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Involvement of cholesterol in

Campylobacter jejuni cytolethal distending

toxin-induced pathogenesis

Cheng-Kuo Lai**?3, Jing-Chi Su', Yu-Hsin Lin*4, Chia-Shuo Chang', Chun-Lung
Feng’, Hwai-Jeng Lin*¢, Chun-Jung Lin*3, Guan-Chin Tseng’, Hsin-Ho Liu38,
Jer-Tsong Hsieh?, Hong-Lin Su**2° & Chih-Ho Lai*"'°"

ABSTRACT Aim: The aim of this study was to investigate whether cholesterol plays
a pivotal role in cytolethal distending toxin (CDT) mediated pathogenic effects in hosts.
Materials & methods: The molecular mechanisms underlying cholesterol sequestering
conferred resistance to CDT-induced DNA double-strand breaks (DSBs) and cell cycle arrest
were investigated. Histopathological analysis was conducted for evaluating CDT-induced
intestinal inflammation in mouse. Results: CDT actions were attenuated by treatment of
cells with methyl-B-cyclodextrin (MBCD). Severe intestinal inflammation induced by CDT
treatment was observed in high-cholesterol diet-fed mice, but not in normal diet-fed
mice, indicating that cholesterol is essential for CDT intoxication. Conclusion: Our findings
demonstrate a molecular link between Campylobacter jejuni CDT and cholesterol, which is
crucial to facilitate CDT-induced pathogenesis in hosts.

Cytolethal distending toxin (CDT) is produced by several Gram-negative bacteria including
Aggregatibacter actinomycetemcomitans (1), Campylobacter jejuni 2], Escherichia coli 131, Haemophilus
ducreyi (4], and Shigella dysenteriae [s]. The CDT holotoxin includes three subunits, CdtA, CdtB
and CdtC, and functions as a genotoxin [6]. The CdtA and CdtC subunits are not only required
for holotoxin binding to the cell surface, but necessary to associate with membrane cholesterol-rich
microdomains (7.8]. After binding of CdtA/CdtC to the cell membrane, CdtB is internalized into
the cytoplasm and then translocated into the nucleus [9]. The nuclear-translocated CdtB contains
type I deoxyribonuclease (DNase) activity that leads to DNA double-strand breaks (DSBs) followed
by cell cycle arrest at G2/M [10].

Lipid rafts are membrane microdomains that contain relatively high levels of cholesterol, gly-
cosphingolipids and phospholipids [11.12]. The structure of lipid rafts is stabilized by cold nonionic
detergents such as Triton X-100, but it can be disrupted by cholesterol-sequestering agents such
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as methyl-B-cyclodextrin (MBCD) and fil-
ipin [13]. Depletion of cholesterol by filipin has
been shown to perturb lipid raft formation and
reduces the ability of C. jejuni to enter epithelial
cells (14,15]. Moreover, C. jejuni invasion of epi-
thelial cells is mediated through unique plasma
membrane invaginations termed caveolae,
which are mainly localized in lipid rafts [16.17].
However, it remains unclear whether CDT is
involved in the initial infection of the host cells
in a cholesterol-dependent manner.

Accumulating studies examining CDT
produced by A. actinomycetemcomitans (7,
C. jejuni (18] and H. ducreyi (1920] have demon-
strated that both CdtA and CdtC not only bind
to the cell surface, but also associate with mem-
brane lipid rafts. Additionally, functional studies
have revealed that the cholesterol recognition/
interaction amino acid consensus (CRAC) motif
in CdtC is necessary for toxin binding and the
enhancement of intoxication [8,21] However, lim-
ited information is available on the role of cho-
lesterol in C. jejuni CDT-induced pathogenesis
in hosts.

