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Introduction

Increasing evidence suggests an active role of intestinal
epithelial cells (IECs) in sampling lumenal antigens and
regulating associated T-cell responses as non-professional
antigen-presenting cells (APCs)." The functional outcome

Summary

In normal conditions intestinal epithelial cells (IECs) constitutively stimu-
late regulatory CD4" T cells. However, in Crohn’s disease (CD), this
major histocompatibility complex (MHC) class II-restricted antigen pre-
sentation results in stimulation of proinflammatory CD4* T cells. We
hypothesized that these alternative functions might be mediated by differ-
ential sorting and processing of antigens into distinct MHC II-enriched
compartments (MIICs). Accordingly, we analysed the endocytic pathways
of lumenally applied ovalbumin (OVA) in IECs of the jejunum and ileum
of wild-type (WT) and TNFAARE/WT mice that develop a CD-resembling
ileitis. Using quantitative reverse transcription polymerase chain reaction,
we found that messenger RNA levels of interferon-y, tumour necrosis
factor-o, interleukin-17 and interleukin-10 were significantly up-regulated
in the inflamed ileum of TNFAARE/WT mice, confirming CD-like inflam-
mation. Fluorescence and immunoelectron microscopy revealed the pres-
ence of MHC II and invariant chain throughout the late endocytic
compartments, with most molecules concentrated in the multivesicular
bodies (MVB). OVA was targeted into MVB and, in contrast to other
MIICs, accumulated in these structures within 120 min of exposure. The
IEC-specific A33 antigen localized to internal vesicles of MVB and A33/
class II-bearing exosomes were identified in intercellular spaces. Remark-
ably, the expression pattern of MHC Il/invariant chain molecules and the
trafficking of OVA were independent of mucosal inflammation and the
specific region in the small intestine. MVB seem to be principally respon-
sible for class II-associated antigen processing in IECs and to constitute
the origin of MHC II-loaded exosomes. The distinctive functions of IECs
in antigen presentation to CD4" T cells might arise as a result of differen-
tial processing within the MVB identified here.

Keywords: antigen traffic; exosomes; inflammatory bowel disease; intesti-
nal epithelial cells; major histocompatibility complex molecules

of antigen presentation by IECs differs depending on the
influence of inflammatory stimuli. Recent in vivo data
showed IEC-mediated induction of CD4" T cells with a
regulatory phenotype under constitutive conditions.” In
contrast, inflammatory stimuli enable IECs to activate
CD4" T cells that proliferate and secrete a panel of

Abbreviations: EDB, electron-dense bodies; IECs, intestinal epithelial cells; Ii, invariant chain; LAMP-1, lysosome-associated
membrane protein-1; MHC II, major histocompatibility complex class II; MIICs, MHC II-enriched compartments; MLB,
multilamellar bodies; MVB, multivesicular bodies; OVA, ovalbumin.
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proinflammatory cytokines.> In this context, IECs might
be involved in the perpetuation/aggravation of mucosal
inflammation in Crohn’s disease (CD), which is critically
driven by an aberrant activation of CD4" T cells.” How-
ever, the underlying mechanisms that determine the
pathophysiologically relevant consequences of major his-
tocompatibility complex class II (MHC II) -related anti-
gen presentation by IECs to CD4" T cells remain unclear.

Numerous studies on professional APCs, especially
dendritic cells, have yielded detailed insights into the
mechanisms and regulation of antigen processing and
MHC II/peptide loading.® These processes are proposed
to occur in specialized compartments of the endocytic
tract, referred to as MHC Il-enriched compartments
(MIICs). The current data indicate that MIICs represent
a heterogeneous set of structures, evident by morphology
and also by functional criteria such as processing of end-
ocytic tracers. The different morphology of MIICs corre-
sponds to multivesicular bodies (MVB), multilamellar
bodies (MLB) and electron-dense bodies (EDB). They
accumulate MHC II proteins and related molecules such
as invariant chain (Ii) and are characterized as late endo-
cytic structures by an acidic pH, the presence of prote-
ases and the expression of lysosome-associated membrane
proteins (LAMPs). The IECs constitutively express MHC
IT along with molecules necessary for antigen loading,
e.g. 1.>'° Elevated levels of MHC 1II are observed in the
context of mucosal inflammation such as CD. In line
with professional APCs, MHC II-restricted antigen pre-
sentation to CD4" T cells by IECs was suggested to
require antigen sorting into acidic compartments and the
activity of acidic hydrolases, basic features of MIICs.* In
previous studies, we demonstrated the passage of orally
fed ovalbumin (OVA) into class II-containing late endo-
cytic structures in the non-inflamed jejunum of mice."!
Remarkably, late endocytic targeting of OVA in jejunal
IECs was not detected in germ-free mice but could be
reconstituted by low doses of interferon-y (IFN-v), pro-
viding the first hint that trafficking of exogenous antigens
in IECs might be influenced by cytokines.'* Despite these
initial results, a comprehensive, detailed characterization
of MIICs in the epithelial cells of the small intestine,
particularly in the context of inflammatory pathophys-
iology, is lacking.

