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Shiga toxin 2 (Stx2) is a major virulence factor in infections with Stx-producing Escherichia coli (STEC),
which causes gastrointestinal diseases and sometimes fatal systemic complications. Recently, we developed an
oral Stx2 inhibitor known as Ac-PPP-tet that exhibits remarkable therapeutic potency in an STEC infection
model. However, the precise mechanism underlying the in vivo therapeutic effects of Ac-PPP-tet is unknown.
Here, we found that Ac-PPP-tet completely inhibited fluid accumulation in the rabbit ileum caused by the direct
injection of Stx2. Interestingly, Ac-PPP-tet accumulated in the ileal epithelial cells only through its formation
of a complex with Stx2. The formation of Ac-PPP-tet-Stx2 complexes in cultured epithelial cells blocked the

* intracellular transport of Stx2 from the Golgi apparatus to the endoplasmic reticalum, a process that is
essential for Stx2 cytotoxicity. Thus, Ac-PPP-tet is the first Stx neutralizer that functions in the intestine by
altering the intracellular transport of Stx2 in epithelial cells.

Infection with Shiga toxin (Stx)-producing Escherichia coli figurations (3, 5, 14, 18, 19, 36). These neutralizers can strongly
(STEC) in humans causes gastrointestinal diseases that are  bind to Stx and inhibit its cytotoxic activity. Some are also
often followed by potentially fatal systemic complications such  effective in STEC infection models (18, 19, 36). However, the
as acute encephalopathy and hemolytic-uremic syndrome (12, clinical application of these neutralizers has been substantially
22, 25, 26). Stx is produced in the gut, traverses the epithelium, hampered by the synthetic complexity of the trisaccharide
and passes into the circulation. Circulating Stx then causes moiety.
vascular damage in specific target tissues such as the brain and We have recently screened a library of novel tetravalent
the kidney, resulting in systemic complications. For this reason,  peptides that exert a clustering effect and have identified four
development of a neutralizer that specifically binds to and  peptide motifs that are superior to trisaccharide in binding Stx
inhibits Stx in the gut and/or in the circulation would be a  (20). Tetravalent forms of these peptides bind with high affinity
promising therapeutic approach. _ to one trisaccharide-binding site (site 3) of Stx2 and effectively

Stx is classified into two subgroups, Stxl and Stx2. St2 s iphibit Stx2 cytotoxicity. This is particularly true of the neu-
more closely related to the severity of STEC infections than  ra)i7er designated PPP-tet, which contains four Pro-Pro-Pro-
Stx1 (6, 23, 31, 33). Stx consists of a catalytic A subunit and a Arg-Arg-Arg-Arg motifs. PPP-tet protects mice from a fatal
pentameric B subunit. The former has 285 rRNA N-glycosi-  yose of £. coli O157:H7, even when the peptide is orally ad-
dase activity and inhibits eukaryotic protein synthesis, While  ;ictereq after the establishment of infection (20). Moreover,
the latter is responsible for binding to the functional cell sur- the addition of acetyl groups to all the amino termini of PPP-
if:,cezrsece%:)r Gb3 E[‘lGala(1—4)-Gz;1[§(1-4)-(}1tl:[3Il;ceramlde] (11% tet (vielding Ac-PPP-tet} makes this compound resistant to

» 23) s e .CIYSt. §truc'ture o D( reveals the presence o proteolysis and markedly enhances its protective activity
three distinctive binding sites (i.e., sites 1, 2, and 3) on each B . . . Lo

. . . . against STEC infection, indicating that Ac-PPP-tet holds
subunit monomer for the trisaccharide moiety of Gb3 (7, 16). . . . .

. : A : ) ) promise as a therapeutic agent for STEC infections.

Highly selective and potent binding of Stx to Gb3 is attributed o . .
> . . > . After binding to Gb3, Stx is first transported to the Golgi
mainly to the multivalent interaction between the B subunit .