Given the evidence that interactions between
C. jejuni CDT and cholesterol may facilitate
toxin activity, we examined potential patho-
genic mechanisms that may form the basis for
this association. In this study, we investigated
whether cholesterol plays a pivotal role in CDT-
mediated pathogenic effects on epithelial cells.
Cholesterol sequestering in epithelial cells by
MPBCD conferred resistance to CDT-induced
DSBs, apoptosis and cell cycle arrest. Moreover,
CDT administration induced severe intestinal
inflammation in high-cholesterol diet-fed mice,
but not in the control group, revealing that high
cholesterol diet may contribute to more severe
CDT-medjiated pathological derangement. Our
darta provide novel insights into the correlation
between cholesterol and C. jejuni CDT, and
demonstrate that cholesterol might be critical
to facilitate CDT-induced pathogenesis.

Materials & methods

¢ Reagents & antibodies

Antibodies against cytochrome ¢, 53BPI,
Bax, Bak, Bcl-2 and Bcl-xL were purchased
from Santa Cruz Biotechnology (CA, USA).
Antibodies specific to p-ATM, p-CHK2,
cleaved-PARP, NBS1 and p-p53 were obtained
from Cell Signaling Technology (MA, USA).
Antibodies against pro-caspase-3 and caspase-3
were obtained from Biolegend (CA, USA). An
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anti-f-actin mouse monoclonal antibody was
purchased from Upstate Biotechnology (NY,
USA). Antiserum against each CDT subunit was
prepared as described previously [18]. MBCD and
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetra-
zolium bromide (MTT) were purchased from
Sigma-Aldrich (MO, USA).

e Purification of each CDT subunit

The recombinant CdtA, CdtB or CdtC were
prepared and expressed by following our pre-
vious protocol [18]. Each purified subunit was
analyzed by SDS-PAGE and western blot.

¢ SDS-PAGE & western blot analyses

AGS cells treated with CDT holotoxin were
washed with PBS and the cell lysate was pre-
pared. Each sample was subjected to SDS-PAGE
(6-12%) and transferred onto polyvinylidene
difluoride membranes (Millipore, CA, USA).
The membranes were incubated with antiserum
against each CDT subunit, or specific antibod-
ies against p-ATM, p-CHK2, p-p53, NBSI,
Bax, Bak, Bxl-xL, Bcl-2, cytochrome ¢, pro-
caspase-3, caspase-3, cleaved-PARP, Bcl-2, Bax
and B-actin for 2 h, followed by horseradish per-
oxidase (HRP)-conjugated secondary antibod-
ies (Invitrogen, CA, USA). The target proteins
were detected using the ECL Western Blotting
Detection Reagents (GE Healthcare, NJ, USA).
The intensity of each protein was quantified by
using Image J software (NIH, MD, USA).

e Cell culture

AGS cells (human gastric adenocarcinoma
cells; CRL 1739) were cultured in F12 medium
(HyClone, UT, USA) supplemented with
10% complement-inactivated fetal bovine
serum (HyClone) and penicillin/streptomycin
(Invitrogen) at 37°C in a humid atmosphere
containing 5% CO,.

¢ Detection of cellular cholesterol & cell
viability assay

To measure the cholesterol levels in total cell
lysates, AGS cells (2 x 10°) were treated with
various concentrations of MBCD (0, 1, 2.5 and
5 mM), as described previously [22]. The cho-
lesterol content was measured using an Amplex
Red cholesterol assay kit (Molecular Probes, OR,
USA). The amount (%) of cholesterol retained
after pretreatment with MBCD was determined
as described previously [23]. To test the effect of
MBCD on cell viability, the cells were incubated
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with various concentrations of MBCD (0, 1, 2.5,
5 and 10 mM) at 37°C for 30 min. Then, the
cells were washed with PBS and incubated in
fresh medium for 24 h. The cells viability was
measured by the ability of the cells to reduce
MTT (Sigma-Aldrich) to formazan, which was
quantified using a spectrophotometer (BioRad,
CA, USA) at a wavelength of 570 nm [24].