Although the functional consequences remain inconclu-
sive, recent data indicate that class II-restricted antigen
presentation by IECs may not be confined to direct cell-
cell contact with CD4" T cells."*™® MHC II/peptide-
loaded exosomes have been shown to be released by IECs
and to exert immunogenic properties, for example, via
dendritic cell-mediated presentation.'® Tolerogenic effects
of in vitro and in vivo obtained exosomes were demon-
strated as well as the priming for an immunogenic
response in the context of a systemic challenge. The
generation and subcellular origin of exosomes derived
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from IECs remains to be defined. Class-II bearing exo-
somes shed by professional APCs such as dendritic cells
were found to originate intracellularly from MVB."” Car-
rying MHC II-peptide complexes these were capable of
directly stimulating CD4" T-cell proliferation in vitro.'®
These data further strengthen the pivotal role of MIICs in
MHC II-associated antigen presentation.

We assumed that differences in the nature of MIICs or
their accessibility to antigens might contribute to the dif-
ferent competences of IECs to act as APCs. The present
study provides a systematic analysis of MIICs within IECs
by light and electron microscopy. In addition to the mor-
phological characterization, we focused on their inter-
sections with endocytic routes of a lumenal tracer protein
and possible function as a source of epithelial derived
exosomes in the gut. To unravel potential inflammation-
related differences in these processes in vivo, we used
TNFAARE mice, which spontaneously develop a trans-
mural ileitis resembling the inflammation in CD."” Both
proximal and distal areas of the small intestine were
investigated and compared to unravel region-specific
differences that might predispose to the typical presence
of CD in the terminal ileum. Our results yield insights
into the nature of MIICs in IECs and their antigen
uptake, the early steps in antigen presentation, in both
the healthy and diseased states.

Materials and methods

Murine ileitis model — TNFAARE/WT mice

Heterozygous TNFAARE/WT and control wild-type (WT;
C57/129SvEv) mice were a generous gift from G. Kollias
(Biomedical Sciences Research Center Alexander Fleming,
Vari, Athens, Greece). These mice are characterized by a
deletion of the tumour necrosis factor (TNF) AU-rich
elements that affect TNF messenger RNA (mRNA) desta-
bilization and translational repression in haemopoietic
and stromal cells.'”” As a consequence, mice develop a
transmural ileal inflammation with characteristic features
of CD detectable from around 8 weeks. TNFAARE/
WT and WT mice used for the experiments were
12 weeks old. Mice were kept in a specific pathogen-
free environment and maintained on a OVA-free diet.
The animal studies were conducted according to the
Animal Welfare Act and received approval from the local
authorities (23/p/04).

RNA extraction and reverse transcription

Total RNA was extracted from at least six identical
samples per group (jejunum versus ileum; TNFAARE/
WT and controls) using the RNeasy Minikit (Qiagen,
Hilden, Germany) following the manufacturer’s instruc-
tions. 1 pg of extracted RNA was digested using DNAse 1
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(Sigma, Taufkirchen, Germany). Reverse transcription
was performed using Superscript II reverse transcriptase
(Invitrogen, Karlsruhe, Germany) and random hexamers
according to the manufacturer’s instructions.

Real-time quantitative polymerase chain reaction

Tag-man assays for different cytokines and the house-
keeping gene MLN 51 were designed using PRIMER EXPRESS
software (Applied Biosystems, Foster City, CA) and syn-
thesized by MWG Biotech AG (Ebersberg, Germany).
Tag-man probes were labelled with FAM as reporter and
TAMRA as quencher. Optimized runs were performed on
an ABI 7000 sequence detection system (Applied Biosys-
tems) and started with 10 min at 95° followed by 50
cycles with 15 seconds at 95° and 1 min at 60°. Polymer-
ase chain reactions (PCRs) were performed under the fol-
lowing conditions: 900 nm of each primer, 200 nM of the
respective probe, 2 pl of sample ¢cDNA, 12-5 pul of PCR
master mix (Eurogentec, Seraing, Belgium) and 10-9 pl
diethylpyrocarbonate-treated water to give a final volume
of 25 pl. Samples and no template controls were included
in each run as duplexes and each run was performed
twice. Ten-fold dilutions of cDNA were subjected to PCR
and standard curves were generated based on these results
using PCR software (Applied Biosystems) to monitor the
kinetics of the reactions.

