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Intestinal antigen uptake is enhanced in inflamma-
tory bowel disease. We analyzed transcellular trans-
port routes of antigens in different compartments of
normal enterocytes and atypical intestinal epithelial
cells called “rapid antigen uptake into the cytosol
enterocytes” (RACE cells). These cells constitute a re-
cently described population of enterocyte-derived
cells, which are increased in inflammatory bowel
disease. Mucosa of freshly resected specimens were
incubated with the antigens ovalbumin or horseradish
peroxidase. Ultrastructural labeling patterns of differen-
tiation-dependent proteins, the brush-border enzyme
sucrase-isomaltase and the cytoskeleton proteins villin
and actin, were determined in enterocytes. Apoptosis
was investigated biochemically and ultrastructurally by
cleavage of caspase-3. Both antigens were transported to
late endosomes and to trans-Golgi vesicles of entero-
cytes in inflammatory bowel disease and control speci-
mens. Quantitative evaluation revealed a significantly
increased transepithelial antigen transport in both com-
partments of RACE relative to normal enterocytes. La-
beling densities for sucrase-isomaltase, villin, and actin
were decreased in RACE relative to normal enterocytes.
Caspase-3 was not increased in RACE cells relative to
controls. RACE cells are characterized by increased an-
tigen transport to late endosomes and the trans-Golgi
network, a disassembled cytoskeleton and lower con-
centrations of proteins that are markers of cell differ-
entiation. (Am J Pathol 2004, 165:425–437)

Crohn’s disease (CD) and ulcerative colitis (UC) are in-
flammatory bowel diseases (IBD) of unknown origin. Al-
though several studies suggest an increase of antigen
transport in IBD,1 there is limited knowledge of the tran-

scellular mechanisms of antigen transport across the
epithelial barrier in CD and UC. Electron microscopic
findings in IBD indicate that structural alterations of en-
terocytes favor the uptake of lumenal bacteria or antigens
across the intestinal barrier either through the paracellu-
lar pathway via altered tight junctions or the transcellular
pathway.2–4

We have recently shown that the antigens ovalbumin
(OVA) and horseradish peroxidase (HRP) are taken up at
the apical membrane in CD, UC, and healthy controls
(HCs) and are detected in vacuoles of enterocytes and
the paracellular space within minutes after administra-
tion. Both antigens were not localized within the cytosol of
normal enterocytes (NE cells). In addition to ultrastructur-
ally NEs, we demonstrated an increased number of atyp-
ical enterocytes with a decreased concentration of mito-
chondrial ATP synthase, shortened microvilli, an electron
lucent cytosol, and high amounts of OVA or HRP in the
cytosol of both CD and UC enterocytes relative to pa-
tients without inflammatory disorders as well as patients
with diverticulitis, that show similar amounts of these en-
terocytes. These atypical enterocytes are called “rapid
antigen uptake into the cytosol enterocytes” (RACE
cells). Moreover the presence of RACE cells correlated
with the degree of mucosal inflammation in CD and UC.5

However, the functional significance, differentiation,
origin, and fate of RACE cells are still unclear. In partic-
ular, the transport pathway of antigens through endocytic
cell compartments and the mechanism of the rapid cyto-
solic antigen uptake of RACE cells have not yet been
elucidated. This study has been conducted to character-
ize transepithelial antigen transport within RACE cells
relative to NEs using bowel specimens of patients with
CD or UC. To investigate whether cytosolic arrival of
antigens follows enhanced endocytosis and intracellular
release of antigens into the cytosol as shown for toxins
such as ricin and Shiga toxin,6 we quantified the amount
of incubated OVA and HRP transported to late endo-
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somes and vesicles of the trans-Golgi network (TGN). To
investigate whether the excessive amount of antigens
within the cytosol of RACE cells reflects a direct penetra-
tion of antigens throughout the surface membrane, a
transport mechanism that has been described for auto-
antibodies,7 we examined whether the rapid transloca-
tion of OVA and HRP into the cytosol depends on the
state of differentiation and maturation of enterocytes. We
also analyzed the cellular distribution and expression
levels of actin because actin contributes to enterocytic
cell stability and mediates endocytic traffic.8

Ultrastructural features such as marginal condensation
of heterochromatin within the nuclei as well as disassem-
bly of actin filaments point to an apoptotic nature of RACE
cells. This distinct recently observed enterocyte popula-
tion appears to play a major role in the immunomodula-
tory functions and the intestinal barrier of the IBD mu-
cosa. This is supported by observations that antigen
transport into the cytosol, late endosomes, and the TGN
is markedly increased and the extrusion of RACE cells
into the intestinal lumen leads to enhanced permeability
of the epithelial layer, ie, a direct influx of food antigens
into the lamina propria.

