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KEYWORDS Abstract Background: Cytolethal distending toxin (CDT) belongs to the genotoxin family and
Campylobacter is closely related to Campylobacter jejuni-associated gastroenteritis. We recently reported

jejuni; that CDT triggers the danger-associated molecular pattern (DAMP) signaling to exert delete-
Cytolethal distending rious effects on host cells. However, how CDT traffics in cells and the mechanism of CDT intox-

ication remain to be elucidated.
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Methods: Recombinant CDT subunits (CdtA, CdtB, and CdtC) were purified, and their activity
was characterized in gastrointestinal cells. Molecular approaches and image tracking were em-

Results: In this study, we found that CDT interacts with the receptor of advanced glycation end
products (RAGE) and high mobility group box 1 (HMGB1) to enter the cells. Our results further
showed that CdtB transport in cells through the dynamin-dependent endocytic pathway and
lysosome is involved in this process. Conversely, blockage of RAGE signaling resulted in a reduc-
tion in CDT-arrested cell cycles, indicating that RAGE is involved in CDT intracellular transport

Conclusion: Our results demonstrate that RAGE is important for CDT trafficking in the cells.
These findings expand our understanding of important issues related to host cell intoxication

Copyright © 2024, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Introduction

Campylobacter jejuni is the predominant causative agent
of human gastroenteritis globally.”?> While the disease
typically manifests as mild in healthy adults, it can lead to
severe and prolonged symptoms in young children, elderly
individuals, and those with compromised immune sys-
tems.>* Among the virulence factors presented in C.
jejuni, cytolethal distending toxin (CDT) has been dis-
cerned as playing a pivotal role in the pathogenicity
induced by C. jejuni.>®

CDT is a bacterial genotoxin known for inducing DNA
damage in host cells,” and the genotoxin exhibited in
several Gram-negative bacteria, such as Aggregatibacter
actinomycetemcomitans, C. jejuni, Escherichia coli, and
Haemophilus ducreyi.® As an AB, toxin, CDT is composed of
one active subunit (CdtB), and two binding subunits (CdtA
and CdtC).° In our earlier work, we demonstrated that both
CdtA and CdtC bind to lipid rafts on the cytoplasmic
membrane, facilitating the delivery of CdtB into host cells
through the endocytic pathway.'® It is believed that CdtB,
as a DNase, translocates into the nucleus, where it induces
double-strand breaks (DSBs) and subsequently arrests the
cell cycle at the G2/M phase.’

While the specific receptor for CDT binding has not yet
been identified, and discordant results have been re-
ported,’ it is widely recognized that the interaction be-
tween CDT and lipid rafts involves a collaborative effort
between CdtA and CdtC, forming together a deep groove to
adhere to the cell surface.'? In a previous study using
PhITSeq to examine whether CDTs from different bacterial
origins employ unique pathways for cellular entry and
intoxication, it was discovered that TMEM127, GPR107, and
TMISF4, all of which are cell membrane proteins, appear to
play pivotal roles in facilitating the trafficking of C. jejuni
CDT." Following endocytosis, the translocation of CDT to
the nucleus has predominantly been attributed to retro-
grade transport through the Golgi apparatus and endo-
plasmic reticulum (ER)."” The intricate molecular
mechanisms governing the subsequent transport from ER to
the nucleus remain largely unknown. Since there is pres-
ently no empirical evidence supporting the presence of a
nuclear localization signal (NLS) in CdtB of C. jejuni, a
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previous study has proposed the potential involvement of
ER-associated degradation (ERAD) pathway in mediating
CDT trafficking to the nucleus.'® Nevertheless, the findings
of this study indicated that C. jejuni-CDT exhibits the least
dependency on, even no requirement for, several key fac-
tors within the ERAD pathway. Therefore, we posit that C.
jejuni-CDT has evolved a unique strategy for nucleus
trafficking.