¢ Cell cycle analysis

The cell cycle distribution of each treatment was
analyzed with an FACSCalibur flow cytometer
(Becton Dickinson, CA, USA) as described
previously [21]. Briefly, AGS cells (2 x 10°)
were pretreated with various concentrations of
MBCD (0, 1, 2.5 and 5mM) for 30 min, fol-
lowed by treatment with 100 nM CDT holo-
toxin for 24 h. The treated cells were fixed with
ice-cold 70% ethanol for 2 h and stained with
20 pg/ml propidium iodide (Sigma-Aldrich)
containing 1 mg/ml RNase (Sigma-Aldrich)
and 0.1% Triton X-100 for additional 1 h. The
stained cells were analyzed by flow cytometry
by collecting 10,000 cells from each sample.
Data were prepared using CellQuest (Becton
Dickinson) and analyzed using WinMDI (Verity
Software House, ME, USA). All samples were
representative of three independent experiments.

¢ Immunofluorescence

The immunofluorescence staining of cells was
described previously with slight modifica-
tions [18]. Briefly, cells (3 x 10°/well) were plated
in six-well plates and incubated for 24 h. The cells
were pretreated with MBCD for 30 min and incu-
bated with CDT holotoxin for 24 h. Then, the
cells were fixed in 1% paraformaldehyde (Sigma-
Aldrich) for 30 min followed by permeabilization
with 0.1% Triton X-100 for 30 min. The cells
were then incubated with the 53BP1 antibody
and probed with Alexa Fluor® 594-conjugated
anti-rabbit IgG (Invitrogen), and counterstained
with DAPI (Sigma-Aldrich) for 10 min. The
stained cells were visualized using a fluorescence
microscope (Carl Zeiss, Géttingen, Germany) at
400x magnification. Fifty nuclei from each sam-
ple were counted for evaluation. Samples were
examined in three independent experiments.

¢ Analysis of apoptotic cells
DNA fragmentation was detected by the ter-
minal deoxynucleotidyl transferase-meditated

dUTP-fluorescein nick end-labeling (TUNEL)
assay using a fragmented DNA detection
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kit (Millipore) following the manufacturer’s
instructions. Cells (5 x 10°) were seeded in 6-cm
plates and pretreated with MBCD for 30 min.
The cells were then treated with or without CDT
holotoxin for 48 h. The cells were washed, fixed
in 1% paraformaldehyde for 15 min and re-sus-
pended in 70% ice-cold ethanol. The cells were
then permeabilized with 0.1% Triton X-100 and
stained with the TUNEL reaction mixture at
37°C for 30 min. The frequency of TUNEL-
positive cells was determined by flow cytometry.

Alternatively, apoptotic cell death was detected
using fluorescein isothiocyanate (FITC)-labeled
Annexin V (Bio-Vision, CA, USA) and propid-
ium iodide [25]. Cells (5 x 10°) were pretreated
with MBCD (5 mM) for 30 min, followed by
incubation in the presence or absence of CDT
holotoxin. After incubation for 48 h, the cells
were washed with PBS and then re-suspended in
Annexin V binding buffer (10 mM Hepes, pH
74,140 mM NaCl and 2.5 Mm CaCl). The cells
were then stained with FITC-labeled Annexin V
(0.2 pg/ml) for 15 min followed by incubation
with propidium iodide (2.5 pg/ml) for 5 min,
and then analyzed using the FACSCalibur® flow
cytometer (Becton Dickinson).

¢ Animals & treatments

Six-week-old male BALB/c mice were obtained
from the National Laboratory Animal Center
of Taiwan. The mice were cared for in accord-
ance with the Animal Care and Use Guidelines
of China Medical University under a protocol
approved by the Institutional Animal Care Use
Committee. Mice were randomly divided into
two groups (ten mice each) and fed a high cho-
lesterol diet (HCD; 60% kcal from fat, TestDiet
58Y1; Purina, IN, USA) or a normal diet (ND,
2% kcal) for 35 days starting from 11 weeks
of age. Their body weight was recorded at the
beginning of the study period. For experiments,
HCD and ND mice were then randomly divided
into two groups (five mice each) that received
either an intragastric gavage with the vehicle
alone (PBS) or CDT holotoxin (2.5 mg/kg) once
every 3 days, for a total of five administrations
(at days 42, 45, 48, 51 and 54). Blood samples
were collected in microcentrifuge tubes and sera
were separated by centrifugation at 1000 x g
for 10 min at room temperature. The mice
were then sacrificed after 14 h of fasting and
the intestinal tissues were prepared for hema-
toxylin—eosin (H&E) or immunohistochemistry

(IHC) staining.
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¢ Assay of cholesterol concentration in
serum

Blood was collected by cardiac puncture and
centrifuged immediately to separate the serum.
Total cholesterol was assayed using a Randox®
total cholesterol kit (Randox Laboratories,

Crumlin, UK).