Materials and Methods

Patients and Tissue Samples

Mucosa was obtained from macroscopically inflamed
and noninflamed areas of freshly resected ileum of five
patients with CD (three men, two women; mean age, 40
years; range, 25 to 61 years) and colon of five patients
with UC (four men, one woman; mean age, 35 years;
range, 10 to 62 years). Tissue samples with intact epithe-
lium were exclusively taken, thus specimens with ulcer-
ations or fissural lesions were excluded. The diagnosis of
CD and UC was based on routine clinical, endoscopic,
and radiological criteria and was confirmed by preoper-
ative histological evaluation. Indications for surgery were
failure of medical treatment (two CD, four UC), colorectal
carcinoma (one UC), severe stenosis (one CD), and in-
terenteric fistula (two CD). At the time of surgery three

patients in the CD group and two patients in the UC
group were taking corticosteroids, two patients with CD
were under 5-aminosalicylic acid therapy, and three pa-
tients with UC were taking both sulfasalazine or 5-amino-
salicylic acid and corticosteroids. Normal mucosa (ileum,
n � 5; colon, n � 5) without inflammation from patients
resected for carcinoma (�5 cm from tumor margins)
served as controls. Additionally colonic tissue from three
patients resected for diverticulitis (two chronic, one
acute) served as an inflammatory control.

Antibodies

Primary antibodies used in this study are summarized in
Table 1. Binding sites of primary antibodies were visual-
ized at the electron microscopic level by gold-conjugated
goat anti-rabbit serum (diameter 6 and 12 nm, dilution
1:50; Dianova, Hamburg, Germany), gold-conjugated
goat anti-mouse serum (diameter 6 and 12 nm, dilution
1:10; Dianova) and donkey anti-goat serum (diameter 12
nm, dilution 1:10; Dianova). For immunofluorescence
microscopy a fluorescein isothiocyanate-conjugated
goat anti-rabbit Ig antibody (dilution 1:10; Cappel, ICN,
Eschwege, Germany), and rhodamine-conjugated
goat anti-mouse Ig antibody (dilution 1:10; Cappel,
ICN) were used.

Preparation of Frozen Sections for
Immunoelectron Microscopy

The method of sampling and preparation of bowel spec-
imens has been described recently.5 Briefly, freshly re-
sected specimens were washed out with phosphate-buff-
ered saline (PBS). Mucosa was stripped and samples
were incubated on the luminal side with the antigens OVA
(molecular weight 45 kd, 10 mg/ml; Sigma, St. Louis, MO)
or HRP (molecular weight 40 kd, 100 mg/ml; Sigma) in a
humid chamber for different intervals (2, 5, 10, 30, or 60
minutes). Omission of OVA and HRP was used as a
negative control. Samples were fixed in 5% paraformal-
dehyde for 60 minutes at room temperature, reduced to

Table 1. Primary Antibodies Used in This Study

Antibody Host Dilution Distributor

Polyclonal anti-OVA Rabbit 1:200 (IF), 1:50
(EM)

Gift from Prof. Dr. S. Strobel, London,
England

Polyclonal anti-HRP Rabbit 1:100 (IF), 1:50
(EM)

DAKO, Hamburg, Germany

Monoclonal anti-human CD13
(aminopeptidase)

Mouse 1:10 (IF) Cymbus Biotechnology, Chandlers Ford-
Hants, England

Polyclonal anti-sucrase-isomaltase Rabbit 1:1000 (EM) Gift from Prof. Dr. Zweibaum, Villejuif,
France

Monoclonal anti-actin Mouse 1:100 (EM) Cedarlane, Hornby, Ontario, Canada
Monoclonal anti-villin Mouse 1:5 (EM) Gift from Prof. Dr. Louvard, Paris, France
Monoclonal anti-CD 107b (LAMP-2) Mouse 1:30 (EM) Pharmingen, Hamburg, Germany
Ulex europaeus agglutinin I 1:50 (EM) Vector, Burlingame, CA
anti-Ulex europaeus agglutinin I Goat 1:150 (EM) Vector, Burlingame, CA
Monoclonal anti-caspase-3 Rabbit 1:10 (EM) Pharmingen, Hamburg, Germany
Monoclonal anti-caspase-3 Rabbit 1:250 (Western) Cell Signaling Technologies, Beverly, MA

IF, Immunofluorescence; EM, immunoelectron microscopy.
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small pieces of 1 mm3, infiltrated with 2.1 mol/L of su-
crose for 24 hours at 4°C, and frozen in liquid nitrogen at
�196°C.

Sectioning and labeling of ultrathin frozen sections was
performed using the technique of Tokuyasu as described
in detail elsewhere.9 Thin frozen sections (50 nm) were
made with an ultracryomicrotome (Leica EM FCS, Vienna,
Austria) at �110°C and placed onto mesh nickel grids. At
least two tissue blocks were used per patient. Frozen
sections were placed on three grids per block. After
quenching with 10% fetal calf serum, sections were in-
cubated with the respective primary antibody (45 min-
utes), rinsed in PBS (15 minutes), incubated with the
appropriate gold-conjugated secondary antibody (45
minutes), and rinsed in PBS (30 minutes, room tempera-
ture). To prevent cross-reactivity double labeling was
performed using gold-conjugated antibodies from differ-
ent species. Grids were contrasted and embedded in 2%
methylcellulose solution (1 ml methylcellulose contained
0.1 ml 3% uranylacetate) and examined with an EM 208
S electron microscope (Philips, Kassel, Germany).

Preparation of Epon Sections for Electron
Microscopy

Mucosa samples were fixed in 3% glutaraldehyde in 0.1
mol/L sodium cacodylate buffer (pH 7.2, 1 hour, room
temperature) and postfixed in osmium tetroxide (OsO4).
Samples were dehydrated through a series of graded
ethanol washes and embedded in Epon. Sections (60 to
80 nm) were cut, placed onto mesh copper grids, stained
with uranyl acetate and lead salts, and examined by
electron microscopy as above.