Relative gene expression of cytokines was calculated on
the base of Ct values of two independently performed
PCR runs (ratio = 2¢* EF-1a-Ct vimentiny " patios represent
relative gene expressions and are displayed as copies per
100 copies of MLN 51. For statistical evaluation data from
groups of six mice were compared using the Mann—Whit-
ney-Wilcoxon rank sum test. Statistical significance was
assumed at P < 0-05 level.

In vivo administration of antigen into jejunal or ileal
loops

Mice were anaesthetized for up to 2 hr with repeated
intraperitoneal applications of ketamin (Pfizer, Karlsruhe,
Germany) and xylazin (Bayer, Leverkusen, Germany).
After laparotomy, small bowel loops were prepared in
either the jejunum or the terminal ileum by placing prox-
imal and distal ligatures about 2 cm apart with the mes-
enteric circulation left intact. Solution of OVA (10 mg/ml;
0-1 ml in saline, fraction V, Sigma) was injected into the
loops through a loose ligature, which was tightened as the
needle was withdrawn. After allowing OVA uptake to
proceed for 10, 30, 60 or 120 min, specimens were
obtained from antigen-incubated tissue, washed in saline
and fixed in formaldehyde for immunoelectron process-
ing. Loops filled with saline alone served as controls. Mice
were killed at the end of the experiment under dense
anaesthesia.

Antibodies

The primary antibodies used were: affinity-purified poly-
clonal rabbit antibodies against OVA,'"'? Ti (gift from
N. Barois, Department of Molecular Cell Biology, Uni-
versity of Oslo, Norway)** and murine A33 (gift from
J. Heath, Ludwig Institute for Cancer Research, Mel-
bourne, Australia);>' monoclonal rat antibodies against
LAMP-1 (clone 1D4B; BD Bioscience PharMingen,
Hamburg, Germany) and MHC II (clone CD311;
gift from D. Kaiserlian, Inserm, Lyon, France).”> The
specificity of our polyclonal OVA antibodies has been
demonstrated by preincubation of OVA antibodies with
OVA in a previous project.”> Gold-conjugated goat
antisera against rabbit and rat immunoglobulin G (IgG;
6 or 12 nm; Dianova, Hamburg, Germany) were used to
visualize the binding sites of the primary antibodies in
immunoelectron microscopy. For immunofluorescence
microscopy, Alexa-Fluor 488- and 555-conjugated goat
antisera against rabbit and rat IgG (Molecular Probes,
Eugene, OR) were used.

Light microscopy

For histopathological examination jejunal and ileal bio-
psies from TNFAARE/WT and WT mice were embedded
in paraffin. Sections were stained with haematoxylin and
eosin and analysed using a Zeiss Axiophot microscope
(Jena, Germany). For immunofluorescence analysis, speci-
mens were frozen in liquid nitrogen. Air-dried sections
(6 um) were fixed in acetone/methanol (1 : 1) and suc-
cessively incubated with primary antibodies, appropriate
Alexa Fluor-conjugates and bis-benzimide (Sigma) for
60 min each. Double-labelling was performed simulta-
neously, using primary antibodies derived from different
species coupled with the appropriate fluorochrome-
conjugates. Cross-reactivity of antibodies applied in
double-labelling experiments was excluded. Analysis of
fluorochrome-labelled sections was carried out using a
Zeiss LSM 510 Meta confocal microscope.

Immunoelectron microscopy

Cryosectioning and immunogold-labelling of ultrathin
sections was carried out according to the post-embedding
technique of Griffiths.”> Jejunal and ileal specimens from
TNFAARE/WT and WT mice were fixed in 5% formalde-
hyde, cryoprotected in 0-03 M polyvinylpyrrolidone/1.6 m
sucrose and frozen in liquid nitrogen. Ultrathin cryosec-
tions (60 nm) were incubated with primary and appropri-
ate gold-conjugated secondary antibodies for 45 min
each. Labelled sections were contrasted with 4% uranyl
acetate, embedded in 2% methylcellulose and examined
using a Philips EM 400 T transmission electron micro-
scope (Kassel, Germany).
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Quantification of MHC 1I and invariant chain labelling
in the ileal epithelium

The distribution of the subcellular labelling for MHC II
and Ii in IECs was determined in ileal specimens of three
TNFAARE/WT and WT mice, respectively. Quantification
was performed according to the technique of Lucocq
et al>* by an observer unaware of any information
regarding the mice. Labelling was analysed on ultrathin
sections of two grids per mouse, double-labelled for
MHC II and Ii. On each grid, 100 gold particles per anti-
gen were counted and assigned to the different subcellular
compartments in IECs. The gold counts assessed were
used to construct a ranking of the labelling distribution.
These results were presented as mean percentage (+ SD)
of gold particles for each compartment.

