(regenerative) morphogenesis9. Organoids from
inflamed and healthy IBD tissue might be compared
to non-IBD-tissue organoids in their respective
reaction to different (inflammatory) stimuli. In
this way the possibility of inherent differences in
epithelium from the healthy population as a cofactor
in causing IBD could be investigated. Another option
would be to discern whether the differential effect
of cigarette smoke in Crohn’s disease and ulcerative
colitis is due to a difference in direct smoke-epithelial
interaction. Also, given our results showing that the
effects of cigarette smoke are transferable to next
generation daughter cells, it might be interesting
to assess the morphogenesis capacity of intestinal
organoids from cigarette smoking healthy and IBD
donors.
A further step in research would be the expansion
of the current reductionist three-dimensional
intestinal epithelial cell model to include other cell
types involved in disease pathogenesis. As IBD is a
multifactorial disease, with many cell types which
in context create a disease phenotype, a stepwise
expansion would provide the greatest insights,
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eventually. In this way, the role of every cell type
and its functional relation to epithelial morphogenesis
can be assessed. For example, co-culturing intestinal
epithelial cells with immune cells or the microbiota
samples from patients suffering from IBD might give
valuable insight in any of these factors interfering
with epithelial morphogenesis. This would further
validate the possible specificity of effects on
epithelium as described in this thesis.
As spheroid or organoid formation resembles in vivo
epithelial (re)generation, organoid morphogenesis
might provide a readout for regenerative capacity
of a specific donor or patient. We might then coculture the patient’s own intestinal epithelial cells,
with his/her own immune cells, and start recreate
the immunological microenvironment. This would
provide the opportunity to experimentally, in vitro,
determine whether a treatment might help epithelial
healing in vivo and, thereby, improve disease course,
analogous to the use of the recently developed tumor
organoids10,11.
As we propose that our model system is an in
vitro analogy to in vivo intestinal epithelium (re)
generation, we ultimately need an in vivo system to
further substantiate this claim, where the proposed
morphogenetic effects can be tested. However,
to follow morphogenesis in time in vivo a method
utilizing dynamic imaging would be necessary. An
option would be creating mice with GFP attached
to different polarity markers, and assessing
morphogenetic perturbations in epithelial (re)genesis
in time, by operatively taking out the intact intestine,
and peri-operatively using fluorescence microscopy,
or using fluorescence endoscopy.
In conclusion, model systems that make it possible to
study epithelial morphogenesis as a factor in diseases
that impair epithelial homeostasis and immunity in the
gut provide promising tools for deeper understanding
of disease pathogenesis.
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Nederlandse samenvatting
Darmepitheel, de binnenste laag van de darm,
is in staat voedingstoffen en vocht op te nemen,
terwijl het een verder ondoordringbare laag vormt.
Om hiertoe in staat te zijn, wordt de intestinale
epitheliale morfogenese strak gereguleerd hetgeen
leidt tot een onderling verbonden, gepolariseerde
monolaag van darmepitheelcellen. Polariteit is de
capaciteit van epitheel om zich ten opzichte van
de buitenwereld in de ruimte te ordenen. Hierbij
creëert een epitheelcel in functie en eiwitcompositie
verschillende membraandomeinen, die elk met een
ander compartiment in verbinding staan. Het apicale
domein staat in verbinding met het lumen van de
darm, terwijl het basolaterale domein in verbinding
staat met de omliggende cellen en het onderliggende
weefsel. Deze domeinen worden gescheiden door
zogeheten tight junctions, die zorg dragen voor
het impermeabel zijn van de interepitheliale ruimte
en voorkomen dat de membraandomeinen in
elkaar kunnen overvloeien. Epitheliale polariteit is
essentieel voor homeostase en immuniteit in de
darm, zoals in detail wordt uitgewerkt in hoofdstuk
2. Onder invloed van intrinsieke en extrinsieke
factoren kan de morfogenese en daardoor de functie
van het epitheel verstoord worden. Diermodellen
en klinische studies kunnen kennis bieden over
ziektefenotypen in de context van het complexe
samenspel van vele verschillende celtypen. In dit
proefschrift presenteerden wij een driedimensionaal
celkweeksysteem, die een met de in vivo situatie
overeenkomende gepolariseerde organisatie van
het darmepitheel laat zien. Dit model dient als
een reductionistische aanpak voor het meten van
de directe effecten van individuele extrinsieke en
intrinsieke factoren op de morfogenese en integriteit
van darmepitheel.