Preparation of Frozen Sections for
Immunofluorescence

Semithin frozen sections (60 nm) were prepared at
�110°C with an ultracryomicrotome and mounted on
poly-L-lysine-coated glass coverslips. Sections were
washed in PBS, blocked with fetal calf serum (dilution
1:10), and incubated with rabbit primary antibodies
against OVA or HRP (Table 1) for 45 minutes and rinsed
in PBS for 15 minutes. After incubation with the second-
ary antibody (45 minutes, room temperature), sections
were washed in PBS and in H2O (15 minutes each).
Sections were photographed with an Axioskop fluores-
cence microscope (Zeiss, Cologne, Germany).

Histological Grading of Inflammation

For routine histology samples adjacent to tissues inves-
tigated for immunoelectron, electron, and fluorescence
microscopy were stained with hematoxylin and eosin.
Histological grading of inflammation in CD and UC was
evaluated semiquantitatively in each sample according
to the score of Saverymuttu and colleagues.10

Quantitative Evaluation of Sucrase-Isomaltase,
Villin, and Actin

Moderatelyinflamed mucosa (score II according to Sav-
erymuttu and colleagues10) of patients with CD (n � 5)
and UC (n � 5) was labeled with antibodies against
sucrase-isomaltase and aminopeptidase, proteins of the
apical brush border, as well as villin and actin, proteins of
the cytoskeleton. Ten randomized electron microscopic
photos of both NE and RACE cells of each patient were
taken (magnification, �16,500). Because very few RACE
cells were detectable in HCs (�3%), only NE cells were
examined in the control group. Labeling densities of su-
crase-isomaltase and aminopeptidase on microvilli and
the cytosol close to the apical membrane and the mi-
crovillous labeling density of villin were evaluated on
each photo by counting gold particles per area cytosol
(GP/�m2) according to Griffiths and colleagues.11 Gold
particles labeling actin were counted at the terminal web
and the basolateral membrane.

Quantitation of Transcellular Antigen Transport

Moderately inflamed mucosa (score II according to Sav-
erymuttu and colleagues10) of patients with CD (n � 5),
UC (n � 5), and 10 HCs (ileum, n � 5; colon, n � 5)
incubated with OVA for 10 minutes was used to investi-
gate transcellular antigen transport using immunoelec-
tron microscopy. This time point was chosen because we
have previously shown in a mouse model that OVA was
directed to late endosomes and the Golgi apparatus
within 10 minutes after apical administration.9 OVA was
identified in late endosomes and lysosomes with antibod-
ies against LAMP-2. The Golgi apparatus was labeled
with Ulex europaeus agglutinin (UEA) and antibodies
against UEA. UEA is a lectin that binds specifically pro-
teins glycosylated with L-fucose in the TGN. Thirty elec-
tron microscopic photographs (15 of the apical cell re-
gion, 15 of the perinuclear cell region; magnification,
�16,500) were randomly taken for LAMP-2 or UEA label-
ing. Quantitation was performed according to Griffiths
and colleagues11: the number of LAMP-2-positive vesi-
cles and UEA-positive trans-Golgi vesicles with and with-
out OVA loading was determined in NE cells and RACE
cells per area cytosol within each photograph. Labeling
density for OVA was evaluated by counting gold particles
per vesicle area (GP/�m2) in OVA-loaded vesicles. To
exclude that the pathway of transcellular transport was
OVA-specific, control experiments were performed using
the antigen HRP. In addition, tissue incubated with anti-
gen for longer periods (30 minutes, 60 minutes) was
investigated.

Caspase-3 Expression in Vitro in Apoptotic
HT-29/B6 Enterocytes and in RACE Cells

In vitro experiments were performed in HT-29/B6 cells12

that grow as highly differentiated polarized epithelial
monolayers. Cells were routinely cultured in 25-cm2 cul-
ture flasks in culture medium (RPMI 1640; Biochrom KG,
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Berlin, Germany) containing 2% stabilized L-glutamine
and supplemented with 10% fetal calf serum at 37°C in
an atmosphere of 95% O2 and 5% CO2. Cells were
seeded on Millicell-PCF filters (effective area 0.6 cm2,
PITP 01250; Millipore, Bedford, MA) with an average
concentration of 7 � 105 cells/cm2.

To induce apoptosis, confluent monolayers of HT-
29/B6 cells were incubated basolaterally with the topoi-
somerase-I inhibitor camptothecin (20 �g/ml) for 48
hours. Apoptosis was assessed morphologically (ie, nu-
clear and cytoplasmatic condensation, fragmentation of
the nuclear chromatin, apoptotic bodies).12 Cells as well
as bowel specimens were prepared for caspase-3 stain-
ing by immunoelectron microscopy as described above.