Results

Transmural ileitis resembling Crohn’s disease ileitis in
TNFAARE/WT mice

Histopathological examination of jejunal and ileal speci-
mens was carried out in all the mice studied (data not
shown). In contrast to WT mice, ileal specimens of
TNFAARE/WT mice showed signs of transmural inflam-
mation (Fig. la): villi were blunted, broadened and dis-
torted. Marked inflammatory infiltrates were seen in all
layers of the bowel wall. Infiltrates were composed of
mononuclear leucocytes, plasma cells and scattered neu-
trophils. Non-caseating granulomas were occasionally
detected. In contrast, the jejunum of TNFAARE/WT
mice, as well as ileal or jejunal tissue of WT mice dis-
played a regular morphology without any signs of patho-
logical inflammation (Fig. 1b—d).

Expression levels of proinflammatory cytokines are
up-regulated in the ileum of TNFAARE/WT mice

Cytokine profiles were assessed for two reasons. First, to
confirm CD-like inflammatory conditions within the
ileum of TNFAARE/WT mice and second, to search for
differences in the expression levels of cytokines that have
been shown to influence the endocytic trafficking of
exogenous antigens in vitro, such as IFN-y, interleukin-4
(IL-4) and IL-10. Interferon-y, TNF-o and IL-17 are key
mediators of the inflammatory processes in CD. Messen-
ger RNAs for all these proinflammatory cytokines were
significantly increased in the inflamed tissue of the
TNFAARE/WT ileum compared to the other groups
examined (Fig. 2). The regulatory cytokine IL-10 was also
significantly up-regulated in the course of ileitis. Signifi-
cant differences in the mRNA expression levels for TNF-a
and IL-10 were also detected in the TNFAARE/WT jeju-
num when compared to the jejunum in WT controls. In

Multivesicular bodies in intestinal epithelial cells

Figure 1. TNFAARE/wild-type (WT) mice spontaneously develop a

transmural ileitis. Sections were made of jejunal and ileal specimens
from TNFAARE/WT and WT mice and stained with haematoxylin &
eosin. (a) The ileum of TNFAARE/WT mice showed signs of severe
inflammation affecting all layers of the bowel wall. In contrast jejunal
biopsies of TNFAARE/WT (b) and the ileum (c) and jejunum (d) of
WT mice revealed a regular histology.

contrast, the expression levels of IL-4 mRNA did not
change significantly whether the specimen was derived
from the jejunum or ileum, or whether the tissue was
healthy or inflamed.

Multivesicular bodies of IECs accumulate MHC 11
and invariant chain molecules

Immunofluorescence staining was used to assess regional
differences in the epithelial expression of MHC II (Fig. 3)
and Ii (not shown). Staining for both molecules was
almost undetectable within the jejunal epithelium of con-
trol WT (Fig. 3a) and TNFAARE/WT (Fig. 3b) mice.
Faint expression was only rarely seen and was restricted
to the top of the jejunal villi. In contrast, constitutive
expression of MHC II and Ii molecules was found in vil-
lus IECs of the ileum. While staining in crypt IECs was
absent or faint in WT mice (Fig. 3c), it was markedly up-
regulated in ileitis (Fig. 3d). Double-labelling for MHC II
and i revealed a granular pattern of colocalization in the
supranuclear part of villus IECs in the healthy (Fig. 3e)
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Figure 2. Cytokine expression levels in the healthy and inflamed small bowel. Tissue expression levels of interferon-y (IFN-y), tumour necrosis
factor-oo (TNF-a), interleukin-17 (IL-17), IL-10 and IL-4 were separately assessed in jejunal and ileal specimens of wild-type (WT) and

TNFAARE/WT (TNF) mice. Specimens from at least six mice were analysed by real-time quantitative polymerase chain reaction for each strain

and locality. Results are shown as mean + SD. The inflamed ileum of TNFAARE/WT mice revealed a significant increase in the expression levels
of all cytokines examined (indicated by asterisks), except for IL-4. A significant difference was assumed when P < 0-05.

and inflamed (Fig. 3f) mucosa. This granular staining was
analogous to that seen in IECs of crypts in the course of
ileitis (Fig. 3g). Immunoelectron microscopy was per-
formed to further characterize and quantify the subcellu-
lar expression of MHC II and Ii within ileal IECs (Fig. 4).
Additional labelling for LAMP-1 was used as a marker for
late endocytic compartments. On systematically sampled
images of labelled cells, the relative numbers of gold par-
ticles associated with each organelle of interest was quan-
tified. Gold particles corresponding to the localization of
MHC II and Ii were found at different intensities
throughout the endocytic tract. Faint labelling for both