As delineated in our previous study, CDT elicits inflam-
matory response by upregulating the expression of high
mobility group box 1 (HMGB1) and the receptor for
advanced glycation end products (RAGE).'® HMGB1 is an
evolutionarily highly conserved nuclear non-histone DNA-
binding protein."” Within the nucleus, HMGB1 participates
in genome organization, DNA replication, and DNA repair.'®
When HMGB1 is actively transported or passively released
into the extracellular milieu, it functions as a danger-
associated molecular pattern (DAMP)."® RAGE, on the
other hand, is a multiligand pattern recognition receptor
(PRR) expressed ubiquitously across various cell types. Its
interaction with HMGB1 has frequently been reported to be
associated with inflammatory diseases.”’ However, the
detailed mechanism of CDT delivery into the cells warrants
further investigation. Here, we present that CDT is trans-
ported within cells through the interaction between HMGB1
and RAGE, and the inhibition of RAGE leads to a reduction
in the cytopathic effects induced by CDT.

Materials and methods

Cell culture

AGS cells (ATCC CRL-1739, a gastrointestinal-derived
epithelial cell line), were cultured in F12 medium
(HyClone) containing 10% fetal bovine serum. The cells
were cultured at 37 °C in a humid atmosphere with 5% CO,.

Preparation of recombinant C. jejuni CDT

Each recombinant His-tagged CDT subunit was prepared
following the previous study.'® Briefly, E. coli BL21 (DE3)
harboring cdtA, cdtB, and cdtC expression plasmids were
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cultured in LB broth with ampicillin (100 pug/ml) at 37 °C.
Isopropyl-B-p-thiogalactopyranoside (1 M) was used to
induce the expression of each recombinant protein. Both
cdtA- and cdtB-bearing E. coli were incubated at 37 °C for
5 h, whereas E. coli-containing cdtC was incubated at 16 °C
for 20 h. Bacteria were collected by centrifugation at
7500 rpm at 4 °C for 5 min, and the pellet was treated with
lysis buffer. After sonicating for 15 min, bacterial lysate
was purified by metal affinity chromatography (Clontech).
Each recombinant CDT was assessed by SDS-PAGE and
Western blot assay (Fig. S1). Antibodies against each CDT
subunit were generated as previously described.’® Each
recombinant CDT subunit (200 nM) was added to cell culture
medium and incubated at 37 °C for 30 min to reconstitute a
CDT holotoxin. CDT activity was then verified using flow
cytometric analysis, showing marked cell distension and
cell cycle arrest at G2/M after 24 h of CDT holotoxin
exposure (Fig. S2).

Cell cycle analysis

AGS cells were mock-treated (CDT untreated) or treated
with 100 nM CDT holotoxin for 0, 24, 48, and 72 h. After PBS
washing, cells were fixed in ice-cold 70% ethanol. Cells
were stained with 20 pg/ml propidium iodine (Sigma-
Aldrich) for 1 h on ice. Cell cycle analysis was performed
using FACScalibur flow cytometry (Becton Dickinson).

Co-immunoprecipitation (Co-IP) assay

Co-IP assay was conducted with Dynabeads Protein G
following the manufacturer’s instructions (Thermo Fisher
Scientific).'® CDT holotoxin (100 nM) was added to the cells
and incubated for 12 h. Cell lysates were prepared and
incubated with Dynabeads Protein G (magnetic beads are at
30 mg/ml in PBS (pH 7.4) with 0.01% Tween-20) for immu-
noprecipitation. The anti-RAGE antibody or control isotype
anti-IgG was added to create the co-IP complex. The pro-
teins of interest were eluted and analyzed by Western blot
assay. The membranes were probed with the primary an-
tibodies against RAGE, CdtB, and B-actin, respectively.