¢ Immunohistochemistry analysis

Intestinal tissues from mice were formalin-
fixed and then subjected to H&E or THC
staining. Briefly, tissue sections were de-par-
affinized, rehydrated, blocked with 3% bovine
serum albumin, and then stained with rabbit
monoclonal antibodies against IL-1p (H-153)
and TNF-a (CA, USA) for 24 h at 4°C. After
washing, the samples were probed with a
peroxidase-labeled goat anti-rabbit secondary
antibody (Epitomics, CA, USA) and devel-
oped with an ABC kit (Vector Laboratories,
CA, USA).

e Statistical analysis

The Student’s #-test was used to determine the
statistical significance of the difference between
the two groups. A p-value of less than 0.05 was
considered statistically significant.

Results

¢ Depletion of cholesterol reduces CDT
intoxication

To investigate the biological activity of C. jejuni
CDT in epithelial cells, each recombinant His-
tagged CDT subunit was purified and ana-
lyzed by SDS-PAGE (Supplementary Figure 1A,
see online at www.futuremedicine.com/doi/
suppl/10.2217/fmb.14.119) and western blot
(Supplementary Figure 1B). MPBCD was then
employed to deplete membrane cholesterol and
the cytotoxicity in AGS cells was evaluated. The
cell viability was not affected by treatment with
0-5 mM MBCD, but slightly decreased by treat-
ment with 10 mM MBCD (Supplementary Figure
2A). After MBCD treatment, cholesterol levels in
the cells decreased significantly in a dose-depend-
ent manner (Supplementary Figure 2B). These data
indicate that MBCD at concentrations below
5 mM has the capacity to reduce the membrane
cholesterol content while barely influencing cell
viability.

To further determine whether membrane
cholesterol is required for CDT intoxication,
flow cytometry was used to assess the cell cycle
distribution. Cells were treated with CDT

Future Microbiol. (2015) 10(4)

holotoxin for 24 h, resulting in 81% of the cells
arrested in G2/M (Figure 1B). Cells were pre-
treated with various concentrations of MBCD
(1, 2.5 and 5 mM) followed by exposure to
CDT holotoxin for 24 h, resulting in a dose-
dependent decrease of the proportion of cells
arrested in G2/M (Figure 1C-E). However, after
restoring cholesterol (400 pg/ml), we observed
a reversal of the MBCD inhibitory effect on the
CDT-induced G2/M arrest (Figure 1F). These
results indicate that membrane cholesterol plays
an important role in CDT-induced cellular
intoxication.

¢ Membrane cholesterol is important for
CDT-induced DSBs

We next determined whether DSB-related pro-
teins are involved in C. jejuni CDT-induced
intoxication of cells. The expression levels of
phosphorylated ATM, p53 and CHK2 in cells
treated with CDT holotoxin were higher than
that in cells pretreated with MBCD followed
by treated with CDT holotoxin (Figure 2A).
However, Nijmegen Breakage Syndrome 1
(NBS1) expression was increased compared
with that in cells treated with CDT holotoxin.
Immunofluorescence analysis showed that the
expression of p53-binding protein (53BP1)
was highly elevated upon CDT treatment, and
this was maintained for up to 24 h (Figure 2B).
Additionally, the formation of 53BP1 foci was
attenuated by the depletion of cholesterol and
was restored by the replenishment of choles-
terol (Figure 2C). These findings reveal that the
induction of DSB by C. jejuni CDT is mediated
through the ATM-pathway and is associated
with the cellular cholesterol level.