. - . . apparatus in a retrograde manner and then transported to the
pentamer and the trisaccharide. This so-called clustering effect . -

. . endoplasmic reticulum (ER). On the other hand, the Stx cat-
has formed the basis for the development of several synthetic lytic A subunit is released into th 1 here it inhibi
Stx neutralizers that contain the trisaccharide in multiple con- aytlc- subumil Is refease mto the cytoplasm, where it imhi 1§s

protein synthesis (27, 29). The retrograde transport of Stx is
known to be essential for Stx cytotoxicity (2, 27, 28). In Vero
- eyt
* Corresponding author. Mailing address: Department of Molec- cells, one of the cell types most sensitive to Stx, PPP-tet pre-
P P P
ular Life Sciences, Faculty of Life and Medical Sciences, Doshisha vents Stx2 eytotoxicity by inducing the aberrant transport of Stx
University, 1-3 Miyakotani, Tatara, Kyotanabe, Kyoto 610-0321, s . s
Japan. Phone and fax: (81) 774-65-6471. E-mail: knishika@maii o™ the Golgi apparatus to an acidic compartment rather
.doshisha.ac.jp. than to the ER, leading to the degradation of Stx (20). An
¥ Published ahead of print on 26 October 2009, advantage of PPP-tet is its ability to partially permeate cells,
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which allows it to inhibit the cytotoxicity of Stx2 already incor-
porated into cells (20). Nevertheless, the precise mechanism by
which PPP-tet and Ac-PPP-tet function in vivo, as well as the
identities of the organs or cells targeted by these compounds,
is unknown.

To understand how orally administered Ac-PPP-tet func-
tions in vivo, we investigated the effect of Ac-PPP-tet on fluid
accumulation in the rabbit ileum caused by the direct injection
of Stx2. The rabbit ileal loop system is highly valid for evalu-
ating the toxicity of Stx2 produced in the intestine after infec-
tion. We also examined the localization of the tetravalent pep-
tide and Stx2 in the intact rabbit ileum, cultured ileal
specimens, and Caco-2 intestinal epithelial cells. Our results
reveal that Ac-PPP-tet functions as a potent Stx2 neutralizer in
the intestine by altering the intracellular transport of Stx2 in
epithelial cells.

MATERIALS AND METHODS

Materials. Recombinant Stx2 (21) and cholera toxin (34) were prepared ac-
cording to published methods. Ac-PPP-tet and biotin-PPP-tet were prepared as
described previously (20). Streptavidin-Alexa 488 was obtained from Invitrogen
(Carlsbad, CA). Anti-Stx] and anti-Stx2 mouse monoclonal IgG was obtained
from Toxin Technology, Inc. (Sarasota, FL). Japanesc white rabbits were ob-
tained from Japan SLC (Shizuoka, Japan). The WST-!L cell counting kit was
obtained from Wako Pure Industries (Osaka. Japan). Mouse anti-GM 130 IgG
monoclonal antibody was purchased from BD Biosciences PharMingen (San
Diego, CA), and mouse anti-Hsp47 monoclonal antibody was purchased from
StressGen (San Diego, CA). Rabbit anti-Stx2 antiserum was provided by S.
Yamasaki (Osaka Prefecture University, Japan). Stx2 conjugated with Alexa
Fluor 488 at the amino groups. as well as Ac-PPP-tet conjugated with Alexa
Fluor 555 at the single carboxyl group, was prepared using the Alexa Fluor
protein-labeling kit (Invitrogen),

Cell culture. Caco-2 cells were obtained from the American Type Culture
Collection (Manassas, VA) and were maintained in Dulbecco’s modified essen-
tial medium (Invitrogen) supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin, and 25 pg/ml amphotericin B. Caco-2 cells
were plated at a density of approximately 10° cells/ml, grown to confluence for 3
days, treated with 2 mM butyric acid sodium salt for 4 days, and then used for
experiments.