Immunofluorescence staining

AGS cells were seeded on coverslips and cultured overnight,
then exposed to CDT holotoxin (100 nM) for 6 h. The cells
were fixed with 4% paraformaldehyde for 30 min and per-
meabilized by 0.1% Triton X-100 for 30 min. To analyze CdtB
localization in the cytoplasmic compartments, cells were
incubated with an anti-CdtB antibody,'® and then stained
with Alexa Fluor 488-conjugate anti-mouse IgG (Jackson
ImmunoResearch Laboratories). Lysosome was stained with
anti-LAMP1 Alexa Fluor 647 conjugate antibody (Abcam),
and cathepsin D was probed by anti-cathepsin D antibody
(Abcam). Nuclei were stained with Hoechst 33342 for
30 min and the cell membrane was probed with cholera
toxin subunit B (CTx-B-Alexa Fluor 555 conjugated). The
stained cells were observed under a confocal laser scanning
microscope (LSM780, Carl Zeiss).
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Preparation of cytoplasmic and nuclear fractions

Cells were pretreated with 100 pM dynasore (Sigma-
Aldrich), and then exposed to 100 nM CDT holotoxin for
90 min. The extraction of cytoplasmic and nuclear proteins
was conducted by using the Minute Cytoplasmic and Nu-
clear Extraction Kit (Invent Biotechnologies). Briefly, after
cell harvesting, cytoplasmic extraction buffer was added to
the cell pellet, followed by vortexing for 15 s. The mixture
was then centrifugated at 14,000xg for 5 min at 4 °C,
resulting in the isolation of the supernatant as the cyto-
plasmic extract. Subsequently, the pellet was treated with
nuclear extraction buffer, vortexed for 15 s, and subjected
to centrifugation at 14,000x g for 30 s at 4 °C to isolate the
nuclear fraction. Finally, both cytoplasmic and nuclear
fractions of the cell lysates were analyzed by Western blot
assay.

SDS-PAGE analysis and Western blot assay

AGS cells were pretreated with 100 uM dynasore, and then
incubated with each recombinant CDT protein for 90 min.
Cell lysates were resolved by SDS-PAGE and transferred
onto polyvinylidene difluoride membranes (Millipore). The
membranes were incubated with primary antibodies against
LAMP1, EEA1, RAB7, RAGE, and B-actin, respectively, at
4 °C overnight with gentle shaking. The membranes were
then incubated with horseradish peroxidase-conjugated
secondary antibody (Millipore) for 1 h at room tempera-
ture. The proteins of interest were detected by ECL West-
ern Blotting Detection Reagents (GE Healthcare) and
visualized using Azure c400 system with AzureSpot Analysis
Software (Azure Biosystems).?’

Knockout of RAGE

RAGE-knockout (RAGE-KO) was conducted by using the
CRISPR-Cas system (Dharmacon, Lafayette, CO, USA). The
single guide RNA (sgRNA) targeted DNA sequence is 5-
CTTTTCTTCCACTACCTTATT-3’ (SG-003625-02-0002). The
PuroR-Cas9 expression plasmid DNA (U-005100-120) and
sgRNAs were transfected into AGS cells by using jetPRIME
(Polyplus transfection) for 4 h. The cells were then selected
by 0.5 pug/ml puromycin for 72 h.

Polymerase chain reaction (PCR)

The genomic DNA of RAGE-control (CRISPR-C) and RAGE-
knockout (RAGE-KO) cells was extracted by using the
Wizard Genomic DNA Purification Kit (Promega, Madison,
WI, USA) according to the manufacturer’s protocol.?? The
DNA was amplified by PCR with the forward primer: 5'-
CTACCGAGTCCGTGTCTACC-3' and reverse primer: 5-
CACCTATGCTCACCCCAGAC-3’. The program of the PCR
cycler was initially denaturation at 95 °C for 1 min, fol-
lowed by 35 cycles of denaturation at 95 °C for 30 s,
annealing at 65 °C for 30 s, and extension at 72 °C for 45 s.
The PCR products were prepared for sequencing and
analyzed by Benchling (San Francisco, CA, USA) (Fig. S3), a
biotechnology platform that aligns data to reference
sequences.??
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Statistical analysis

The correlation of two molecular expressions in the fluo-
rescent image was analyzed using the Pearson correlation
coefficient (r). The statistical significance of differences
between the two groups was evaluated using Student’s t-
test. Statistical analysis was performed by using Prism 8
(GraphPad Software). P < 0.05 was considered statistically
significant.