¢ Involvement of membrane cholesterol in
the early stage of CDT-induced apoptosis
The percentages of apoptotic cells were then
analyzed by Annexin V/propidium iodide
staining and flow cytometry. Compared with
the mock treatment (Figure 3A) or MBCD alone
(Figure 3B), the number of apoptotic cells was
significantly elevated by treatment with CDT
holotoxin (Figure 3€). In contrast, depletion of
cholesterol by MBCD resulted in a decrease
in the CDT-induced apoptosis (Figure 3D), and
this effect was reversed by the replenishment
of cholesterol (Figure 3E). These results suggest
that a reduction in the cellular cholesterol
levels inhibits C. jejuni CDT-induced early
apoptosis.
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Figure 1. Cholesterol is required for Campylobacter jejuni cytolethal distending toxin-induced
cell cycle arrest. AGS cells were incubated with (A) medium alone, (B) 100 nM CDT or (C) pretreated
with T mM MBCD, (D) 2.5 mM MBCD, (E) 5 mM MBCD or (F) 5 mM MBCD, and then replenished with
cholesterol (400 pg/ml) for 30 min at 37°C followed by treatment with 100 nM CDT for 24 h. The cells
were stained with propidium iodide, and the cell cycle distribution was analyzed by flow cytometry.
The proportions of cells in the GO/G1, S and G2/M phases of the cell cycle are shown at the right

of each histogram. (G) The percentage of cells in G2/M were calculated and plotted as intensity
histograms. The results represent the mean and standard deviation from three independent

experiments.
*p < 0.05.
**p < 0.01.

CDT: Cytolethal distending toxin; MBCD: Methyl-B-cyclodextrin.

e CDT-induced apoptosis occurs via
activation of the mitochondrial-dependent
pathway

We further investigated whether C. jejuni CDT
induced late apoptotic pathway. CDT holo-
toxin increased the proportion of cells in the
sub-G1 phase (Figure 4C) compared with that of
cells pretreated with MBCD (Figure 4D). Similar
results were also obtained in the TUNEL assay
(Supplementary Figure 3). These data suggest
that membrane cholesterol is permissive for the
apoptotic effect of CDT.

Next, we investigated whether C. jejuni CDT-
induced apoptosis is mediated through the
mitochondrial pathway. Compared with CDT
treatment alone, the expressions of several apop-
totic proteins including cytochrome ¢, cleaved
caspase-3 and cleaved PARP were decreased in
MBCD-pretreated cells followed by exposure
to CDT (Figure 5A). We further examined the

future science group

protein expression levels of the Bcl-2 family by
western blot. Compared with CDT treatment
alone, after pretreatment with MBCD and sub-
sequent exposure to CDT, there was a decrease of
the protein levels of proapoptotic proteins Bax and
Bak (Figure 5B). In contrast, a significant increase
in the levels of anti-apoptotic proteins Bcl-xL and
Bcl-2 was observed in cells treated with MBCD
and CDT. In parallel, depletion of cholesterol
attenuated the CDT-elevated Bax/Bcl-2 and Bak/
Bcl-2 ratios (Figure 5C & D). Taken together, these
results reveal that cholesterol depletion is able
to attenuate the progression of C. jejuni CDT-
induced cell apoptosis that occurs through DSBs
and mitochondria-dependent pathways.

¢ CDT-induces intestinal inflammation in
mice fed with high cholesterol diet

To elucidate whether cholesterol is a key factor
involved in facilitating CDT intoxication i vivo,
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Figure 2. Depletion of cholesterol attenuates the cytolethal distending toxin-induced
double-strand breaks pathway. AGS cells were incubated with medium alone, 100 nM CDT, or
pretreated with 5 mM MBCD for 1 h and then exposed to CDT for 24 h. (A) The expression levels

of the double-strand breaks-related proteins p-ATM, p-CHK2, p-p53 and NBS1 were examined by
western blotting. The relative level of each protein expression was quantified by signal intensity

and was indicated at the bottom of each lane. (B) AGS cells were treated with medium alone, 5 mM
MBCD alone, 100 nM CDT, or pretreated with 5 mM MBCD and replenished with cholesterol followed
by treatment with CDT for 24 h and then analyzed by fluorescence microscopy. Scale bars: 50 um.
(C) Histogram showing the percentages of cells with 53BP1 foci.