Measurement of fluid accumulation, Fluid accumulation induced by Stx2 in
rabbit ileal loops was examined as described previously (8, 9). Conventional
Japanese white rabbits (1.5 to 2 kg) were subjected to fasting for 18 h before
surgery. Rabbits were anesthetized with thiopental sodium, and the intestines
were exterionized through a midline incision. In each loop, 8 to 10 segments
(about 10 cm each) were ligated. One milliliter of saline or a solution of $tx2 (10
ng/ml saline) and a dose of the peptide compound were simultaneously injected
into the loop. Cholera toxin (500 ng/ml saline in a 1-m! volume) served as a
positive control. Eighteen hours after injection, rabbits were killed and the loops
were excised. The ratic of the weight of the fluid-containing loop to the length of
the loop (the fluid accumulation ratio, expressed in grams per centimeter) was
calculated.

Intestinal histopathology. A portion of the ileal loop prepared as described
above was removed, washed with cold phosphate-buffered saline (PBS), and
immediately fixed with 4% paraformaldehyde in PBS. The tissue was then em-
bedded in paraffin, sectioned, and stained with hematoxylin and eosin.

Preparation of freshly isolated ileal blocks. Fasting rabbits were anesthetized,
and the ilea were exteriorized as described above. Small blocks (about 0.8 by 0.8
by 0.2 cm) containing the intestinal villi were collected from the ilea, washed with
PBS, and cuitured in a 24-well plate in Dulbecco’s modified essential medium
supplemented with 10% fetal bovine serum. After a I-h incubation of the blocks
with Stx2 (10 pg/ml) and/or biotin-PPP-tet (1.4 mM), the blocks were fixed with
4% paraformaldehyde, embedded in paraffin, and sectioned. The seclions were
then stained with hematoxylin and eosin.

Localization of biotin-PPP-tet in the ileum. Sections obtained from the em-
bedded specimens were deparaffinized, and the endogenous peroxidase activities
were blocked by incubating sections in a hydrogen peroxide solution for 20 min.
Biotin-PPP-tet was detected with streptavidin-Alexa 488,

INFECT. IMMUN.

Immunocytochemical staining. Sections prepared from ileal blocks were
deparaffinized, and endogenous peroxidase activities were blocked with a 20-min
incubation in a hydrogen peroxide solution. For Stx2 immunostaining, sections
were treated with blockase (DS Pharma Biomedical Co., Ltd., Osaka, Japan) for
30 min and then incubated with mouse monoclonal anti-Stx IgG (1 wg/ml) for 3 h
at room temperature. The sections were then treated with anti-mouse 1gG-
tetramethyl rhodamine isocyanate for 1.5 h at room temperature.

Cytotoxicity assay. Caco-2 cells grown in a 96-well plate were treated with Stx2
(100 pg/ml) in the absence or presence of Ac-PPP-tet for 48 h. The relative
number of living cells was then determined using a WST-1 cell counting kit
according to the manufacturer’s instructions.

Intracellular localization of Stx2 and Ac-PPP-tet. Caco-2 cells grown in a
glass-base dish (35 mm in diameter) were treated with Alexa Fluor 488-labeled
Stx2 (1 pg/ml) in the absence or presence of Alexa Fluor 555-labeled Ac-PPP-tet
(16 pM) for 1 h at 4°C. The cells were then washed, incubated for the indicated
time at 37°C, and analyzed by confocal laser scanning microscopy with an in-
strument from Olympus (Melville, NY). To examine the colocalization of Stx2
with a Golgi apparatus marker or an ER marker, we exposed Caco-2 cells to Stx2
(1 pg/ml) in the absence or presence of Ac-PPP-tet (49 M) for 1 h at 37°C and
then fixed the cells with 3% paraformaldehyde. Stx2 immunostaining was carried
out by successively incubating cells with rabbit anti-Stx2 polyclonal antibody and
Alexa Fluor 488-labeled goat anti-rabbit IgG. Immunostaining for GM130, a
Golgi apparatus marker, was performed using mouse anti-GM130 IgG mono-
clonal antibody and Alexa Fluor 546-labeled goat anti-mouse IgG. Immunostain-
ing for Hsp47, an ER marker, was performed using mouse anti-Hsp47 mono-
clonal antibody and Alexa Fluor 546-labeled goat anti-mouse IgG.

