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Staphylococcal enterotoxin B suppresses Alix and
compromises intestinal epithelial barrier functions
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Abstract

Background: The epithelial barrier dysfunction plays a critical role in the pathogenesis of a broad array of immune

maintenance of epithelial barrier function.

diseases. Alix protein is involved in the endolysosome system. This study aims to elucidate the role of Alix in the

Results: The results showed that Alix was detected in T84 cells at both mRNA and protein levels. Exposure to
Staphylococcal enterotoxin B (SEB) markedly suppressed the expression of Alix in T84 cells, which could be blocked
by knocking down the Toll like receptor 2. The exposure to SEB did not affect the TER, but markedly increased the
permeability of T84 monolayers to OVA; the OVA passing through T84 monolayers still preserved the antigenicity
manifesting inducing antigen specific T cells proliferation.

Conclusions: Alix protein plays a critical role in the maintenance of the barrier function of T84 monolayers.
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Background
The epithelial barrier indicates the epithelial cell layer on
the surface of mucosa such as airway and intestine. The
epithelial barrier dysfunction is recognized in a number of
body disorders, such as intestinal allergy [1], inflammatory
bowel diseases [2] and asthma [3]. The pathogenesis is un-
clear. Our previous studies reveal that microbial products,
such as Staphylococcal enterotoxin B (SEB), can facilitate
the development of immune disorders in the intestine [4].
However, how the microbial products passing through the
epithelial barrier to arrive the deep part of tissue is elusive.
The dysfunction of epithelial barrier manifests increases
in the permeability to macromolecular molecules, such as
protein antigens. The macromolecular substances may
pass through the paracellular spaces, or to be transported
via the transcellular pathway, to arrive the subepithelial re-
gion. Under healthy condition, epithelial cells endocytose
some proteins of small molecular weight; those endocytic
cargo can be wrapped by the plasma membranes to be
formed as endosomes; the latter fuse with lysososmes
where there are acidic enzymes to degrade the endocytic
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cargo. Recent reports indicate that there are a number of
factors can affect the endolysosome systems to enhance
the epithelial barrier permeability [5-7]; the causative fac-
tors include microbial products, such as cholera toxin [5]
and SEB [8]. The underlying mechanism remains to be
further understood.

Alix/Aipl (Alix, in short) is a protein that functions in
endosomal protein sorting, enveloped virus budding, and
many other cellular processes. Crystal structures show that
the Alix protein is composed of an N-terminal Brol do-
main and a central domain, the latter consists of two ex-
tended three-helix bundles that form elongated arms that
fold back into a “V” [9]. Alix binds to the endosomal sort-
ing complex required for transport (ESCRT) to facilitate
the membrane fusion events during the multivesicular en-
dosome formation [10]. Based on the above information,
we hypothesize that Alix is involved in the transcellular
transport in epithelial cells. In this study, we observed that
intestinal epithelial cell line, T84 cell, expresses Alix. Ex-
posure to SEB suppressed the expression of Alix in T84
cells, which resulted in enhancing the epithelial barrier
permeability to macromolecular antigens.
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Methods

Reagents

The antibodies of Alix (1A12), TLR2 (H-175), shRNA of
TLR2 and shRNA of Alix were purchased from Santa
Cruz Biotech (Shanghai, China). The reagents of qRT-
PCR, Western blotting and gene cloning were purchased
from Invitrogen (Shanghai, China). SEB was purchased
from Sigma Aldrich (Shanghai, China). The immune cell
isolation kits were purchased from Miltenyi Biotech
(Shanghai, China). The OVA ELISA kit was purchased
from Antibodies Online (Atlanta, GA).

Mice

The OVA-TCR transgenic DO11.10 mice (8-10 week old)
were purchased from the Xian Experimental Animal Cen-
ter (Xian, China). The mice were maintained in a patho-
gen free environment.

Cell culture

T84 cells were purchased from ATCC (American Type
Culture Collection). Passages 33-38 were used in the
study. The cells were cultured in DMEM (Dulbecco’s
Modified Eagle Medium) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/ml penicillin
and 0.1 mg/ml streptomycin. Cells were seeded onto the
inserts of Transwells at 10° cells/ml. The medium was
changed daily.