Results
CDT interacts with RAGE and HMGB1 to enter cells

We first investigated whether CDT interacted with RAGE. As
shown in Fig. 1A, co-immunoprecipitation revealed that
CDT treatment elevated CdtB binding to RAGE. To further
examine whether HMGB1 plays a role in CDT delivery in the
cells, cells were treated with an anti-HMGB1 antibody and
found that blocking HMGB1, a reduced amount of CdtB can
be transported into the cells (Fig. 1B). We then examined
whether CdtB interacted with RAGE using immunofluores-
cence staining. Confocal microscopy showed pronounced
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Figure 1.

colocalization of RAGE (red) and CdtB (green) in the cell
membrane (CTx-B, cyan), revealing an interaction between
CdtB and RAGE localized within the cell membrane (Fig. 1C
and D). In the CDT treatment group, a positive correlation
between CdtB and RAGE localization was demonstrated
through Pearson correlation coefficient analysis (r = 0.65,
P < 0.01). These results suggest an association between
CdtB and RAGE, with subsequent interactions with HMGB1
in the cell membrane.

CDT enters the cells through the dynamin-
dependent endocytosis pathway

Previous studies have shown that RAGE-mediated HMGB1
endocytosis is dynamin-dependent.?* We then used dyna-
sore, an inhibitor of dynamin GTPase activity, to examine
whether dynamin inhibition interferes with CdtB delivery in
cells. Endolysosomal system activation was assessed
through the expression of EEA1, Rab 7, and LAMP1, which
are markers of early endosomal, late endosomal, and
lysosomal, respectively. As shown in Fig. 2A, CDT exposure
increased the expression levels of all three markers. How-
ever, CDT-induced elevated levels of Rab7 and LAMP1 were
diminished by pretreatment with dynasore. Furthermore,
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Interaction of CdtB and RAGE in the cell membrane. (A) AGS cells were treated with 100 nM CDT for 12 h. Cell lysates

were treated with anti-RAGE antibody or control isotype IgG. CdtB and HMGB1 interaction with RAGE was determined using a co-
immunoprecipitation assay with Western blot analysis. The expression level of B-actin was analyzed in total cell lysates. B-Actin
was used as an internal control. (B) Cells were pretreated with anti-HMGB1 neutralized antibody (2 pg/ml) for 1 h, and then
exposed to CDT (100 nM) for an additional 3 h. The level of CdtB transported into cells was analyzed by western blotting. The
relative protein levels were normalized to the control group and indicated below each band. B-Actin was used as an internal
control. (C) Cells were incubated with CDT (100 nM) at 11 °C for 1 h, then incubated with anti-CdtB (green) and anti-RAGE (red)
antibodies; the nuclei were stained with Hoechst 33342 (blue) and the cell membrane was probed with lipid raft marker (CTx-B)
(cyan). Scale bars, 10 um. (D) The distribution of relative intensity of RAGE and CdtB across the cell membrane in the magnified
image (right hand of panel C) was analyzed using ZEN software (Carl Zeiss). The association of CdtB and RAGE was analyzed using
Pearson correlation coefficients (r). Student’s t-test processed the statistical analysis for three independent experiments.
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CdtB intracellular transport is mediated through dynamin-dependent endocytosis. AGS cells were pretreated with

dynasore (100 uM) for 30 min, and then exposed to CDT (100 nM) for 90 min. (A) Expression levels of EEA1, Rab 7, and LAMP1 were
analyzed using western blotting. (B) Nuclear fraction was prepared for western blotting to analyze the presence of CdtB in the
nucleus. The expression of a-tubulin was used as a cytoplasmic marker, which was absent in the nuclear fraction. Lamin A/C was
used as the nuclear loading control for nuclear extracts. The relative protein expression levels were normalized to the untreated

control and indicated below each band.

dynasore treatment reduced the nuclear presence of CdtB
(Fig. 2B). These results indicate that CdtB transport in cells
is partially mediated through dynamin-dependent
endocytosis.