**p < 0.01, Student’s t-test.
CDT: Cytolethal distending toxin.

mice were fed with normal diet (ND) or high cho-
lesterol diet (HCD) (Figure 6A). After completing
the course of the diets, the mice were euthanized
and the intestinal tissues were subjected to the
histological analyses. As shown in Supplementary
Figure 4, the level of total cholesterol in the serum
of HCD-fed mice was significantly higher than
that in the ND-fed mice. Intestinal tissue speci-
mens were stained with H&E for histological
examination. As shown in Figure 68 (H&E),

Future Microbiol. (2015) 10(4)

the intestinal tissue sections from the control
group (ND-fed mice without CDT treatment)
showed a clearly defined epithelium without
inflammation. In contrast, the inflammatory
score in ND-fed mice treated with CDT was
more severe than that in the CDT untreated
group. Further, CDT-induced heavy infiltration
of inflammatory cells into the intestinal epithe-
lium and tissue damage dramatically increased
in HCD-fed mice compared with ND-fed mice.

future science group



We then examined the role of cholesterol in the
CDT-induced production of pro-inflammatory
cytokines by IHC analysis. As shown in Figure 6B,
expression of IL-1f3 and TNF-o was not observed
in the intestinal tissues from mice without CDT
treatment. Strong expression of proinflammatory
cytokines was identified in intestinal tissues from
ND-fed mice treated with CDT. However, CD'T-
induced production of IL-1B and TNF-a was
significantly higher in the intestinal epithelium
of HCD-fed mice than in the intestinal epithe-
lium of ND-fed mice. Although there was mild
pathological derangement seen in the HCD-fed
mice in the absence of CDT, no production of
IL-1PB and TNF-a was observed, suggesting that
cholesterol alone could not recapitulate the effects
of CDT. These results support that cholesterol

Cholesterol is essential for CDT intoxication

plays an important role in facilitating C. jejuni
CDT-induced pathogenesis in the intestinal
epithelium.

Discussion

Little is known about the molecular mecha-
nism of cholesterol-rich microdomain-mediated
CDT pathogenicity during C. jejuni infection in
hosts. Here, we employed an iz vitro cell culture
system to assess the role of membrane choles-
terol in the C. jejuni CDT-induced cytopathic
effects. Subsequent CDT effects, including
DSBs and cell cycle arrest, were altered by cho-
lesterol sequestering. Moreover, CDT-induced
intestinal inflammation was significantly more
pronounced in HCD-fed mice compared with
ND-fed mice. The results support the notion
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Figure 3. Involvement of cholesterol in cytolethal distending toxin-induced cell apoptosis. AGS
cells were exposed to medium alone (A), 5 mM MBCD (B & D), or pretreated with 5 mM MBCD and
replenished with cholesterol for 30 min (E), followed by treatment with 100 nM CDT (C-F) for 24 h.
The cells were then stained with Annexin V/propidium iodide and analyzed by flow cytometry.

(F) The percentages of Annexin V-labeled cells were calculated and plotted as intensity histograms.
The results represent the mean and standard deviation from three independent experiments.

**p < 0.01.

CDT: Cytolethal distending toxin; FITC: Fluorescein isothiocyanate; MBCD: Methyl-B-cyclodextrin.
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Figure 4. Cholesterol depletion attenuates cytolethal distending toxin induced cell death. AGS
cells were incubated at 37°C for 48 h, followed by exposure to medium alone (A), 5 mM MBCD

(B & D), or 5 mM MBCD and replenished with cholesterol (E). The cells were then incubated for 24 h in
the presence of (A) medium or (C-E) 100 nM CDT. The cell cycle distribution was determined based
on DNA content that was analyzed by flow cytometry. The percentages of cells in sub-G1 phase

of the cell cycle are indicated at the right of each histogram. (F) The percentages of cells in sub-Gt1
phase were calculated and plotted as histograms. The results represent the mean and standard

deviation from three independent experiments.
**n < 0.01.

