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A critical function of the epithelial lining is to form a barrier that separates luminal contents from the underlying interstitium. This
barrier function is primarily regulated by the apical junctional complex (AJC) consisting of tight junctions (TJs) and adherens
junctions (AJs) and is compromised under inflammatory conditions. In intestinal epithelial cells, proinflammatory cytokines, for
example, interferon-gamma (IFN-γ), induce internalization of TJ proteins by endocytosis. Endocytosed TJ proteins are passed
into early and recycling endosomes, suggesting the involvement of recycling of internalized TJ proteins. This review summarizes
mechanisms by which TJ proteins under inflammatory conditions are internalized in intestinal epithelial cells and point out
comparable mechanism in nonintestinal epithelial cells.

1. Introduction

The epithelial lining of different apparatuses functions as
an important barrier that protects the underlying tissue
compartments from antigens and bacterial products in the
lumen. The barrier function in epithelial cells is regulated
by the apical intercellular junctional complex referred to as
the apical junctional complex (AJC). The major constituents
of this complex are tight junctions (TJs) and subjacent
adherens junctions (AJs). TJ represent a multiprotein com-
plex consisting of transmembrane and cytosolic components
[1, 2].

Various studies over the last decades have shown that
endocytosis of AJC components occurs in response to
physiological and pathological stimuli both in vitro and
in vivo [3–14]. For example, proinflammatory cytokines,
such as interferon-gamma (IFN-γ), induce endocytosis of
TJ proteins in epithelial cells [15]. Moreover, prolonged
cytokine simulation, as occurs in chronic inflammatory
bowel disease, induces endocytosis of several TJ proteins
[15–18]. In this review, we will highlight the possible bio-
logical roles and mechanisms of endocytosis of TJ proteins
under inflammatory conditions in epithelial cells, and we
will point out comparable mechanisms in nonepithelial
cells.

2. The Apical Junctional Complex:
Tight and Adherens Junctions

Intercellular adhesion in epithelial cells is mediated by cell-
cell junctions that include TJ, AJ, and desmosomes [1, 19].
The TJ is the most luminal component of the AJC, which also
includes the AJ. Both the TJ and AJ are represented by several
transmembrane and cytosolic proteins [1, 2, 19, 20]. The
mechanical link between two plasma membranes of adjacent
cells is given by the transmembrane proteins establishing
an effective paracellular barrier to diffusion of fluids and
solutes, whereas the cytosolic plaque proteins are responsible
for organizing and positioning of the AJC [1]. In addition,
the structural and functional integrity of the TJ depends on
the presence of a perijunctional ring of actin and myosin
which can also contribute to the regulation of paracellular
permeability. Transmembrane proteins of the TJ include
occludin, members of the claudin family, and junctional
adhesion molecule- (JAM-) A. E-cadherin and members
of the nectin family represent the major transmembrane
components of epithelial AJ [19, 21]. Cytosolic plaque
proteins include members of the zonula occludens (ZO)
protein family (ZO-1, ZO-2, and ZO-3) that bind to TJ
transmembrane proteins and the underlying perijunctional
F-actin ring [2, 22, 23].
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3. Endocytic Pathways

Endocytosis is the process by which cells absorb molecules
(such as proteins) from outside the cell by engulfing it
with their cell membrane. This uptake mediates different
elementary cellular mechanism such as signal transduction,
cell metabolism, differentiation, defense, and motility [24]. It
involves an extensive cellular machinery to mediate the for-
mation of membrane transport vesicles to enable the inter-
nalization of plasma membrane structures and extracellular
material [24]. Endocytosis pathways could be subdivided
into three categories: namely, clathrin-mediated endocyto-
sis, caveolar-mediated endocytosis, and macropinocytosis.
Clathrin-mediated endocytosis is mediated by small vesicles
that are mainly associated with the cytosolic protein clathrin.
Clathrin-coated vesicles are found in virtually all cells and
from domains of the plasma membrane termed clathrin-
coated pits. Caveolar-mediated endocytosis engrosses invagi-
nation of cholesterol-enriched microdomains within the
plasma membrane that may contain a coat protein, caveolin.
These structures are referred to as lipid rafts and/or caveolae.
Macropinocytosis, which usually occurs from highly ruffled
regions of the plasma membrane, is the invagination of the
cell membrane to form a pocket, which then pinches off
into the cell to form a vesicle filled with large volume of
extracellular fluid and molecules within it. The vesicle then
travels into the cytosol and fuses with other vesicles such as
endosomes and lysosomes. Formation of all types of endo-
cytic vesicles requires unique macromolecular machinery
including enzymes, adaptors, and motor proteins [24, 25].