Recording transepithelial electric resistance (TER)
The TER was measured with an Ohmmeter following
our established procedures [11].

Assessment of T84 monolayer permeability

After the confluence (TER >1000 Q. cm?) of the T84
monolayers, the OVA was added to the Transwell ap-
ical chambers at a concentration of 10 pg/ml. Samples
were collected from the basal chambers 48 h later. The
contents of OVA in the samples were determined by
ELISA (Enzyme-linked immunosorbent assay) with a
commercial reagent kit following the manufacturer’s
instructions.

Quantitative real time RT-PCR

Total RNA was extracted from T84 cells with the TRIzol
reagents. The cDNA was synthesized with a reverse tran-
scription kit. qPCR was performed in a real time PCR sys-
tem (MiniOpticon, Bio-Rad, Shanghai, China) with the
SYBR Green Super Mix. The results were calculated with
the 2724" method. The primers using in this study in-
clude: Alix, forward, aaggaacgttggcaaaggac; reverse, gaagg
gatggcagcattcag. [-actin, forward, cgcaaagacctgtatgccaa;
reverse, cacacagagtacttgcgctc.
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Western blotting

Total proteins were extracted from T84 cells, fractioned
by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) and transferred onto a nitrocellulose
membrane. The membrane was blocked by 1% bovine
serum albumin (BSA) and incubated with the primary
antibodies (0.5-1 pg/ml) for 1 h at room temperature, and
followed by incubation with the secondary antibodies
(conjugated with horseradish peroxidase) for 1 h. Washing
with TBST (Tris-buffered saline-Tween 20) was performed
after each incubation. The immune blots on the mem-
brane were developed with ECL (enhanced chemilumines-
cence). The results were recorded with x ray films.

RNA interference (RNAI)

T84 cells were treated with RNAi to knock down the genes
of Alix or Toll like receptor 2 (TLR2) with commercial re-
agent kits following the manufacturer’s instructions. The ef-
fect of gene knockdown was checked by Western blotting.
The results of gene silence reached its peaked value on day
4 after the transduction and lasted at least 4 weeks. The
data are presented in Figures 1 and 2 respectively).

Over expression of the Alix gene

T84 cells were washed with phosphate buffered saline
(PBS); the genomic DNA was extracted from T84 cells.
The Alix gene was amplified by PCR. The products of
PCR were sequenced first and confirmed, and cloned into
the pTZ57R/T vector and transformed into E. coli. The
vectors of Alix gene were subcloned into the pcDNA3
plasmid, and transformed into competent E. coli by the
heat shock method. The plasmid was then purified using a
plasmid extraction kit according to the manufacturer’s in-
structions. The presence of the Alix gene was confirmed
by sequencing. T84 cells were transfected with the con-
structed plasmids using a transfection kit according to the
manufacturer’s instructions. The over expression of Alix
was assessed in Western blotting.

Isolation of immune cells

CD4" CD25  effector T cells (Teff cell) and dendritic
cells (DC) were isolated from DO11.10 mouse spleen
with commercial reagent kits following the manufac-
turer’s instructions. The purity of isolated Teff cells was
98.8%, DC was 99.2% respectively as assessed by flow
cytometry.

Teff cell proliferation

The isolated Teff cells were labeled with CESE (carboxy-
fluorescein diacetatesuccinimidyl ester), cultured with
the supernatant collected from the Transwell basal
chambers for 3 days in the presence of DC at a ratio of
1:5 (DC:T cell). The cells were analyzed by flow cytome-
try to determine the frequency of T cell proliferation.
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Figure 1 Activation of TLR2 suppresses Alix in T84 cells. T84 cells were stimulated with SEB in the culture for 48 h. A, the bars indicate the
MRNA levels of Alix. B, the immune blots show the results of Alix RNAI. C, the immune blots indicate the protein contents of Alix. D, the bars
indicate the summarized density of the immune blots of panel C. a, TLR2-null T84 cells; b, T84 cells were treated with control shRNA. The data of
bars are presented as mean + SD. *, p < 0.01, compared with dose “0" group. The data represent 3 separate experiments.

Statistics

The data are presented as mean + SD. Differences be-
tween groups were determined by ANOVA. P < 0.05 was
set as a significant criterion.