CDT: Cytolethal distending toxin; MBCD: Methyl-B-cyclodextrin.

that membrane cholesterol facilitates the ability
of CDT to exert its cytotoxic effects in hosts.

Our recent findings demonstrated that the
binding of CdtA and CdtC to cholesterol-rich
microdomains is affected by treatment with
MBCD, indicating that membrane cholesterol
might act as a unique platform in response to
CDT recognition, binding and internaliza-
tion [18]. Consistently, in this study, we found
that a high level of cholesterol is required to
form raft-microdomains on the plasma mem-
brane, which act as compartments to facilitate
CDT intoxication in mice. It is plausible that
some signaling molecules (e.g., tyrosine kinases)
localized in membrane-rafts may facilitate
the downstream signaling required for toxin
action [26,27]. Indeed, this mechanism may pro-
vide a prominent advantage for C. jejuni, result-
ing in efficient CDT-induced pathogenesis of
host cells.

Future Microbiol. (2015) 10(4)

In our previous study, we first tested whether
CDT has the ability to intoxicate different cell
types [18]. We employed three cell lines (AGS,
Caco-2 and COLO205 cells) to determine the
CDT intoxication activity. CDT-induced G2/M
cell cycle arrest increased in these three cell lines
with increase in CDT concentration. The satu-
ration level for CDT intoxication by AGS cells
was 200 nM; however, the two intestine-derived
cell lines were not intoxicated by CDT at the
saturation concentration, even at the highest con-
centration of 500 nM. Because the AGS cell line
showed greater susceptibility to CDT-induced
cell cycle arrest than did the other two cell lines,
we selected AGS cells for analysis in this study.

In this study, the expression of several mole-
cules was altered during C. jejuni CDT intoxica-
tion, including an upregulation of ATM, as well as
activation of CHK2 and 53BP1. Eliciting ATM-
dependent checkpoint responses by CDT requires
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functional Myc [28], a proto-oncogene expressed
abundantly in cancer cells. This event triggers
substantial DNA damage that may facilitate
genomic instability and promote tumor progres-
sion [29]. Additionally, accumulation of cholesterol
may potentiate oncogenic signaling in some can-
cers [30-32]. Given that cholesterol is accumulated
in cancer cells and is critical for CDT function,
it is conceivable that alteration of cholesterol lev-
els may be a novel strategy to prevent bacterial
infections and their related cancers.

Increasing evidence indicates a link between
C. jejuni infection and cardiovascular disease
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development [33-35]. However, the pathogenic
mechanisms in C. jejuni-infected patients
that increase the risk of cardiovascular disease
are still unclear. Our present data show that
C. jejuni CDT elicited production of IL-1B in
the intestinal tissues of mice with high choles-
terol levels. This finding is supported by previous
studies showing that bacterial cell-free soluble
components have the potential to induce pro-
inflammatory responses [36], which may be
important in atherogenesis and considered as
biomarkers of cardiovascular disease risk [37].
Although it is tempting to speculate that CDT
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Figure 5. Involvement of cholesterol in cytolethal distending toxin induced apoptosis mediated
through mitochondria-dependent and Bcl-2 family pathways. (A-B) AGS cells were treated with
medium alone, 100 nM CDT or pretreated with 5 mM MBCD for 30 min and then exposed to CDT for
48 h. The protein expression levels were examined by western blot. (C-D) Histograms show the ratios
of Bax/Bcl-2 and Bak/Bcl-2 expression as quantified by densitometry. The results represent the mean
and standard deviation from three independent experiments.

*p < 0.05.

CDT: Cytolethal distending toxin; MBCD: Methyl-3-cyclodextrin.
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Figure 6. Cholesterol enhances cytolethal distending toxin-induced inflammation in mouse
intestinal epithelium. (A) Mice were fed with ND or HCD for 35 days followed by intragastric gavage
with or without CDT holotoxin (2.5 mg/kg) once every 3 days for five administrations. Arrows show
the days of CDT administration. Mice were sacrificed and tissue specimens from the intestine were
formalin-fixed and then subjected to (B) H&E or immunohistochemistry staining with specific
antibodies against IL-13 and TNF-a. (original magnification: 200x). The magnified images were shown
in the lower right corner. Scale bars: 100 um and 50 um (insets).