Immunoblotting for Caspase-3 in HT-29 Cells

HT-29 cells were grown to confluency as above and
incubated with either OVA apically (100 mg/ml) for 2
hours or 200 U/ml of interferon-� (kindly provided by Prof.
Otto, Frauenhofer Institut IGB, Hannover, Germany) ba-
solaterally for 24 hours. Cells were washed with PBS and
lysed with extraction buffer (50 mmol/L Tris/HCl, pH 8,
0.5% Nonidet P-40. 250 mmol/L NaCl. 5 mmol/L ethyl-
enediaminetetraacetic acid, pH 8, 50 mmol/L NaF, 0.5
mmol/L Na3VO4) containing protease inhibitors (0.5
mmol/L phenylmethyl sulfonyl fluoride, 5 �g/ml aprotinin,
5 �g/ml leupeptin). Cell lysates were centrifuged (4000 �
g/15 minutes/4°C) and equivalent protein concentrations
in the postnuclear lysate from control and OVA or inter-
feron-�-treated monolayers were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blot analysis for active caspase-3.

Statistics

Results are expressed as mean � SEM throughout.
RACE cells were compared to NE cells of CD and UC; NE
cells of CD and UC were analyzed in contrast to the
appropriate healthy controls (P � 0.05 considered as
significant). Labeling densities were evaluated according
to the Wilcoxon U-test. Chi-square test was used to de-
termine the ratio of antigen-loaded LAMP-2 or UEA-pos-
itive vesicles.

Results

Detection of RACE Cells in Crypts and Villi of
CD and UC

The ultrastructure of RACE cells in plastic sections was
characterized by a columnar cell shape, intact tight junc-
tions, an electron lucent cytosol with numerous vesicles,
enlarged mitochondria partly with an electron lucent ma-
trix, altered microvilli, hardly distinguishable Golgi stacks,
and rough endoplasmic reticulum and nuclei with elec-
tron lucent euchromatin and marginalization of hetero-
chromatin (Figure 1A). Number of microvilli was signifi-
cantly reduced in RACE cells of IBD relative to NEs of

both IBD and controls (P � 0.01, Figure 1B). By immu-
nofluorescence OVA labeling was confined to the brush
border in NE cells, but was also present in the cytosol
and in nuclei of RACE cells (Figure 1; C to E). In contrast,
sucrase-isomaltase was present in the cytosol of both NE
and RACE cells (Figure 1F).

Enhanced Antigen Uptake into the Cytosol of
RACE Cells and into Vesicular Structures of
NE Cells

Both OVA and HRP were observed in both NE and RACE
cells at the apical and basolateral membrane within a few
minutes after exposure. While in NEs OVA or HRP was
predominately found in the apical or in the mid/basal
region after 2 or 30 minutes of antigen incubation, both
antigens were distributed throughout RACE cells already
after 2 minutes of incubation. Extended incubation peri-
ods showed similar findings with regard to intracellular
antigen distribution in RACE cells. The amount of antigen
in IBD increased with the time of antigen exposure at the
paracellular space (P � 0.05) and was significantly
higher in IBD relative to controls at this location site (P �
0.01, Figure 2). The junctional complexes between NE
and RACE cells were preserved until RACE cells were
shed into the intestinal lumen as described previously.5

After an incubation period of 10 minutes, OVA labeling
density was significantly increased (P � 0.01) in nuclei of
RACE cells (6.54 � 0.76 GP/�m2) in CD and UC relative
to NE cells in CD and UC (1.37 � 0.27 GP/�m2) as well
as in nuclei of HCs (0.21 � 0.07 GP/�m2). Diverticulitis
specimens revealed similar results as controls regarding
the number of RACE cells and antigen distribution (data
not shown). Moreover, transcellular transport of OVA and
antigen-labeling density in nuclei were similar to HCs
(data not shown).

Sucrase-Isomaltase Is Increased in the Cytosol,
but Decreased at the Apical Membrane in CD
and UC

To investigate whether increased antigen uptake in RACE
cells was because of immaturity, immunoelectron micros-
copy was used to quantify the distribution of the differ-
entiation-dependent brush-border enzyme sucrase-iso-
maltase. In HCs, the majority of binding sites against
sucrase-isomaltase was found at the apical membrane of
microvilli. Labeling for sucrase-isomaltase was not found
in the cytosol, at the basolateral membrane, or in nuclei in
HCs; only a few Golgi complexes and intracellular vesi-
cles were positive for sucrase-isomaltase in these cells
(Figure 3A). However significant labeling for sucrase-
isomaltase was detected in the cytosol in NE cells as well
as in RACE cells of CD and UC (CD � UC) (Figure 3B).
Interestingly, aminopeptidase, another brush-border en-
zyme, was not localized within the cytosol of NE and
RACE cells (Figure 3C). Microvillous labeling density for
sucrase-isomaltase was significantly higher in the ileum
of HCs relative to their respective NE and RACE cells of
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Figure 1. CD (ileum OVA incubation 10 minutes). A: Electron microscopy: three RACE cells surrounded by NE cells. Epon section. B: Quantitation of microvilli
in RACE and NE cells. C: Immunofluorescence: rhodamine-labeled OVA in the cytosol of RACE cells. D: Immunoelectron microscopic localization of OVA (12-nm
large gold particles) within the epithelial layer. A RACE cell is situated between NE cells. E: Higher magnification of the box in D: RACE cell with moderate OVA
labeling (arrows) in the cytosol and in the nucleus. NE cell without any OVA labeling in the nucleus and the cytosol. F: Fluorescein isothiocyanate-labeled SI
on microvilli of NE cells and RACE cells. Labeling for SI is present in the cytosol of all RACE cells and some NE cells. AB, Apoptotic body; AP, apical membrane;
Lu, lumen; Mi, microvilli; V, vesicle; BL, basolateral membrane; SI, sucrase-isomaltase; N, nucleus; M, mitochondriae. Scale bars: 1 �m (A, D); 0.1 �m (F).
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CD and in NE cells of UC relative to their respective
RACE cells. Predictably sucrase-isomaltase was not
found in microvilli of colonic HCs (Figure 3D).