Ethical approval
The animal experiments were approved by the Animal
Ethic Committee at Shenzhen University.

Results

Exposure to SEB suppresses the expression of Alix in

T84 monolayers

In the first attempt, we assessed the expression of Alix in
T84 cells. The results of qRT-PCR and Western blotting
showed that Alix was detected in T84 cells. Next, we stim-
ulated T84 cells with SEB in the culture for 48 h; the cells
were then collected and processed to assess the expression
of Alix. The results showed that the levels of Alix were
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Figure 2 SEB increases transcellular permeability of T84 monolayers. T84 monolayers were stimulated with SEB (the doses were denoted on
the x axis of A and B) in Transwells for 48 h. A, the bars indicate the TER of the T84 monolayers. B, the bars indicate the OVA levels in the
Transwell basal chambers; the OVA was expressed as a percentage of the OVA amounts added to the Transwell apical chambers. C, the immune
blots show the Alix over expression results. D, the immune blots indicate the Alix gene knockdown results. The data of bars are presented as
mean + SD. *, p < 0.01, compared with the SEB dose “0". The data represent 3 separate experiments.
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suppressed in T84 cells in a SEB dose-dependent manner.
To elucidate the role of TLR2 in the SEB-induced sup-
pression of Alix in T84 cells, in separate experiments, the
TLR2 gene was knocked down in T84 cells by RNAi; the
TLR2-null cells were exposed to SEB in the culture for
48 h. Indeed, the expression of Alix was not affected in
T84 cells (Figure 1). The results indicate that T84 cells ex-
press Alix that can be suppressed by SEB through the
TLR2 activation.

Suppression of Alix compromises T84 monolayer
permeability

Alix is associated with the endolysosome system in the
cell. The endolysosome system is critical in the degrad-
ation of the endocytic cargo, such as protein antigens.
To elucidate if Alix suppression plays any roles in the in-
testinal epithelial barrier permeability, we prepared T84
monolayers; the monolayers were treated with SEB with
similar procedures of Figure 1. The TER and permeabil-
ity to OVA of T84 monolayers was assessed. The results
showed that the exposure to SEB did not affect the TER,
but significantly increased the permeability to OVA,
which was abolished by Knockdown of TLR. To corrob-
orate the results, we knocked down the Alix gene of T84
cells. The Alix-null T84 cells still formed monolayers in
Transwells with comparable TER with wild control T84
cells. Then, we assessed the permeability of the Alix-null
T84 monolayers. The results showed that the Alix-null
T84 monolayers had markedly higher permeability to
OVA as compared with wild T84 monolayers (Figure 2).
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The results indicate that SEB can increase the perme-
ability to OVA via suppressing Alix.

Antigens passing through SEB-treated T84 monolayers
preserve antigenicity

The data of Figure 2 implicate that the OVA collected
from the Transwell basal chambers still has antigenicity.
To test the hypothesis, we isolated OVA-specific CD4"
CD25 T effector (Teff) cells from DO11.10 mouse spleen,
and cultured the cells with the supernatant collected from
the Transwell basal chambers in which OVA might be
transported from the apical cambers passing through the
T84 monolayer. As shown by the data of flow cytometry,
the proliferation frequency of the Teff cells was 6.86% in
medium alone group, 34.1% in the SEB stimulated group
and 6.27% in the group with Alix over expression and
stimulated with SEB (Figure 3). The results indicate that
the OVA passing through the T84 monolayers still pre-
serves the antigenicity.