To examine the complex formation by Ac-PPP-tet and Stx2 in Caco-2 cells, the
cells were treated with Alexa Fluor 555-labeled Ac-PPP-tet (16 M) for 30 min
at 37°C. The cells were then washed and further incubated for 30 min at 37°C,
The cells were cultured for 30 min in the presence or absence of Alexa Fluor
488-labeled Stx2 (1 wg/ml) and analyzed by confocal scanning microscopy.

RESULTS

Tetravalent peptides inhibit Stx2-induced fluid accumula-
tion in the rabbit ileum. First, we examined the effect of Ac-
PPP-tet (Fig. 1A) on fluid accumulation in the rabbit ileal loop
caused by the direct injection of Stx2. Treatment with Stx2
induced marked fluid accumulation and bleeding, both of
which reflect toxicity to ileum epithelial cells (Fig. 1B and C).
The positive control, cholera toxin, also induced fluid accumu-
lation. Coadministration of a high dose of Ac-PPP-tet (1.6 or
4.9 pmol) with Stx2 completely inhibited fluid accumulation,
though coadministration of a low dose of Ac-PPP-tet (0.16 or
0.49 wmol) had less effect (Fig. 1B, C, and D). Biotin-PPP-tet
had an inhibitory effect similar to that of Ac-PPP-tet (Fig. 1C),
showing that biotin substitution for the acetyl groups at the
amino termini of the tetravalent peptide does not alter activity
against Stx2. Fluid accumulation levels in ileal segments
treated with saline and those treated with either tetravalent
peptide alone were comparable.

Histological analyses were performed on the ileum speci-
mens used as described above to determine the effect of Ac-
PPP-tet or biotin-PPP-tet on Stx2-induced pathological
changes. Stx2 treatment was associated with severe ileal dam-
age, particularly the extensive loss and degeneration of intes-
tinal villi. Consistent with the ability of the tetravalent peptides
to inhibit fluid accumulation, coadministration of Ac-PPP-tet
or biotin-PPP-tet with Stx2 markedly reduced this damage
(Fig. 2A). No damage was observed in ileal segments treated
with saline or either tetravalent peptide alone (data not
shown).

Analysis of the localization of biotin-PPP-tet by using
streptavidin-Alexa 488 revealed that, in the presence of Stx2,
biotin-PPP-tet efficiently accumulated mainly in the ileal epi-
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FIG. 1. Tetravalent peptides inhibit Stx2-induced fluid accumulation in the rabbit ileal loop. (A) Structure of Ac-PPP-tet. Me, methyl. (B and