Lysosomes participate in CdtB intracellular
transport

We then investigated whether lysosomes were necessary
for CdtB translocation in the cytoplasm. Immunofluores-
cence staining showed that LAMP1 (a lysosomal marker) and
CdtB colocalized in the cytoplasm (Fig. 3A and B). The
fluorescence intensity of LAMP1 was significantly higher in
CDT-treated cells than in mock-treated cells (Fig. 3C).
Furthermore, a positive correlation between CdtB and
LAMP1 localization was demonstrated through Pearson
correlation coefficient analysis (r = 0.28, P < 0.001). We
further investigated whether inhibition of lysosomal func-
tion influences CDT activity. Bafilomycin-A1 (Baf-A1), an
inhibitor of vacuolar H*-ATPase, was used to disturb
endosomal acidification. As shown in Fig. 3D, Baf-A1 pre-
treatment significantly alleviated the CDT-induced G2/M
cell cycle arrest. These results reveal that the intracellular
transport of CdtB is mediated through the dynamin-

dependent endocytic pathway, and lysosomes are
involved in this process.

CDT induces lysosomal rupture

As CdtB-containing endosomes fused with lysosomes,

endolysosomal membranes may rupture, allowing CdtB to
be released into the cytoplasm. To monitor lysosomal per-
meabilization, the amount of cathepsin D, a lysosomal
protease, in the cytoplasm was measured. Exposure to CDT,
as observed through immunofluorescence staining, resulted
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in the leakage of cathepsin D into the cytoplasm (Fig. 4A
and B). AGS cells were then incubated with 100 nM CDT for
1.5, 3, 6, and 9 h, and the level of cathepsin D in the
cytoplasm was assessed using western blotting. As shown in
Fig. 4C, the presence of cathepsin D in the cytoplasmic
fraction increased upon CDT treatment from 1.5 to 6 h.
These results demonstrate that CDT treatment induces
lysosomal rupture, resulting in the release of cathepsin D
into the cytoplasm.

RAGE is involved in CDT-induced pathogenesis

To determine whether RAGE is essential for CDT intoxica-
tion, we generated RAGE-knockout (RAGE-KO) cells using
the CRISPR/Cas9-based approach. Cells were transfected
with the Cas9 expression plasmid and synthetic guide RNA,
and the target site of sgRNA was deleted in RAGE knockout
cells (Fig. S3). Treatment of RAGE-KO cells with CDT for
24 h arrested the cell cycle at the G2/M phase by
52.5 + 4.0%, which was significantly lower than that in CDT-
treated CRISPR control cells (CPISPR-C) (63.9 + 5.1%)
(Fig. 5). We further employed the RAGE antagonist RAP,
which disrupts the interaction between RAGE and its li-
gands. AGS cells were pretreated with RAP for 2 h, followed
by exposure to CDT for an additional 48 h, and then the cell
cycle was analyzed. Our results showed that RAP signifi-
cantly decreased CDT arrested cell cycle at G2/M compared
to CDT treatment alone (Fig. S4). Together, these results
indicate that RAGE plays an important role in CDT intoxi-
cation of cells.

Discussion

CDT is a prominent virulence factor across numerous
pathogenic Gram-negative bacteria, including C. jejuni,



Y.-F. Chang, Y.-P. Huang, C.-H. Chou et al.

A

Hoechst 33342

Mock

CcDT

r=0.28,P<0.01

LAMP1

Membrane

Intensity (A.U.)
8
1

= LAMP1
- CdtB

20-\—,—/
0 1 T : 1 I
0 500 1000 1500 2000
Distance (nm)
D Mock CDT

G2/M: 14.1%

Baf-A1

G2/IM: 11.66%

Figure 3.