4. Endocytosis of TJ in Intestinal Epithelial Cells

Interestingly, the plasma membrane area around the AJC
is both a frequent origin and destination of endocytotic
vesicles [26–28]. Many proteins involved in the formation
and sorting of vesicles are localized at the AJC, such as
Rab3b [29], Rab8 [30], Rab13 [31], and its effector protein
JRAB/MICAL-L2 [32], as well as a vesicle associated protein
VAP-33 [33]. Not only AJC proteins but also various other
plasma membrane proteins are delivered to the AJC area
and then transported to their final destination at the apical
plasma membrane [26–28].

Many independent studies demonstrated that proteins
of the AJC are internalised by endocytotic processes under
various conditions. Studies on embryological tissues revealed
the endocytosis of several adherens and tight junction pro-
teins during morphogenesis [34–36]. Beside embryological
implications, various pathological states are associated with
an increased endocytosis of AJC proteins. Massive internali-
sation of AJC proteins has been found during experimental
pancreatitis, following irradiation of intestinal epithelium,
and in patients with retinal dystrophy [37–39]. A wide range
of pathogenic stimuli, including cytokines, bacteria, toxins,
and oxidative stress, have been identified as strong inductors
of TJ and AJ protein endocytosis. [3, 5–10, 13–15].

The mechanisms that regulate endocytosis of AJC protein
internalization have been studied in detail over the last
decade and it is not surprising, that all three classic

pathways of endocytosis have been reported to be involved,
depending on the stimulus used. This includes clathrin-
mediated endocytosis of both TJ and AJ proteins using a
nonphysiological stimulus, calcium depletion, resulting in
loss of cell polarity and cell detachment [40], macropinocy-
tosis of transmembranous TJ but not AJ proteins using
the proinflammatory cytokine IFN-γ causing an increased
paracellular permeability [41] and caveolar-mediated endo-
cytosis of occludin but not other transmembranous TJ or AJ
proteins by Escherichia coli toxin cytotoxic necrotizing factor-
1, which activates RhoA [10].

Ivanov summarized in detail three potential modes of
endocytosis of AJC proteins with distinct consequences for
intestinal barrier function [42]. The first is the physiological
low-grade constitutive internalization of certain junctional
proteins without affecting AJC integrity and function. This
can be regarded as “house-keeping” involving the normal
turnover of AJC proteins. Internalized junctional proteins
may degraded via late endosomes (LEs), or may be delivered
back to the plasma membrane via recycling endosomes (REs)
[4, 11, 12]. The second is the selective internalization of
TJ but not AJ proteins. Internalized TJ proteins can be
recycled back to the plasma membrane via RE. Due to the
massive loss of TJ proteins at the AJC, this mechanism causes
increased paracellular permeability, while the AJ-mediated
cell-cell contacts remain intact. This mode has been observed
under inflammatory conditions [10, 41, 43, 44]. The third
is the internalization of both TJ and AJ proteins. Again,
internalized proteins can be degradated or recycled. As both
TJ and AJ are affected, this mechanism leads to a loss of
intestinal barrier function, and of both cell-cell contacts
and cell polarity. This mode is observed in epithelial cells
subjected to calcium depletion [40, 45–47] or in cells treated
with either platelet-derived growth factor [8] or oxygen
radicals [9, 42].