C) Ileal loops were treated as indicated below and were excised after 18 h. (B) Segment treatments: 1, saline; 2, Stx2 (10 pg); 3, Stx2 (10 pg) and
Ac-PPP-tet (1.6 pmol); 4, Stx2 (10 pg) and Ac-PPP-tet (0.49 pmol); 5, Stx2 (10 pg) and Ac-PPP-tet (0.16 pmol); 6, Ac-PPP-tet (1.6 pmol); 7,
saline; and 8, cholera toxin (500 ng). (C) Segment treatments: 1, saline; 2, Stx2 (10 pg); 3, Stx2 (10 ug) and Ac-PPP-tet (1.6 pwmol); 4, Sx2 (10
png) and Ac-PPP-tet (4.9 pmol); 5, Ac-PPP-tet (1.6 wmol): 6, Stx2 (10 pg) and biotin-PPP-tet (1.4 wmol); 7, Stx2 (10 wg) and biotin-PPP-tet (4.3
pmol); 8, biotin-PPP-tet (1.4 pmol); and 9, cholera toxin (500 ng). (D) Effect of Ac-PPP-tet on Stx2-induced fluid accumulation in ileal loops. Iical
loops were treated as indicated, and fluid accumulation ratios were determined. Values are means * standard errors of three determinations. *,
P < 0.01 for comparison to control, and #*, P < 0.05 for comparison to treatment with Stx2 alone by an unpaired ¢ test.
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FIG. 2. Effect of Ac-PPP-tet on Stx2-induced ileal damage.
(A) Hematoxylin and eosin staining of sections from the ileal loop
subjected to the following treatments: a, saline; b, Stx2 (10 pg); c,
Stx2 (10 pg) and Ac-PPP-tet (1.6 pmol); and d, Stx2 (10 pg) and
biotin-PPP-tet (1.4 umol). (B) Localization of biotin-PPP-tet in the
ileal mucosa by using streptavidin-Alexa 488. The ileal loop was
subjected to the following treatments: a, saline; b, Stx2 (10 pg) and
biotin-PPP-tet (1.4 pmol); and c, biotin-PPP-tet (1.4 wmol).

thelial cells rather than in the lamina propria. Much less ac-
cumulation of biotin-PPP-tet was observed in the absence of
Stx2 (Fig. 2B). Previous in vitro studies by our laboratory have
shown that both Ac-PPP-tet and biotin-PPP-tet (data not
shown) form complexes with Stx2 and that these complexes are
incorporated into Vero cells (20). This finding, taken with the
present results, suggests that in the ileum the tetravalent pep-
tides and Stx2 form complexes that are incorporated into and
accumulate in ileal epithelial cells.

Tetravalent peptides accumulate in ileal epithelial cells only
in the presence of Stx2. To understand whether tetravalent
peptides may form complexes with Stx2 in ileal epithelial cells,
we investigated the colocalization of biotin-PPP-tet and Stx2 by
using freshly isolated ileum blocks cultured in medium. After a
1-h incubation of the ileum blocks with Stx2, no pathological
changes were observed (Fig. 3A), indicating that this incuba-
tion time is suitable for examining the distribution of Stx2 in
tissues in the absence of any tissue damage. A 1-h incubation
with biotin-PPP-tet and Stx2, but not biotin-PPP-tet alone,
induced marked accumulation of the peptide in ileal epithelial
cells (Fig. 3B), consistent with the Stx2-dependent accumula-
tion of biotin-PPP-tet in the ileum described above. Immuno-
histochemical analysis using a Stx2-specific antibody confirmed
that, after this time, Stx2 was incorporated into the villi,
primarily the ileal epithelial cells lining the villi (Fig. 3C,
panels a and b). In blocks treated with Stx2 and biotin-PPP-
tet, the localization pattern of Stx2 merged well with that of
biotin-PPP-tet, suggesting that tetravalent peptides do in
fact form complexes with Stx2 in ileal epithelial cells (Fig.
3C, panel c).

Tetravalent peptides inhibit Stx2 cytotoxicity by inducing
aberrant cellular transport of Stx2 in epithelial cells. To de-
termine the precise mechanism by which tetravalent peptides
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Stx2

FIG. 3. Tetravalent peptides accumulate in the ileal epithelial cells in a complex with Stx2. (A) Hematoxylin and eosin staining of sections
obtained from the ileal blocks. The blocks were treated with PBS (a) or Stx2 (10 ug/ml) (b) for 1 h. (B) Localization of biotin-PPP-tet by using
streptavidin-Alexa 488. The block was treated with PBS (a) or Stx2 (10 pg/ml) (b) in the presence of biotin-PPP-tet (1.4 mM) for 1 h.
(C) Colocalization of Stx2 and biotin-PPP-tet by using anti-Stx monoclonal antibody and streptavidin-Alexa 488. Images show blocks treated with
Stx2 (10 pg/ml) (a) and PBS (b), as well as blocks treated with Stx2 (10 pg/ml) plus biotin-PPP-tet (1.4 mM) (c).