proteins was associated with small LAMP-1-negative endo-
somes situated near the apical membrane, which are likely
to correspond to early endosomes. In contrast, abundant
levels of MHC II molecules were located in supranuclear
MVB (Figs 4 and 5a). Small amounts were further
detected in EDB and MLB. In line with MHC II, the
majority of Ii molecules was localized in MVB (Figs 4
and 5a,b), while only small amounts were found in MLB
and EDB. Double-labelling for MHC 1II and Ii confirmed
strong colocalization for both molecules in MVB of IECs
(Fig. 5a). Both molecules were expressed on the limiting
membranes and internal vesicles of these structures.
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Figure 3. Expression of major histocompatibility complex class II (MHC 1II) and invariant chain (Ii) in the healthy and inflamed small bowel.
Cryosections were labelled for MHC II (green) (a—d) or double-labelled for MHC II (red) and Ii (green) (e—g). The blue fluorescence stained
nuclei. WT mice (a) and TNFAARE/WT mice (b) lacked epithelial staining for MHC II in the jejunum. In contrast, both strains showed MHC II
expression in intestinal epithelial cells (IECs) of ileal villi: (¢) WT, (d) TNFAARE/WT mice. The inflamed ileum of TNFAARE/WT mice showed
blunted villi and the expression of MHC II was extended to the epithelium of crypts (asterisks). The epithelial staining for MHC II was predomi-

nantly localized at the basolateral membranes and within supranuclear granules. Cells of the lamina propria (LP) revealed MHC II staining in the

jejunum and ileum, independent of mucosal inflammation. The merged images (e—g) show colocalization for MHC II and Ii staining (yellow)

within the supranuclear granules of IECs. Colocalization was seen in the villi of healthy (e) and inflamed (f) mucosa and was also identified in

crypts during ileitis (g). LU, Lumen.

Whereas MLB and EDB consistently showed labelling
for LAMP-1, MVB were in part found to be LAMP-1-
negative (Fig. 5b). Cell surface expression of MHC II was
highly polarized and predominated at the basolateral
membrane. Ii molecules were only occasionally seen on
cell surface membranes. Remarkably this pattern of sub-
cellular labelling for MHC II and Ii molecules in ileal
IECs was similar in TNFAARE/WT and control mice,
even in the villus and crypt IECs in inflamed mucosa.

Lumenally applied OVA is efficiently sorted into
multivesicular bodies

The epithelial uptake of the model protein antigen OVA
was studied in vivo over different periods up to 2 hr.

Using double-labellings with either LAMP-1 or MHC II
its subcellular trafficking was analysed by immunoelectron
microscopy in jejunal and ileal mucosa of TNFAARE/WT
and control mice. Within 10 min of exposure, OVA had
passed through the epithelial barrier and was seen on
microvilli and within the intercellular spaces of the
epithelium and the lamina propria. Internalized OVA was
found associated with LAMP-1-negative early endosomes
of IECs. These endosomes were seen adjacent to the
apical membranes and occasionally showed MHC II
labelling. While OVA was not detectable in late endocytic
compartments at 10 min (Fig. 6a), it inconsistently
accessed these structures to a small extent after 30 min.
At the later periods (60 and 120 min), it accumulated in
class-II containing MVB (Fig. 6b—d). In contrast, only
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Figure 4. The subcellular expression of major histocompatibility
complex type II (MHC II) and invariant chain (Ii) in intestinal epi-
thelial cells. The subcellular distribution of MHC II and Ii in ileal
IECs was assessed on immunogold-labelled ultrathin sections as
described in detail in the Materials and methods. The percentages of
total gold particles corresponding to MHC II and Ii molecules within
the different subcellular compartments were determined and are pre-
sented as mean + SD of three wild-type (WT) and three TNFAARE/
WT (TNF) mice. Both proteins were found within the biosynthetic
pathway and throughout the endocytic tract. In the healthy and
inflamed ileum the majority was consistently seen in multivesicular
bodies (MVB). Cell surface labelling for MHC II was largely associ-
ated with basolateral membranes (BLM). In contrast, labelling for Ii
was only faintly detected at cell surface membranes. Labelling in
mitochondria (MI), nuclei (N) and the cytosol (C) represents back-
ground and was negligible. G, Golgi complex; ER, endoplasmic reti-
culum; APM, apical membrane; V/EE, vesicle/early endosomes; MLB,
multilamellar bodies; EDB, electron-dense bodies.

faint labelling for OVA was seen in MLB and EDB at
these periods. Specimens taken from saline-injected loops
did not show any labelling for OVA. The traffic routes of
OVA in IECs, in particular its accumulation within MVB,
were similar in jejunal and ileal tissues and were not
altered in ileitis. In addition, no differences were found
regarding the kinetics of the epithelial OVA transport.
Table 1 summarizes the endocytic pathway of OVA in

IECs, representative for all mice examined, analysing at
least 100 IECs per mouse and per intestinal segment.