G2/M: 60.34%

BafA1+ CDT

G2/M: 24.29%

CdtB

LAMP1 flourescence

(fold)

G,/M (%)

Merge

*
3_
2-
1_
0_
Mock CDT
* *
80+ |
it
60 -
40+ "
20+ I
0_.
N N A N
“ r 9 X
o i X
S e %) xQO
A
00

Lysosomes are involved in CdtB delivery in the cytoplasm. AGS cells were treated with CDT (100 nM) for 90 min. (A)

Cells were stained with LAMP1 (red) to visualize lysosomes and stained with CdtB (green). Nuclei were probed with Hoechst 33342
(blue). The colocalization (yellow) of CdtB and LAMP1 is indicated by arrowheads. Scale bars, 10 um. (B) The distribution of relative
intensity of LAMP1 and CdtB across the white arrow in the magnified image (right hand of panel A) was analyzed. (C) The fluo-
rescence intensity of LAMP1 was analyzed using ZEN software (Carl Zeiss). (D) Cells were pretreated with Baf-A1 (20 nM) and then
exposed to CDT (200 nM) for 24 h. Cell populations at each phase of the cell cycle were analyzed using flow cytometry. (E) The
percentage of cells arrested at the G2/M phase was calculated and plotted. The data are presented as means + standard deviations
for three independent experiments. Statistical analysis was processed by Student’s t-test (n = 3). #, p > 0.05; *, P < 0.05.
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CDT promotes the release of cathepsin D in the cytoplasm. (A) AGS cells were treated with CDT (100 nM) for 3 h and

stained with anti-LAMP1 (red) for visualization of lysosomes and stained with cathepsin D (green). Nuclei were probed with Hoechst
33342 (blue). Scale bars, 10 um. (B) The fluorescence intensity of cathepsin D was analyzed by ZEN software (Carl Zeiss). The data
are presented as means =+ standard deviations for three independent experiments. Statistical analysis was calculated using Stu-
dent’s t-test (n = 3). *, P < 0.05. (C) AGS cells were treated with 100 nM CDT for 1.5, 3, 6, and 9 h. Cytoplasmic fraction was
isolated, and the protein expression was analyzed using western blotting with antibodies against cathepsin D, Lamin A/C, and a-
tubulin. Lamin A/C was used to analyze the nuclear extracts and a-tubulin was used as an internal control. The relative protein
expression levels were normalized to the untreated control and indicated below each band.

where it contributes to effective tissue colonization, thus
enhancing infectivity by subverting host defense mecha-
nisms.?> Although CDT exhibits the capability to induce cell
death in a wide range of cell lineages, it has been proposed
that the intoxication process of CDT may vary among
different cell types.”® Our recent research showed that CDT
initiates DAMP-related signaling, leading to deleterious ef-
fects on target cells.'® However, the mechanism underlying
the intracellular transport of CDT remains elusive. The
present study further provides conclusive evidence that the
direct interaction between CDT, RAGE, and HMGB1 is
crucial for toxin trafficking in cells. These results advance
our understanding of the pertinent aspects related to CDT
intoxication in host cells.

Despite the absence of definitive molecular character-
ization of the CDT receptor, it has been established that
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cholesterol- and sphingolipid-rich lipid rafts are crucial for
CDT binding to the plasma membrane. Former studies have
shown that depleting cholesterol using methyl B-cyclodex-
trin reduces the ability of CDTs to associate with the sur-
face of various cell lines, including Hela, Jurkat, and CHO
cells.?’72%1% Although conflicting reports are suggesting
that CDTs from different bacterial origins may bind to
distinct receptors,?’ " this discrepancy could be attrib-
uted to the lower degree of conservation of the binding
subunits (CdtA and CdtC) among various members of this
toxin family.>? It is plausible that the CDT receptor could be
either a glycoprotein or a glycolipid since the binding sub-
units adopt a ricin-like structure.®*3

Our previous research found that CDT intoxication
significantly recruits RAGE into lipid rafts.'® RAGE is a
known PRR implicated in various diseases, including those
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Knockout of RAGE alleviates CDT-triggered cell cycle arrest. (A) AGS cells with CRISPR-control (CRISPR-C) and RAGE-

knockout (RAGE-KO) were treated with CDT (200 nM) for 24 h. The cell cycle in each stage was analyzed using flow cytometry. (B)
The percentage of cell arrest at the G2/M phase was examined. The data are presented as means + standard deviations for three
independent experiments. Statistical analysis was calculated using Student’s t-test (n = 3). *, P < 0.05.