Since endocytosis mediates disassembly of the epithelial
AJC, it is important to understand which pathways remove
junctional proteins from the cell surface under inflammatory
conditions. Escherichia coli cytotoxic necrotizing factor-1
(CNF-1), induced the disassembling of occludin from the
TJ via a Rho, Rac, and Cdc42 activation by a caveolar-
mediated endocytosis [10]. Immunogold electron as well
as immunofluorescence/confocal microscopy experiments
revealed occludin and caveolin-1 internalization in caveolar-
like structures in CNF-treated intestinal epithelial cells [10].
While internalized occludin did not colocalize with LAMP1,
some occludin colocalized with EEA1 and rab11. Internalized
occludin also colocalized with EEA-1, a marker for early
endosomes and rab 11, a marker for recycling endosomes.
This suggests that a pool of internalized occludin might be
recycled back to the membrane in Rab11-positive recycling
endosomes without new synthesis after withdrawal of CNF-
1 [10]. CNF-1 also induces redistribution of claudin-1, JAM-
A, and ZO-1; however, these TJ proteins were not colocalized
with occludin and adherens junctions were not disrupted.

Using proinflammatory cytokines, for example, IFN-γ,
that are increased in inflammatory bowel disease (IBD), our
data strongly support the involvement of macropinocytosis-
mediated pathway in endocytosis of the transmembranous
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proteins occludin, claudin-1, and JAM-A without affect-
ing ZO-1 or AJ-proteins [15]. Pharmacological inhibitors
that prevent formation of clathrin-coated pits or caveolin-
mediated endocytosis did not attenuate TJ endocyto-
sis. However, two standard pharmacological approaches
to examine the role of macropinocytosis—inhibition of
Na+/H+ exchanger (EIPA and DMA) [48, 49] and phosphat-
idylinositol-3-kinase (PI3K) using wortmannin—[50, 51]
prevented internalisation of occludin, claudin-1, and JAM-A.
Finally, internalized TJ proteins significantly colocalized with
a marker of macropinocytosis, rhodamine-dextran. Collec-
tively, these data strongly suggest that IFN-γ induces inter-
nalization of epithelial TJ proteins by a macropinocytosis-
like process.

To determine the fate of IFN-γ-induced internalized TJ
protein colocalization, experiments with TJ proteins and
marker for specific compartments were performed in vitro.
Immunofluorescence labeling and confocal microscopy
clearly showed colocalization of internalized occludin, JAM-
A, and claudin-1 with markers of early/recycling endo-
somes, EEA-1, Rab4, and Rab11. Localization of occludin
in vesicles containing these markers was confirmed on an
ultra-structural level by immunogold labeling and electron
microscopy. Internalization of TJ-proteins was not accompa-
nied by their accelerated degradation. Interestingly, removal
of IFN-γ from culture medium resulted in the disappearance
of intracellular pools of occludin, JAM-A, and claudin-
1 and reaccumulation of these proteins at the TJ [41].
Such recovery of TJ was sensitive to exocytosis inhibitor
monensin but not to inhibition of de novo protein synthesis,
suggesting the involvement of recycling of internalized TJ
proteins.

Until recently, analysis of AJC endocytosis in response
to defined stimuli had only been studied in vitro. However,
recent work has shown that either T-cell activation or direct
administration of recombinant tumor necrosis factor (TNF)
or LIGHT, a TNF core family member (lymphotoxin-like
inducible protein that competes with glycoprotein D for her-
pes virus entry on T cells), induced occludin internalization
and barrier dysfunction in mice, whereas endocytosis of ZO-
1, claudins, and adherens junction proteins did not occur
[52, 53]. Internalized occludin also contained caveolin-1, but
not clathrin heavy chain. More importantly, inhibition of
caveolar endocytosis, but not clathrin-mediated endocytosis
or macropinocytosis, prevented occludin internalization and
barrier loss [54].