Cytosolic labeling density for sucrase-isomaltase was
significantly higher in NE cells of CD relative to healthy
ileum and in RACE cells of CD relative to their respective
NE cells. In UC cytosolic labeling density was similar
between NE and RACE cells. However labeling density
was significantly increased in these cells of UC relative to
healthy colon as well as in nuclei of NE and RACE cells in
CD and UC relative to their respective HCs (Figure 3E).

Labeling Density of Villin Is Decreased on
Microvilli in CD and UC

As an additional marker for cell differentiation villin was
used. A strong villin-labeling density on microvilli was
observed in healthy mucosa without detection in vacuolar
compartments, at the basolateral membrane, and in nu-
clei (Figure 4A). Villin-labeling density seemed to be re-
duced in RACE cells (Figure 4B). Quantitation of villin on
microvilli revealed a significant reduction in NE cells of
CD and UC relative to HCs and in RACE cells relative to
their respective NE cells in both CD and UC. There was
no villin labeling in the nucleus in CD, UC, and HCs
(Figure 4C).

Labeling Density of Actin Is Decreased in CD
and UC

Actin filaments are an important component of the epi-
thelial cytoskeleton. HC enterocytes showed strong actin
labeling within microvilli, the terminal web, and near the
basolateral membrane (Figure 5A). Labeling of actin was
more dense in NE cells (Figure 5B) relative to RACE cells

(Figure 5C) of CD and UC in the terminal web and at the
basolateral membrane. Actin labeling of NE cells in CD
and UC was similar to HCs except at the basolateral
membrane of CD where actin was significantly reduced
relative to HCs (Figure 5, D and E).

Antigen Transport to LAMP-Positive Vesicles Is
Enhanced in CD and UC

To investigate whether OVA is transported to late endo-
somes/lysosomes, antibodies against LAMP-2 were
used. The majority of LAMP-positive vesicles were ob-
served in the apical part of enterocytes (Figure 6A). OVA-
loaded LAMP-positive vesicles were increased in CD and
UC relative to HCs. NE cells of CD and UC contained
significantly more OVA-loaded LAMP-positive vesicles
relative to HCs. The highest amount of OVA-loaded
LAMP-positive vesicles was found in RACE cells in CD
(Figure 6B). Labeling density for OVA within LAMP-pos-
itive vesicles did not show any significant differences in
NE cells of CD and UC relative to HCs. However labeling
density was significantly higher in RACE cells relative to
NE cells of CD (Figure 6C). Antigen incubation for more
than 10 minutes did not reveal any difference with regard
to the prevalence of antigen-loaded LAMP-positive vesi-
cles or the vesicular antigen concentration (data not
shown). Control experiments with HRP-incubated speci-
mens revealed similar results demonstrating that the
transport mechanism was not OVA-specific (data not
shown).

Antigen Transport to UEA-Positive Vesicles Is
Increased in CD and UC

To follow antigen transport to another cell compartment,
the Golgi apparatus was labeled by UEA and studied by
immunoelectron microscopy. The lectin UEA, which
binds to L-fucose of glycoproteins, labels the trans side of
the Golgi apparatus, vesicles originating from the TGN,
the apical membrane of the microvilli, and the basolateral
membrane of human enterocytes. UEA-positive vesicles
were localized in the apical region of enterocytes and in
the basal region in the vicinity of nuclei (Figure 7A). OVA
incubation induced a significant increase of OVA-loaded
UEA-positive vesicles in NE cells of CD and UC relative to
HCs. The highest amount of antigen-loaded UEA-positive
vesicles was found in RACE cells. The difference to NE
cells was significant in CD as well as in UC (Figure 7B).
Moreover UEA-positive vesicles of RACE cells in CD
showed a higher labeling density for OVA relative to NE
cells as well as did UEA-positive vesicles of NE relative to
healthy ileal controls (Figure 7C). Experiments performed
with HRP-incubated mucosa showed similar results (data
not shown). Incubation periods up to 1 hour showed also
similar results (data not shown).

Determination of Caspase-3 in RACE Cells

To examine, whether RACE cells are cells of apoptotic
origin, we determined the expression of caspase-3 in

Figure 2. Quantitation of OVA at the paracellular space in IBD and controls.
Graphs show mean values, error bars represent SEM.
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normal and RACE cells by immunoelectron microscopy.
To further assess the possibility that OVA induces apo-
ptosis, we determined caspase-3 expression in HT29
cells, that were incubated with OVA. As shown by West-
ern blotting, caspase-3 expression in OVA-incubated
monolayers was similar to controls (Figure 8A). As ex-
pected, interferon-�-incubated monolayers showed an
increased caspase-3 expression relative to controls. As
shown in Figure 8B, apoptotic-induced HT29/B6 cells
showed a significant labeling density in apoptotic bodies.
In contrast, labeling for caspase-3 was not found in the
cytosol of RACE and NE cells (Figure 8C).