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In hoofdstuk 3 hebben we laten zien dat
darmepitheelcellen in staat zijn tot het vormen
van sferoïde monolaag rond een lumen, gelijkend op
de in vivo organisatie van darmepitheel. In zulke
sferoïden, vertonen de darmepitheelcellen een in
vivo-achtige
gepolariseerde
verdeling
van
celcomponenten. Zij laten duidelijk te onderscheiden
apicale en basolaterale membraandomeinen zien, met
in het lumen stekende microvilli en basaal
aangeworven
laminine,
onderdeel
van
de
basaalmembraan. De tight junctions zijn juist
gelokaliseerd en functioneel, zoals blijkt uit de
impermeabiliteit van de sferoïden. We hebben
laten zien dat deze sferoïden hun impermeabiliteit
verliezen op een apoptose-afhankelijke wijze wanneer
zij worden blootgesteld aan de pro-inflammatoire
cytokine TNF. Daarnaast leidt blootstelling aan TNF
vanaf het begin van de 3d-kweek tot een vertraagde
vorming van een apicobasale as, en worden lumens
alleen secundair gevormd, nadat de binnenste
cellen van een cluster apoptotisch zijn geworden,
een proces dat cavitatie wordt genoemd en
fysiologisch
plaatsvindt
bij
de vorming van
melkklierweefsel. Dit toont aan dat TNF niet alleen
een apoptose afhankelijk storende effect heeft op de
darmepitheelbarrièrefunctie, maar ook een storende
invloed op de darmepitheliale morfogenese.
In hoofdstuk 4 onderzochten we de rol van het
energiemetabolisme in de morfogenese in ons model.
We hebben aangetoond dat beide belangrijkste
metabole
routes;
glycolyse
en
oxidatieve
fosforylering, bijdragen aan efficiënte proliferatie, en
sferoïdgrootte. Geen van beide metabole routes is
echter op zichzelf noodzakelijk voor een efficiënte
polarisatie. Wij lieten zien dat, contrasterend met
het effect van TNF, het tevens pro-inflammatoire
cytokine IFNγ celproliferatie significant induceerde in
dit modelsysteem, resulterend in grotere spheroïden.
Deze inductie is afhankelijk van glycolyse, maar niet
van oxidatieve fosforylering. De studies beschreven
in hoofdstukken 3 en 4 laten zien dat verschillende
pro-inflammatoire cytokines, resp. TNF en IFNγ, de
morfogenese van darmepitheel in dit
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model zeer verschillend beïnvloeden.
In hoofdstuk 5 gebruikten we ons model om de
gevolgen van roken, als bekende risicofactor voor IBD,
op epitheliale functie en morfogenese te beoordelen.
Bij blootstelling aan sigarettenrookextract toonden de
sferoïden een verminderde proliferatie en verminderde
polarisatie, met een gestoorde epitheliale morfogenese
tot gevolg. Deze effecten waren overdraagbaar op
dochtercellen. Interessant is dat sigarettenrookextract
de barrièrefunctie en morfogenese van al gevormde
sferoïden niet verstoorde, wat erop wijst dat de
effecten van sigarettenrook in het bijzonder relevant
zijn ten tijde van actieve morfogenese, zoals
bijvoorbeeld gedurende een wondgenezingsrespons.
Ten slotte, laten we zien dat de toediening van
N-acetyl-L-cysteïne (NAC) de remmende effecten
van sigarettenrookextract volledig neutraliseerde, op
glutathion afhankelijke en onafhankelijke wijze. Deze
studie toont aan dat sigarettenrookcomponenten
en direct effect op darmepitheelcellen kunnen
bewerkstelligen, en dat NAC gebruikt zou kunnen
worden voor het neutraliseren van rook-gemedieerde
darmepitheeldefecten.
In hoofdstuk 6 onderzochten we de invloed van de
apicale recycling endosoom regulator myosinVb op
darmepitheliale barrièrefunctie. MyosinVb is het eiwit
waarvoor het gen MYO5b codeert, een gen waarvan
een mutatie geassocieerd is met microvillus inclusion
disease (MIVD), een ernstige congenitale secretoire
diarree. We tonen aan dat het verlies van myosine
Vb functie causaal is voor een herverdeling van
tight junction-eiwit Claudin-1 in MVID enterocyten.
Myosine Vb blijkt het transport van Claudin-1 naar
de tight junctions te regelen, maar niet de correcte
lokalisatie van andere tight junction-eiwitten. De tight
junctions waren functioneel, aangezien permeabiliteit
onveranderd bleek zonder myosin5b en daardoor
zonder correct gelokaliseerd claudine-1. Dit geeft aan
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dat claudine-1 mislokalisatie in zichzelf waarschijnlijk
niet oorzakelijk is voor de verhoogde intestinale
permeabiliteit. In darmepitheelcellen van MIVDpatiënten, drager van een MYO5b mutatie, vonden
we een verlies van crumbs3 expressie en daarbij
vonden wij in crb3 - / - muizen een mislokalisatie
van claudin-1. Dit suggereert dat myosin5b claudin-1
vervoer geassocieerd is met adequate crumbs3expressie. Belangwekkend is dat het gevonden gebrek
aan barrièredefecten in afwezigheid van myosin5b
suggereert dat darmepitheelpermeabiliteit niet de
oorzaak is van het diarreefenotype in MVID.
Concluderend stellen wij dat ons reductionistische
model in staat is kennis op te leveren over morfogenese
van darmepitheel, en ons in staat stelt verdere
mechanismen achter de geobserveerde fenotypen
verder te onderzoeken.
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