Endocytosis of TJ proteins have been demonstrated
during infectious diseases as well. Wroblewski found that
Helicobacter pylori infection of cultured monolayers or
hypergastrinemic mice was associated with endocytosis of
occludin and a consequent loss of epithelial barrier function
[55]. In active IBD proinflammatory cytokines, such as
IFN-γ and TNF-alpha (TNF-α) are increased leading to a
further compromise in epithelial barrier function [56]. This
is associated with an internalization of occludin and JAM-
A in subapical vesicle-like structures [41] in active ulcerative
colitis as well as in acute dextran sodium sulphate- (DSS-)
induced colitis [57]. Occludin endocytosis without claudin
endocytosis is similar to that induced by latrunculin A in

vitro, but contrasts sharply with the other in vitro studies
which generally showed internalization of occludin along
with claudin, JAM-A, or other TJ proteins. While it remains
to be characterized, these disparate results may well reflect
the difference between acute or transient stimuli and chronic
stimuli. Thus, the prolonged cytokine simulation may induce
internalization of claudin proteins as well as occludin. This,
in fact, has recently been observed in epithelia from patients
with Crohn’s disease [16, 18, 29].

5. Endocytosis of TJ in Nonintestinal
Epithelial Cells

The mechanisms of TJ protein endocytosis by inflammatory
mediators is not only observed in intestinal epithelial cells.
In a vitro model of blood-testis barrier (BTB), Xia et al.
focused on the fate of TJ proteins in primary cultured
Sertoli cells after transforming growth factor (TGF)-β3
and TNF-α treatment. In intact TJ TGF-β3 and TNF-
α significantly accelerated internalization of JAM-A, N-
cadherin, and occludin. Using phenylarsine oxide (PAO)
that blocks clathrin-mediated endocytosis TGF-β3-induced
protein internalization was inhibited [44]. As PAO is
known as an unspecific pharmacological inhibition tool also
blocking macropinocytosis, phagocytosis [58, 59], protein
tyrosine phosphatase, and Rho GTPase activity [60, 61],
clathrin was knocked down by siRNA to a level of 50-60%.
The knockdown of clathrin by siRNA significantly blocked
the accelerated endocytosis of JAM-A induced by TGF-β3
[44].

Furthermore in a vitro model of blood-brain barrier, the
proinflammatory mediator CCL2 induced disassembly of TJ
proteins occludin and claudin-5 by caveolin-mediated endo-
cytosis. This observation was also based on pharmacological
inhibition of caveolin-mediated internalization of claudin-5
and occludin using a cholesterol-binding agent, filipin III,
and a cholesterol solubilizing agent, methyl-β-cyclodextrin
[43].

To determine the intracellular compartments of inter-
nalized TJ proteins localisation experiments with GFP-
labeled claudin-5 and occludin and marker for early endo-
somes (EEA), recycling endosomes (Rab 4) and lysosomes
(LAMP2) were performed. The results indicate that internal-
ization of claudin-5 and occludin follows a recycling rather
than a degradation pathway and that recycled proteins are a
substrate for the reassembly of the TJ complex during blood-
brain barrier recovery [43].

6. Conclusion

Focusing on barrier function in inflammation, it is obvious
that the disassembly of AJC is triggered by endocytosis of
selective TJ proteins, thereby influencing AJC structure and
permeability across the epithelium. Due to the selective
internalized TJ proteins without influencing AJ proteins, the
paracellular permeability can increase without disruption
of the cell-cell contacts. In intestinal as well as in non-
intestinal epithelial cell tight junctions are internalized via
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endozytosis and placed to early and recycling endosomes
without degradation of these proteins. After withdrawal
of inflammatory agents, these pooled TJ proteins can be
recycled back to the TJ without synthesis of de novo proteins,
thereby regenerating the barrier function. However, this
possibly describes a general mechanism of regulating the
paracellular permeability by internalization of TJ proteins
under inflammatory conditions. A better understanding of
the mechanisms of junctional internalization and recycling
will likely provide new insights into the mechanisms of
clinically altered barrier function in inflammatory conditions
such as inflammatory bowel disease.
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