Discussion

Under physiological conditions macromolecules such as
OVA and HRP are endocytosed and transported by tran-
scellular vesicles to the basolateral membrane.13–15 In

the present study we analyzed the transcellular transport
of OVA in epithelial biopsies of patients with CD, UC, and
HCs to compare the transport in NE cells and RACE cells,
the latter representing an enterocyte cell population de-
scribed recently by our group.5 It is well established that
exogenous ligands such as HRP localize under physio-
logical conditions in early endosomes 5 minutes, in late
endosomes 10 to 15 minutes, and in lysosomes 30 to 60
minutes after internalization.16,17 Although no structural
continuity between endosomes and Golgi cis-ternae has
been observed,18 endocytosed ligands such as the plant
toxins ricin19 and Shiga-toxin B fragment20 are trans-
ported to the TGN within minutes after uptake before they
are delivered to the cytosol.6 Using UEA to identify TGN
vesicles and LAMP to label late endosomes and lyso-
somes, we could determine the amount of endocytosed
OVA within these compartments of enterocytes 10 min-
utes after luminal loading in CD, UC, and HCs.

Figure 3. Immunoelectron microscopic co-localization of OVA (OVA incubation 10 minutes, 6-nm gold particles) and SI or aminopeptidase (12-nm gold
particles). A: Healthy control (ileum). SI and OVA (arrows) labeling on microvilli. B: CD (ileum). RACE cell with OVA labeling in the cytosol (arrows) and SI
labeling on microvilli and in the cytosol. C: CD (ileum). RACE cell with OVA in the cytosol (arrows) and aminopeptidase labeling restricted to microvilli. D:
Microvillous labeling density of SI. E: Cytosolic labeling densities of SI. Graphs show mean values, error bars represent SEM. N(HC), Nucleus of healthy controls;
N(CD/UC), nucleus of CD and UC; HC-il, healthy ileal controls; HC-co, healthy colon controls; BG, background; Mi, microvilli; SI, sucrase-isomaltase; AP,
aminopeptidase. Scale bars, 0.1 �m.
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Quantitative evaluation resulted in three major findings:
1) OVA transport to late endosomes and TGN vesicles is
increased in both NE cells and RACE cells of both CD
and UC relative to healthy control cells. 2) RACE cells
take up higher amounts of OVA into late endosomes than
NE cells in CD but not in UC. 3) RACE cells target higher
amounts of OVA to TGN vesicles than NE cells in CD as
well as in UC. These results confirm our previous obser-
vations that transepithelial antigen transport is enhanced
in IBD.5 The increased transport rates observed in CD
relative to UC are likely because of differences in the
endocytic activities of the small versus large bowel. Our
data further indicate that RACE cells are more suscepti-
ble to vesicular antigen transport than NE cells. Therefore

translocation of antigens into the cytosol is a process that
implicates not only the apical membrane but also mem-
branes of the endocytic pathway as well as the TGN. This
is in line with the observation that several toxins such as
ricin, Shiga toxin, diphtheria toxin, and Pseudomonas
toxin enter the cytosol from intracellular compartments
such as endosomes and TGN.6,21 Enterocytes tend to
direct macromolecules into late endosomes and the TGN
under certain circumstances as previously shown for
toxic gliadin peptides in celiac disease22 and OVA in
BALB/c mice during first antigen administration.9 More-
over, it has been shown that endocytosed OVA is trans-
ported into the cytosol by osmotic lysis of pinosomes.23

Although RACE cells internalize increased amounts of
OVA and HRP into endosomes and the TGN with rapid
translocation into the cytosol, it is intriguing that entero-
cytes in the immediate vicinity of RACE cells incorporate
these antigens exclusively into endocytic compartments
without further delivery into the cytosol. It is therefore
important to examine structural differentiation markers in
RACE versus NE cells. Sucrase-isomaltase, a differentia-
tion-dependent integral membrane protein that is nor-
mally expressed in enterocytes along the entire length of
the crypt-villus axis of the small intestine,24 was used. As
expected, the highest labeling density for sucrase-isoma-
ltase was found in healthy ileum. Significantly lower levels
were observed in CD with the lowest concentrations
found in RACE cells. This is in line with the finding that
sucrase-isomaltase is down-regulated in human intestinal
epithelial cell lines by interleukin-6,25 that has been found
to be enhanced in IBD.26 We found only little staining in
healthy colon controls supporting the notion that the
physiological expression of sucrase-isomaltase in the
large bowel occurs predominately during the fetal period.
In contrast, sucrase-isomaltase was significantly found
in NE and RACE cells of UC as previously observed in
inflammatory, regenerative, and dysplastic mucosa
in UC.27The decreased apical membrane staining of
sucrase-isomaltase in RACE relative to NE cells in CD
and UC suggests that RACE cells are less differentiated.
Cytosolic staining of sucrase-isomaltase in IBD has been
found to correlate with the presence of dysplastic
changes and low level of cellular differentiation.27 This in
vivo situation is comparable to an in vitro scenario when
intestinal Caco-2 cells were stably transfected with cDNA
encoding anti-sense villin RNA resulting in a permanent
down-regulation of the endogenous villin message and
dramatic effects on brush-border assembly.28 In their
study, and therefore similar to RACE cells, most of su-
crase-isomaltase was observed in the cytosol, whereas
aminopeptidase, another integral protein, was exclu-
sively found in vesicles and not within the cytosol, which
is probably because of different trafficking mechanisms
for apically sorted sucrase-isomaltase and aminopepti-
dase.29 In fact, sorting of sucrase-isomaltase to the api-
cal membrane is mediated by O-glycosylation of the stalk
domain and implicates its association with Triton X-100
insoluble cholesterol/sphingolipid-rich membrane mi-
crodomains or lipid rafts, whereas aminopeptidase is
transported to the apical membrane by raft-independent
mechanisms.29 It is interesting to note that the cytosolic