inhibit Stx2 cytotoxicity in ileal epithelial cells, we examined
the effects of the peptides on the intracellular transport of the
toxin by using Caco-2 cells, a human colon epithelial cell line.
As shown in Fig. 4, Ac-PPP-tet efficiently protected Caco-2
cells against the cytotoxic effects of 100 pg/ml Stx2, which
resulted in 50% cell viability after a 2-day incubation. Biotin-
PPP-tet had a dose-dependent protective effect almost identi-
cal to that of Ac-PPP-tet (data not shown). Next, we analyzed
the intracellular localization of Alexa Fluor 488-labeled Stx2
after its binding to the surface receptor on Caco-2 cells. Time-

100 -
80 -
g
:-a b
© o 4
& 14
20 s 20
. }.._,.,.m._.__“,L,_... .
I l Concentrm(i)gr]; of Slxll (pgiml)
=1 |
0 0.1 1 10 100

Concentration of Ac-PPP-tet (uM)

FIG. 4. Tetravalent peptides inhibit Stx2 cytotoxicity in Caco-2
cells. Caco-2 cells were treated with Stx2 (100 pg/ml) in the presence
of Ac-PPP-tet for 48 h, and cell viability was determined. The inset
shows the dose-dependent effects of Stx2 on Caco-2 cell viability. Data
are expressed as percentages (means + standard errors; n = 3) of the
control value.

dependent localization of Stx2 to the Golgi apparatus was
confirmed by colocalization with the Golgi apparatus marker
GM130 (Fig. 5B). This localization pattern merged well with
that of Alexa Fluor 555-labeled Ac-PPP-tet (Fig. 5A), suggest-
ing that the peptide forms a complex with Stx2 and that this
complex is then incorporated into the cells and transferred to
the Golgi apparatus. In contrast, colocalization of Stx2 with the
ER marker Hsp47 was completely inhibited by the presence of
Ac-PPP-tet (Fig. 5C), indicating that the transport of Stx2 from
the Golgi apparatus to the ER was specifically blocked by the
presence of Ac-PPP-tet.

In order to further confirm the above conclusion, we exam-
ined whether Ac-PPP-tet could directly interact with Stx2 in
living cells. After treatment of Caco-2 cells with Alexa Fluor
555-labeled Ac-PPP-tet, Ac-PPP-tet was substantially incorpo-
rated into and diffusely distributed in the cells. Following the
addition of Alexa Fluor 488-labeled Stx2, Ac-PPP-tet was dy-
namically redistributed to the Golgi region, where it colocal-
ized with Stx2 (Fig. 6). Such movement of Ac-PPP-tet was not
observed in the absence of Stx2. These results indicate that
Ac-PPP-tet can directly bind to Stx2 in living cells and that Stx2
is then transferred to the Golgi apparatus in a complex with
Ac-PPP-tet.

DISCUSSION

In the present study, we found that Ac-PPP-tet completely
inhibited fluid accumulation and tissue damage in the rabbit
ileum caused by the direct injection of Stx2 when Ac-PPP-tet
and the toxin were administered simultaneously. Since the
rabbit ileal loop system is highly suitable for evaluating the
direct toxicity of Stx2 in intestinal epithelial cells, our finding
clearly demonstrates that Ac-PPP-tet functions to protect ep-
ithelial cells from damage caused by the toxin. Our findings
also suggest that the tetravalent peptide accumulates in ileal
epithelial cells only through the formation of a complex with
Stx2. Thus, the mechanism of action of Ac-PPP-tet is likely to
be different from that of other Stx neutralizers previously
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