Exosomes released by IECs originate from
multivesicular bodies

Exosomes derived from IECs were shown to bear the A33
antigen, a definitive marker for IECs.'>'>*! Using immuno-
electron microscopy, we examined the subcellular
expression of A33 in IECs, to identify subcellular com-
partments that might function as sources of epithelial-
derived exosomes. As expected, abundant levels of A33
antigen were uniformly distributed along the entire baso-
lateral membrane and rarely detected on microvilli
(Fig. 5c—g). Interestingly, A33 antigen labelling was
observed within the compartments of the endocytic tract.
Among these, labelling for A33 was consistently found on
vesicles within MVB (Fig. 5¢,d) and lower levels were seen
in MLB and EDB. In these MIICs, A33 antigen colocal-
ized with MHC II and LAMP-1. Again, part of the MVB
appeared LAMP-1-negative. As observed for MHC II and
Ii, the subcellular distribution of the A33 antigen in IECs
was identical whether the specimen was taken from the
jejunum or the ileum and was not influenced by ileal
inflammation in TNFAARE/WT mice. In addition to its
labelling within IECs, the A33 antigen was also found on
vesicles identified within the intercellular spaces of the
epithelium (Fig. 5e—g). Double-labelling revealed colocal-
ization for the A33 antigen and MHC II molecules on
these vesicles within the ileum (Fig. 5e,g), while labelling
for LAMP-1 was usually absent (Fig. 5f). The presence of
A33 antigen-positive vesicles within the widened inter-
cellular spaces of the epithelium was comparable within
the jejunum and ileum and no obvious differences arose
in response to gut inflammation.

Discussion

Inappropriately activated T helper type 1 (Thl) and Th—
IL-17 CD4" T cells are thought to be essential compo-
nents of the loss of tolerance towards lumenal antigens
(e.g. dietary or microbial); these are key elements in the
development of CD.>*® There is evidence that IECs are
involved in the aberrant stimulation of CD4" T cells dur-
ing CD inflammation.>”’ Changes in the intracellular
sorting of internalized antigens, in antigen processing and
peptide loading, might be responsible for the distinctive
functions of IECs as APCs (tolerogenic versus proinflam-
matory). Here, we focused on intracellular antigen traf-
ficking and the involvement of MIICs. To unravel
alterations in these processes by inflammatory mediators
in CD, we used the TNFAARE mice, a model for a CD-
resembling ileitis. Histopathological examinations revealed
a transmural ileitis in all sick TNFAARE/WT mice studied
and healthy intestinal tissue in all the other specimens
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Figure 5. The A33 antigen is localized in multivesicular bodies, enriched in major histocompatibility complex class II (MHC II) and invariant
(Ii) chain molecules. MHC II, invariant chain (Ii), lysosome-associated membrane protein-1 (LAMP-1) and the A33 antigen were immunogold-
labelled on ultrathin sections using 6-nm and 12-nm gold particles. Sections of ileal (a—c,e,g) and jejunal (d,f) mucosa obtained from wild-type
(WT) (b) and TNFAARE/WT (a,c—f) mice are shown. Double-labellings for I[i/MHC II (a) and Ii/LAMP-1 (b) showed strong colocalization of
these molecules in the multivesicular bodies (MVB) of intestinal epithelial cells (IECs; Ii depicted by arrowheads, b). Labelling for MHC II and Ii
was identified on the limiting membranes and on internal vesicles of the MVB. Ii was additionally detected in vesicles (V), small MVB lacking
LAMP-1 and within the Golgi complex (GC). Labelling for the A33 antigen (arrowheads) was regularly identified on vesicles of MVB which fur-
ther displayed labelling for MHC II (c) and LAMP-1 molecules (d). Cell surface expression of the A33 antigen (c—e) and MHC II molecules
(a,c,e) was seen at the basolateral membrane (BLM). A33 was additionally detected on exosomes (arrows) in the intercellular spaces (IS) of the
epithelium. These exosomes predominantly lacked LAMP-1 (f) but carried MHC II proteins (g, inset of e). MI, mitochondrium. Bars = 100 nm.

examined. Both Thl and Th-IL-17-related cytokines CD.’ This characteristic proinflammatory cytokine milieu
(among these IFN-y, TNF-o and IL-17) play a critical was found in the ileal biopsies of TNFAARE/WT mice
role in the pathophysiology of intestinal inflammation in studied, confirming that a CD-like inflammatory process
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Figure 6. Lumenally administered ovalbumin accumulates in major histocompatibility complex class II (MHC II) -positive multivesicular bodies.
Ultrathin cryosections were immunogold-labelled for ovalbumin (OVA), lysosome-associated membrane protein-1 (LAMP-1) and MHC 1II and
binding sites were visualized by 6-nm or 12-nm gold particles. Sections were prepared of ileal (a,c,d) and jejunal (b) tissue taken from wild-type
(WT) (a,c) and TNFAARE/WT (TNF) (b,d) mice. (a) Ten minutes after lumenal injection, OVA (arrowheads) was localized on microvilli (MV)
but was not detected in MHC II-positive multivesicular bodies (MVB). After 2 hr, abundant levels of OVA were found within MVB, here under-
lying the apical membranes and additionally labelled for LAMP-1 (b) and MHC II molecules (c,d). The accumulation of OVA within MVB was
independent of mucosal inflammation. MI, mitochondrium; V, vesicle. Bars = 100 nm.