Figure 4. Immunoelectron microscopic co-localization of OVA (OVA incu-
bation 10 minutes; 6-nm gold particles) and villin (12-nm gold particles). A:
Healthy control (ileum). Strong villin labeling on microvilli and in the termi-
nal web. B: CD (ileum). RACE cell with OVA labeling (arrows) in the cytosol
and weak villin labeling on microvilli and the terminal web. C: Microvillous
labeling densities of villin. Graph shows mean values, error bars represent
SEM. N(HC), Nucleus of healthy controls; N(CD/UC), nucleus of CD and UC;
HC-il, healthy ileum controls; HC-co, healthy colon controls; BG, back-
ground; Lu, lumen; Mi, microvilli; V, vesicle; TW, terminal web. Scale bars,
0.1 �m.
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concentration of sucrase-isomaltase in CD was signifi-
cantly higher relative to UC with a further increase in
RACE cells relative to NE cells in CD. Moreover, the
proportion of sucrase-isomaltase in the cytosol versus the
apically labeled protein was increased in RACE cells
relative to NE cells. These findings indicate that the cy-
tosolic translocation of sucrase-isomaltase is associated
with the formation of RACE cells.

Another important protein associated with enterocytic
differentiation state is villin, an actin-binding cytoskeletal
protein located within the microvilli of intestinal epithelial
cells.30 It is well established that the expression of villin
along the crypt-villus axis increases as cells migrate from
the crypt to the villus surface30,31 concomitant with an
increased rate of synthesis during enterocytic differenti-
ation and considerable posttranslational stability.32 De-
creased villin levels in CD and UC relative to HCs with the

lowest concentration in RACE cells our data point to a
disturbance of differentiation and maturation processes
in RACE cells. This could also explain why antigen uptake
is increased in these cells, because immature entero-
cytes are known to be more susceptible to antigen up-
take than fully differentiated cells.33

The most likely reason why RACE cells have not been
previously described by others is because of the lack of
a suitable experimental design that combines morpho-
logical and functional assessments in the same setting.
Our approach using immunoelectron microscopy could
unequivocally unravel the distinct ultrastructural charac-
teristics of RACE cells and highlight an efficient uptake of
luminal antigens into endocytic compartments and finally
into the cytosol. The presence of villin and sucrose-iso-
maltose (SI) in microvilli as well as ultrastructural features
such as the formation of tight junctions strongly suggest

Figure 5. Immunoelectron microscopic co-localization of OVA (OVA incubation 10 minutes; 6-nm gold particles, arrows) and actin (12-nm gold particles). A:
Healthy control (ileum). High labeling density for actin on microvilli and terminal web. B: CD (ileum). RACE cell with OVA labeling in the cytosol (arrows) and
low labeling density of actin on microvilli and terminal web. C: CD (ileum). Left: NE cell with high labeling density of actin near the basolateral membrane. Right:
RACE cell with OVA labeling in the cytosol (arrows) and low labeling density of actin near the basolateral membrane. D: Labeling densities of actin in the terminal
web. E: Labeling densities of actin near the basolateral membrane. Graphs show mean values, error bars represent SEM. N(HC), Nucleus of healthy controls;
N(CD/UC), nucleus of CD and UC; HC-il, healthy ileum controls; HC-co, healthy colon controls; BG, background; Mi, microvilli; BL, basolateral membrane; TW,
terminal web. Scale bars, 0.1 �m.
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that RACE cells are of enterocytic origin. Despite few
morphological similarities, such as an electron lucent
cytosol and short microvilli, RACE cells differ from cup
cells that are exclusively found in the small intestine and
do not reveal a cytosolic antigen uptake.34 RACE cells
show also some similarities to M cells such as irregular
microvilli and low levels of villin and sucrase-isoma-
ltase.35 Furthermore both cell types can present with a
thin bridge of apical cytosol and enfold lymphoid cells
and macrophages within invaginations of the basal mem-
brane.36 The main difference between these two cell
types lies at the functional level and is related to the
uptake of luminal antigens and their transcellular trans-
port. Although in both RACE and M cells luminal antigens
such as HRP are transported in vesicles,37 cytosolic lo-
calization of transported antigens has not been demon-
strated in M cells.