CDT: Cytolethal distending toxin; H&E: Hematoxylin—eosin; HCD: High cholesterol diet;

ND: Normal diet.

and increased cholesterol levels increase the
risk of cardiovascular disease, further studies
are required to investigate clinical associations
between CDT-positive C. jejuni infection and
cholesterol-related diseases.

Conclusion
In this study, we have demonstrated that mem-
brane cholesterol plays a critical role in C. jejuni

CDT intoxication of cells. The biological func-
tions of C. jejuni CDT include not only DSBs,
cell cycle arrest and apoptosis, but also inflamma-
tory responses in the hosts. However, disruption of
membrane rafts by a cholesterol-sequestering agent
impairs CDT actions. Consistently, in the in vivo
animal study, CDT-induced significant higher
levels of proinflammatory cytokine production in
the intestines of mice with high cholesterol levels
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compared with that in the normal control group.
Elucidating the molecular mechanism involved
in the association of cholesterol with CDT may
provide new insights into C. jejuni-induced patho-
genesis and shed light on novel strategies to control
the progression of infectious diseases.

Future perspective
Previous studies have revealed that lipid rafts,
cholesterol-rich microdomains, might serve as
entry portals for pathogens, including bacte-
ria [14,23,38-44] and viruses [45-49]. Additionally,
nonintracellular bacteria may hijack host mem-
brane cholesterol for delivery of their toxins [s0].
CDT produced by several Gram-negative bacteria
including. Actinobacillus actinomycetemcomitans,
C. jejuni and Haemophilus ducreyi, is found inter-
acted with lipid rafts, followed by exerting its gen-
otoxicity [7.18-19], indicating that the interaction
of pathogens and toxins with cholesterol might
magnify the signaling for their pathogenesis in
the hosts. Therefore, controlling cholesterol may
be a novel strategy to prevent hosts from CDT
intoxication.

In recent years, the inhibitors of 3-hydroxy-
3-methyl glutaryl coenzyme A (HMG-CoA)

Cholesterol is essential for CDT intoxication

reductase, known as statins, are widely pre-
scribed for lowering serum cholesterol. Previous
studies demonstrated that statins are used to
reduce the risk of some bacterial infections,
including Chlamydia pneuwmonia (s1), Clostridium
difficile 2], H. pylori (53], Streptococcus pneumo-
nia [54) and Staphylococcus aureus (ss). These
findings shed light on the novel approach that
inhibition of cellular cholesterol may be use-
ful to inhibit bacteria-induced pathogenesis.
Therefore, it is worthy to develop new agents
with extreme safety that reduce cholesterol and
control the infection of these pathogens.
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EXECUTIVE SUMMARY

Structure & biological activity of cytolethal distending toxin

e Cytolethal distending toxin (CDT) is a genotoxin produced by Campylobacter jejuni, and is composed of three subunits,

CdtA, CdtB and CdtC.

e The translocation of CdtB into the nucleus requires the association of CdtA/CdtC with lipid rafts, which are
cholesterol-rich microdomains localized in the cell membrane.

e Nuclear-translocated CdtB contains type | deoxyribonuclease activity that induces DNA double-strand breaks followed

by apoptosis.
CDT-cell interactions

e Campylobacter jejuni CDT not only induced DNA double-strand breaks and apoptosis, but also inflammatory responses

in target cells.

e (DT effects are attenuated by depletion of cellular cholesterol.

CDT-host interactions

e Severe intestinal inflammation induced by CDT treatment is observed in high-cholesterol diet-fed mice, but not in

normal diet-fed mice.

e Cholesterol is essential for CDT intoxication in hosts.

Conclusion & future perspective

e Our findings demonstrate a molecular link between C. jejuni CDT and cholesterol, which is crucial to facilitate

CDT-mediated pathological derangement.

e Elucidating the molecular mechanism involved in the association of cholesterol with CDT may shed light on novel
strategies to control the progression of infectious diseases.
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