was underway. Remarkably, the significantly increased lev-
els of TNF-ao mRNA, seen in the jejunum of TNFAARE/
WT mice, were not accompanied by an up-regulation of
IFN-y or IL-17 mRNAs. This might rely on a regional
distinct bacterial colonization and partly explains the
absence of destructive tissue inflammation in the upper
small intestine.

In contrast to our previous work with conventionally
housed BALB/c mice,'"'? we found a general lack of
MHC 1I staining in all the jejunal biopsies taken from
specific pathogen-free-housed mice, except for occasional
faint and irregular labelling at the villus tips. Similar
results for Ii staining support the validity of this finding.
However, these results do not completely exclude the
expression of both proteins in jejunal IECs in our mice.
MHC II and Ii might be expressed at low, but potentially

functionally relevant, levels that are undetectable by
immunohistochemistry. Such low expression levels could
be the result of insufficient inflammatory stimuli (trend
towards higher levels of IFN-y and IL-17 in the WT
ileum) by jejunal colonization as a result of their mainte-
nance in a specific pathogen-free environment. In con-
trast to the jejunum, villi of the ileum consistently
showed staining for MHC II and Ii in IECs. This constit-
utive expression and its up-regulation and extension to
crypt 1IECs during ileitis is in line with data obtained
from humans.”

In professional APCs, late endosomes and lysosomes
harbour most of the intracellular MHC II and related
molecules responsible for antigen processing, peptide
loading and editing, e.g. proteases, Ii and HLA-DM.*’
Differences in the morphology of MIICs are thought to
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Table 1. The endocytic trafficking of lumenally-given ovalbumin in
intestinal epithelial cells

10 min 30 min 60 min 120 min Control
APM ++ ++ ++ ++ -
EE + + + + -
MVB - —/+ ++ ++ -
MLB - I+ —/+ —/+ -
EDB - —/+ —/+ =/+ -
IS ++ ++ ++ ++ -

APM, apical membrane; EE, early endosome; MVB, multivesicular
body; MLB, multilamellar body; EDB, electron-dense body; IS, inter-
cellular space; IECs, intestinal epithelial cells; OVA, ovalbumin.
Time-dependent subcellular distribution of OVA within the endo-
cytic pathway of IECs after lumenal injection. Control mice were
exposed to saline alone. The results presented are representative for
all mice examined, independent of inflammation or the specific
region within the small intestine; —, no labelling; —/+, inconsistent
and faint labelling; +, consistent labelling; ++, consistent strong
labelling.

represent distinct stages along the endocytic pathway;
MVB and MLB correspond to late endosomes and EDB
to lysosome-like structures.” Although MVB are suggested
to be the main type of MIICs in which antigen loading
occurs, antigen loading onto MHC molecules has been
observed in all these MIICs. However, a distinct biological
role in antigen presentation is speculated for the morpho-
logically different MIICs.® Work by Mayrhofer and
Spargo vyielded the first insights into the subcellular
localization of MHC II in IECs.*® They found labelling
for MHC II within multivesicular and morphologically
heterogeneous endosomes in the supranuclear cytoplasm
of jejunal IECs and this analysis has subsequently been
confirmed by ourselves and others.'"'** We recently
demonstrated MHC II molecules in late endosomes of
human colonic and ileal epithelial cells during CD inflam-
mation.’”*" The present study provides additional data
differentiating the distinct subsets of MIICs and reveals
the associated expression of Ii molecules. Of note, all the
types of MIICs described in professional APCs could also
be identified in IECs of the murine ileum. MHC II and Ii
molecules were predominantly located within MVB, but
could also be detected in lower amounts in the MLB and
EDB. Likewise in professional APCs, the predominant
location of Ii in MVB might be influenced by cleavage of
Ii in MLB and especially in EDB. As also described in
APCs, both MHC II and Ii were localized on the limiting
and internal membranes of the MIICs. The MHC II- and
li-enriched MVB that lack labelling for LAMP-1 might
represent early MIICs as proposed by Geuze.”