Our knowledge about biological, immunological, and
pathophysiological functions of RACE cells is still limited.
Previous results from our group using a mouse model
indicate that RACE cells (called M-cell-like enterocytes)
are induced after feeding with OVA independently of
whether or not oral tolerance has been generated as
shown in BALB/c mice, eg, in SCID mice.9 Their occur-
rence seems unrestricted to any defined disease entity or
state because RACE cells are also occasionally found in
healthy intestinal epithelium. However, RACE cells are
significantly increased in severely inflamed mucosa of
CD and UC.5 Because (pro)-inflammatory cytokines such
as tumor necrosis factor-� and interleukin-138 have been
shown to be involved in increased antigen degradation,
we speculate that cytokines are also able to induce RACE
cells. The transfer of exogenous antigens into the cytosol
is a critical process for MHC class I presentation trigger-
ing cytotoxic immune responses, called cross presenta-
tion.23,39–41 In dendritic cells antigens gain access to the
cytosolic antigen-processing machinery and to the con-
ventional MHC class I antigen-presentation pathway by
an endosome-to-cytosol transport.42,43 Therefore it would
be of interest to examine whether the translocation of
OVA into the cytosol induces (endogenous) antigen pre-
sentation by MHC class I proteins.

RACE cells are extruded from the epithelial layer into
the intestinal lumen leaving a defect in the epithelium.5 As
a gate for unrestricted antigen influx, which cannot be
sealed immediately, these epithelial defects are likely to
be involved in the pathogenesis of an impaired barrier
function as well as enhanced paracellular flux of luminal
antigens through the intestinal epithelium in CD and
UC.44 Because few ultrastructural features of RACE cells
such as marginal condensation of heterochromatin as
well as an altered electron density of the cytosol corre-
sponded with the morphological features of apoptotic
cells, and epithelial apoptosis is enhanced in the IBD
mucosa,26,45,46 we sought to determine whether RACE
cells are of apoptotic origin and whether OVA induces
apoptosis. Because apoptotic bodies are found only oc-
casionally within these cells, which indicates that RACE
cells may represent early stages of apoptosis, we used
the apoptotic marker caspase-3 to address this ques-
tion.47 However, we failed to demonstrate an increased

Figure 6. Immunoelectron microscopical co-localization of OVA (OVA incuba-
tion 10 minutes; 6-nm gold particles) and LAMP (12-nm gold particles). CD
(ileum). A: RACE cell with OVA-loaded (arrows) LAMP-positive vesicle. B:
Antigen transport in LAMP-positive vesicles. C: Labeling densities of OVA in
antigen-loaded LAMP vesicles. Graphs show mean values, error bars represent
SEM. N(HC), Nucleus of healthy controls; N(CD/UC), nucleus of CD and UC;
HC-il, healthy ileum controls; HC-co, healthy colon controls; BG, background;
Lu, lumen; Mi, microvilli; V, vesicle; M, mitochondrium. Scale bar, 0.1 �m.
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caspase-3 labeling density in RACE cells as well as an
increased caspase-3 expression in OVA-incubated HT29
cells. This suggests that OVA does not induce caspase-
3-dependent apoptosis and RACE cells are not involved

Figure 8. Detection of caspase-3 by immunoelectron microscopy and West-
ern blotting. A: Caspase-3 expression in HT29 monolayers. B: Subcellular
detection of caspase-3 (12-nm gold particles) within apoptotic HT-29/B6
enterocytes. C: Absent caspase-3 labeling in the cytosol of RACE and NE. AB,
Apoptotic body; BL, basolateral membrane; Lu, lumen; Mi, microvilli. Scale
bars: 0.1 �m (B); 1 �m (C).

Figure 7. Immunoelectron microscopic co-localization of OVA (OVA incu-
bation 10 minutes; 6-nm gold particles) and UEA (12-nm gold particles). CD
(ileum). A: NE cell with OVA (arrows)-loaded UEA-positive vesicle. B:
Antigen transport in UEA-positive vesicles. C: Labeling densities of OVA in
antigen-loaded UEA vesicles. Graphs show mean values, error bars represent
SEM. N(HC), Nucleus of healthy controls; N(CD/UC), nucleus of CD and UC;
HC-il, healthy ileum controls; HC-co, healthy colon controls; BG, back-
ground; Mi, microvilli; V, vesicle; M, mitochondrium. Scale bars, 0.1 �m.
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in caspase-dependent apoptosis. RACE cells could also
be preapoptotic cells because caspases remain inactive
until the death signal is received.48 Alternatively RACE
cells could undergo caspase-independent apoptosis, as
has been shown recently in different cancer cell lines.49

Arguments in favor of an apoptotic nature are the re-
duced ATP synthesis of mitochondria5,50 and the im-
paired structure of the cytoskeleton (loss of actin bun-
dles)51 that we observed in RACE cells. However,
because the overall cell function in RACE cells seems to
be impaired, OVA could diffuse into the nucleus via nu-
clear pores as it has been described for this macromol-
ecule even in healthy cells.52 We assume that (apoptotic)
RACE cells contribute to increased epithelial permeability
in CD and UC after extrusion into the intestinal lumen.53

RACE cells possibly enter a form of apoptosis before
completing cell differentiation. To further address the
apoptotic nature of RACE cells, experimental methods
that could demonstrate early apoptotic processes at an
ultrastructural level and simultaneously allow the cytoso-
lic localization of antigens taken up from the intestinal
lumen would be helpful.

In conclusion, antigen transport into endocytic cell
compartments and finally into the cytosol is strongly en-
hanced in RACE cells of CD and UC. The reduced de-
tection of villin and sucrase-isomaltase suggests that
RACE cells are enterocytes that are immature and less
differentiated. Further investigations of this newly de-
scribed enterocyte population will promise crucial in-
sights in the immunomodulatory functions of enterocytes
within the gut-associated lymphoid tissue.
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