Discussion

Epithelial barrier dysfunction is one of the major causa-
tive factors in the pathogenesis of a large number of im-
mune diseases; the underlying mechanisms are not fully
understood yet. The present study has revealed that in-
testinal epithelial cell line, T84 cells, expresses Alix. Ex-
posure to a microbial product, SEB, markedly suppresses
the expression of Alix in the epithelial cells, which re-
sults in the epithelial barrier dysfunction.
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Figure 3 OVA from Transwell basal chambers preserves antigenicity. CD4" CD25 T effector (Teff) cells (labeled with CFSE) and DCs were
isolated from the DO11.10 mouse spleen. The Teff cells and DCs were cultured at a ratio of 5:1 (T cell:DC) in the supernatant collected from the
Transwell basal chambers. Apart from adding OVA to the apical chambers, the additional treatment included supernatant alone (A), SEB (B),
Alix-over expressing T84 monolayers treated with SEB (C). Three days later, the cells were analyzed by flow cytometry. A-C, the histograms
indicate the Teff cell proliferation. D is a no staining control. E, the bars indicate the summarized data from the histograms, the labels of x axis are
the same as those of histograms. The data of E are presented as mean + SD. *, p < 0.01, compared with group A. The data represent 3
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Although the precise mechanism remains obscure, cu-
mulative reports indicate that multiple factors are in-
volved in the induction of epithelial barrier dysfunction.
Our previous studies indicate that high levels of IL-4
and atopic serum can significantly decrease T84 mono-
layer resistance and increased transepithelial horseradish
peroxidase (HRP) transport. HRP transport induced by
IL-4 can be inhibited by cold (4°C) environment and the
tyrosine kinase inhibitor genistein [11]. Epithelial cells
express CD23 on the surface that facilitates the transcel-
lular transport of specific antigens across the epithelial
barrier [12,13]. Recent reports indicate that exposure to
microbial products also affects the epithelial barrier
functions [5,8]. The present study adds novel informa-
tion to this area by showing that Alix is required in the
maintenance of the epithelial barrier function. Exposure
to microbial product, SEB, can inhibit the expression of
Alix in epithelial cells which contribute to the hyperper-
meability of the epithelial barrier.

Alix can bind to ESCRT, plays a role in the endosome/
lysosome fusion. Sadoul proposed that the normal func-
tion of Alix in the endolysosomal system may be devi-
ated by ALG-2 (apoptosis-linked gene 2) towards a
destructive role during active cell death. Our data have
added a piece of novel information that Alix is required
in the degradation of the endocytic proteins in epithelial
cells. It is proposed that Alix acts as a putative effector
involving in membrane invagination, vesicle formation
and fusion of endosomes and lysosomes in the control-
ling intracellular membrane traffic [14]. Our data pro-
vide further supporting evidence that Alix is required in
the degradation of the endocytic protein antigens in epi-
thelial cells. The underlying mechanism needs to be fur-
ther investigated.

We also tested the antigenicity of the antigens to be
transported across the T84 monolayers. The results
showed strong antigenicity of the OVA in the super-
natant collected from the Transwell basal chambers.
Our previous studies indicate that upon the epithelial
barrier dysfunction, a large quantity of macromolecular
antigens can be transported into the deep region of the
intestinal mucosa. Consequently, an intestinal allergy
may be induced [15,16]. It is suggested by previous
studies that multiple factors are involved in the regula-
tion of the degradation of the endocytic proteins in epithe-
lial cells; such as ubiquitin editing enzyme A20 is required
in the endosome/lysosome fusion, which can be disturbed
by inhibition of A20 resulting in incompletely degradation
of the endocytic antigens [6,8]. Inhibition of myosin by
tumor necrosis factor also induces intestinal epithelial bar-
rier dysfunction [17]. Our data have added one more fac-
tor to the knowledge pool of epithelial barrier studies by
showing evidence that Alix is required in maintaining epi-
thelial barrier function.
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It is noteworthy that exposure to SEB in the culture
does not affect the TER as shown by the present data. The
results implicate that the paracellular pathway is not influ-
enced by SEB. The results are in line with previous studies.
Lu et al indicate that SEB can activate monocytes to re-
lease proinflammatory cytokines to increase epithelial bar-
rier permeability, but exposure to SEB alone does not
affect TER [18]; such an abnormality may be prevented by
the addition of transforming growth factor-p2 [19]. Our
data indicate that the over expression of Alix also has the
inhibitory effect on SEB-induced epithelial barrier dys-
function. Previous studies suggest that SEB facilitates the
development of intestinal allergy via modulating dendritic
cell properties or act as an adjuvant [4,20]. The present
data provide novel information that SEB also compro-
mises the transcellular antigen transport in the epithelial
barrier.

Conclusions

The present data show that human intestinal epithelial
cell line, T84 cells, expresses Alix, which can be inhib-
ited by SEB to induce epithelial barrier dysfunction.
Over expression of Alix has the potential to attenuate
the abnormally high epithelial barrier permeability.
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