The influence of extracellular mediators on the compo-
sition of MIICs remains almost unknown. Data on fibro-
blasts and monocytes demonstrated the induction of
MVB formation by epidermal growth factor and granulo-

Multivesicular bodies in intestinal epithelial cells

cyte-macrophage colony-stimulating factor.® The different
mRNA expression levels of cytokines assessed in the intes-
tinal segments of our mice, in particular the increase in
proinflammatory mediators in TNFAARE/WT mice, did
not alter the pattern of MIICs in IECs. Jejunal IECs of
both strains revealed late endocytic compartments of sim-
ilar ultrastructural morphology to those of ileal IECs.
Although most of the jejunal IECs in our study lacked
staining for MHC II and Ii in immunohistochemistry, we
assume that in the colonized gut, IECs harbour uniform
subsets of MIICs, which seem not to be changed in the
course of mucosal inflammation (at least in CD).

According to previous work on antigen uptake, the
kinetics of antigen trafficking into MIICs varied from 10
to 60 min depending on the cell type analysed, the tracer
used and the design of the experimental setting. In con-
trast to our previous work, the experimental procedure
used in this project offered the opportunity to study the
epithelial uptake of lumenal antigens for up to 2 hr. In
recent studies in mice, we saw orally administered OVA
in late endosomes of jejunal IECs already after 10 min of
exposure.'™> Gonnella and Wilmore showed trafficking
of bovine serum albumin into class II-containing multi-
vesicular endosomes of jejunal IECs 40 min after lumenal
injection.29 This is in line with our current results, which
demonstrated the delivery of lumenally applied OVA into
MIICs by 30 min. Of note, OVA accumulated within
MVB at the later periods (60 and 120 min), in contrast
to the low levels of labelling found in MLB and EDB.
This might reflect preferential targeting and retention in
MVB. It might also be the result of less degradation (e.g.
protection by MHC II binding) of OVA in MVB, whereas
OVA transported into MLB and EBD would be subjected
to more hydrolytic conditions.

In vitro studies have previously shown functionally dis-
tinct antigen presentation via MHC II by IECs dependent
on late endocytic targeting from either a basolateral
(induced by inflammatory stimuli) or apical pathway.*?>
However, the precise endocytic routes taken and in par-
ticular the nature of the MIICs involved remained unre-
solved. Little is known about the influence of
inflammatory mediators on endocytic trafficking of anti-
gens. Using macrophages, Montaner et al. demonstrated
that IL-10 and IFN-y decrease antigen uptake in vitro
and IFN-y further promoted antigen delivery into late
endocytic compartments.”® By contrast, treatment with
IL-4 or IL-10 reduced late endocytic transport. In experi-
ments using specimens of human ileum and T84 cells,
TNF-o increased the overall endocytic uptake of endo-
cytic tracers in IECs.** Using germ-free SCID (severe
combined immunodeficiency) mice, we previously showed
that the influence of systemically administered IFN-y was
effective in restoring antigen sorting into MIICs of jejunal
IECs.'? Here, we were able to compare inflamed and
non-inflamed tissues from jejunal and ileal specimens and
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found no differences in either the kinetics or the routeing
of OVA trafficking in IECs. Antigen targeting into MVB
seems to be a uniform process stimulated by constitutive
cytokine expression in the colonized proximal and distal
small bowel, and is not altered by additional proinflam-
matory stimuli.

Recent in vitro and in vivo studies have interpreted
the presence of the A33 antigen to specify the IECs ori-
gin of exosomes.””™"> The A33 antigen is an immuno-
globulin-like molecule that is recognized as a highly
specific marker for IECs. While histological analysis has
revealed a basolateral cell surface localization for this
molecule,”" a precise subcellular analysis of its expression
has not been undertaken. Notably exosomes derived
from professional APCs have been shown to lack cell
surface proteins.” Applying immunoelectron microscopy,
we found that expression of the A33 antigen in IECs is
not limited to the basolateral cell surface. In all mice,
and in jejunal as well as ileal IECs, the A33 antigen was
also found associated with compartments of the endo-
cytic tract, in particular on vesicles within MVB (class
II-enriched in ileal IECs). Moreover, A33 antigen-posi-
tive exosomes were also identified in the intercellular
spaces of the epithelium. While we cannot rule out that
the extrusion of vesicles from basolateral membranes
might contribute to the release of exosomes from IECs,
our data strongly indicate that MVB are the source of
MHC II/peptide-loaded exosomes in IECs, independent
of the inflammatory state of the mucosa. Exosomes
might be secreted by fusion of the MVB or endosomal
intermediates with the basolateral membrane. These
results further underscore the immunogenic relevance
of constitutively active MVB in the class II-restricted
antigen presentation by IECs.

Our data do not indicate that modulations of the intra-
cellular antigen sorting are involved in the alternative
functions of IECs as APCs. The distinctive capacities of
IECs in MHC II-restricted antigen presentation in the
healthy and inflamed state might rely on a differential
editing and processing of internalized antigens within the
MVB identified here. Future studies will concentrate on
MVB and be directed towards elucidating the functional
impact of modulating antigen processing and MHC II/
peptide loading by inflammatory stimuli.
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