caused by bacterial infections.*>3® For example, RAGE-
deficient mice exhibited decreased bacterial loads of
Streptococcus pneumoniae in the lungs, spleen, and blood
following infection, leading to a significantly reduced
mortality rate.®’” Conversely, other investigations have
shown that RAGE deficiency exacerbated E. coli infection,>®
and increased the mortality rate of Klebsiella pneumoniae
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Figure 6.

infection in mice.>° These findings highlight the diverse role
of RAGE in response to different bacterial infections.
Intriguingly, a recent discovery has revealed that the
RAGE-HMGB1 interaction can function as a delivery system
to facilitate the transport of lipopolysaccharide (LPS) into
the cytoplasm, thereby causing pyroptosis.”’ Here, we
identified RAGE as a membrane receptor for CDT, and its
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Involvement of RAGE in CdtB intracellular transport. (1) HWGB1 carries CdtB to bind with RAGE, and (2) subsequently

triggers dynamin-dependent endocytosis, whereby, CDT holotoxin is sequestered in the endosome. (3) The endosome then fuses
with a lysosome, forming an endolysosome, of which HMGB1 disrupts the membrane stability and allows CdtB release into the
cytosol. (4) After nuclear translocation, CdtB induces DNA damage and activates DNA damage response (DDR), resulting in cell cycle

arrest at the G2/M phase to permit DNA repair.
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interaction with HMGB1 further facilitated CdtB delivery
into cells. HMGB1 is a RAGE ligand that acts as a DAMP,
participating in the induction of proinflammatory cytokine
production.’ [n vivo administration of an anti-HMGB1
antibody ameliorated several bacterial infectious dis-
eases, including carbapenem-resistant K. pneumoniae-
induced pneumonia,*' Brucella melitensis-associated pla-
centitis,*> and Staphylococcus aureus-related pneumonia.*
Conditional ablation of HMGB1 in murine intestinal
epithelial cells led to the development of severe Salmo-
nella-related colitis,** while conditional ablation in mouse
myeloid cells has increased sensitivity to endotoxin shock.*
As HMGB1 serves as an autophagy regulator in the cyto-
plasm**” and acts as DAMPs upon release into the extra-
cellular environment, it is important to elucidate whether
HMGB1 functions solely as a carrier during the CDT intoxi-
cation process or has other roles to play.

Following internalization, the CDT-HMGB1-RAGE complex
is packaged in the endosome, which subsequently fuses with
the lysosome (Fig. 6). The endolysosomal membrane is dis-
rupted, releasing CdtB and cathepsin D into the cytoplasm.
Through the analysis of Expasy, we also found that cathepsin
D is capable of cleaving two positions of CdtB (data not
shown). Therefore, it is interesting to investigate how CdtB
simultaneously resists the acidic environment and degrada-
tive protease cathepsin D in the lysosome.

Given that CDT intoxicated a wide range of cell lineages,
CDT may be able to bind to a variety of host cell receptors,
each with potentially different binding affinities. Although
the present study has indicated the involvement of RAGE in
CDT intracellular transport, it is worth noting that the
ablation of RAGE only confers partial protection against CDT
toxicity. Receptors with a similar ligand-binding structure to
RAGE or another unidentified molecule localized in the same
membrane microdomain as RAGE may also play a role in
facilitating CDT transport. Additionally, it cannot be ruled
out that the receptor is cell type-specific, meaning that the
structures expressed and recognized on monocytic cells or T
lymphocytes may differ from those on cells of epithelial
origin. Moreover, while the endolysosomal system transports
CDT into the cytoplasm, the molecular mechanism of CDT
nuclear localization remains to be illustrated.

Conclusions

Consistent with our previous studies demonstrating that
CDT induces an inflammatory response by increasing the
expression levels of RAGE and HMGB, '® we have now shown
that both RAGE and HMGB1 engage in CDT trafficking in the
cells. Together, understanding the mechanism of CDT ac-
tion in cells may open an opportunity to develop effective
therapeutic modalities for alleviating bacterial toxin-
related pathogenesis.
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