Rev Physiol Biochem Pharmacol (2004) 152:111-133
DOI 10.1007/s10254-004-0030-8

M. Thelestam - T. Frisan

Cytolethal distending toxins

Published online: 27 August 2004
© Springer-Verlag 2004

Abstract The cytolethal distending toxins (CDTs) constitute the most recently discovered
family of bacterial protein toxins. CDTs are unique among bacterial toxins as they have
the ability to induce DNA double strand breaks (DSBs) in both proliferating and nonpro-
liferating cells, thereby causing irreversible cell cycle arrest or death of the target cells.
CDTs are encoded by three linked genes (cdtA, cdtB and cdtC) which have been identified
among a variety of Gram-negative pathogenic bacteria. All three of these gene products
are required to constitute the fully active holotoxin, and this is in agreement with the re-
cently determined crystal structure of CDT. The CdtB component has functional homolo-
gy with mammalian deoxyribonuclease I (DNase I). Mutation of the conserved sites nec-
essary for this catalytic activity prevents the induction of DSBs as well as all subsequent
intoxication responses of target cells. CDT is endocytosed via clathrin-coated pits and re-
quires an intact Golgi complex to exert the cytotoxic activity. Several issues remain to be
elucidated regarding CDT biology, such as the detailed function(s) of the CdtA and CdtC
subunits, the identity of the cell surface receptor(s) for CDT, the final steps in the cellular
internalization pathway, and a molecular understanding of how CDT interacts with DNA.
Moreover, the role of CDTs in the pathogenesis of diseases still remains unclear.

A brief history of CDT

The first cytolethal distending toxin (CDT) was reported in 1987 as a novel type of toxin
activity produced by pathogenic strains of Escherichia coli. The major hallmark of the ob-
served cytotoxic effect was a remarkable cell distension, evident 3—-5 days after addition
of bacterial culture supernatants to cells growing in vitro, and resulting after a few more
days in cell death (Johnson and Lior 1987a). The same authors later identified a similar
activity in Shigella (Johnson and Lior 1987b) and Campylobacter spp (Johnson and Lior
1988a), and they designated this putative toxin as ‘cytolethal distending toxin’.

M. Thelestam (Pd) - T. Frisan
Microbiology and Tumorbiology Center, Karolinska Institutet, Stockholm, Sweden
e-mail: Monica.Thelestam @mtc ki.se - Tel.: +46-8-52487162 - Fax: +46-8-342651



112 Rev Physiol Biochem Pharmacol (2004) 152:111-133

Fig. 1 Schematic representation cdtA cdtB cdtC

of the three linked CDT genes ] ,, i Cdt operon
and the respective protein sub-
units. Although the tripartite holo- l l

toxin (CdtA + CdtB + CdTC) has . i
been found to be the most potent @ 9 @ Cdt protein subunits

inducer of cellular intoxication,
still some doubts exist whether
this is the only possible subunit
combination

e

HOLOTOXIN HOLOTOXIN ??

CDTs from various E. coli strains were first cloned in 1994 by two American groups
(Scott and Kaper 1994; Pickett et al. 1994) and in 1997 by French researchers (Peres et al.
1997). The CDTs turned out to be encoded by three linked genes, which were designated
cdtA, cdtB and cdtC. Related CDT genes were identified in Shigella spp (Okuda et al.
1995), Campylobacter jejuni (Pickett et al. 1996), Haemophilus ducreyi (Cope et al.
1997), Actinobacillus actinomycetemcomitans (Mayer et al. 1999; Sugai et al. 1998), and
several Helicobacter spp (Chien et al. 2000; Kostia et al. 2003; Taylor et al. 2003; Young
et al. 2000a). The CDTs had no immediate resemblance to any other known proteins and
thus, a new family of toxins rapidly emerged. So far no CDT has been identified from any
Gram-positive bacterium. Since CDT variants are produced by many different bacterial
species we previously proposed a CDT-nomenclature to avoid a confusing flora of differ-
ent names in the future literature on CDTs (Cortes-Bratti et al. 2001a). A particular CDT
is specified exactly by indicating the initials of the producing bacterium before CDT and,
if necessary, the strain number or other common designation after CDT (e.g., HICDT:
H. ducreyi CDT).

The cdtA, cdtB and cdtC genes were found to encode proteins (CdtA, CdtB, CdtC)
(Fig. 1) with predicted molecular masses of 23, 29 and 21 kDa and isoelectric points of
5.7, 8.3, 6.3, respectively, for the HACDT. The purified HACDT subunits show a normal
migration pattern when subjected to SDS-PAGE. The CDT subunits were purified from
some of the producing bacteria during the late 1990s and more recently in recombinant
forms. The HACDT was shown to enter sensitive target cells by receptor-mediated endo-
cytosis (Cortes-Bratti et al. 2000) — a process likely to occur also with the other CDTs. In
2000 a deoxyribonuclease I (DNase I)-like enzymatic activity was identified in the CdtB
component of CDTs from E. coli and C. jejuni, respectively (Elwell and Dreyfus 2000;
Lara-Tejero and Galan 2000). Mutation of the catalytic residues abolished all cytotoxic ef-
fects. The proposed DNA damaging effect was consistent with our parallel observations
on the cellular responses to HICDT. They were identical to the cell cycle check point re-
sponses evoked by ionizing radiation (IR), a well known DNA damaging agent (Cortes-
Bratti et al. 2001b). Finally, the HICDT was reported in 2003 to induce DNA double
strand breaks (DSBs) upon natural intoxication of mammalian cells (Frisan et al. 2003),
thus giving direct proof that CDT attacks DNA. The crystal structure of the HACDT holo-
toxin has been recently solved, and it reveals that indeed this toxin consists of an enzyme
belonging to the DNase I family (CdtB), bound to two ricin-like lectin domains (CdtA and
CdtC). HACdtB shows the characteristic fold of the DNase I family: a central 12-stranded
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B-sandwich packed between outer a-helices and loops on each side of the sandwich (Nesic
et al. 2004).

This review deals mainly with the action of CDTs on mammalian cells. The possible
roles of these toxins in pathogenesis, and their potential uses in the biomedical field will
also be briefly discussed.

Actions of CDTs on mammalian cells
Morphological effect of CDT

The most conspicuous morphological effect of CDT on cells growing as an adherent
monolayer is the cell distension leading within 72 h to a three- to fivefold increase of the
cell size. Along with this slowly developing distension, the actin cytoskeleton is strongly
promoted noted mainly as the appearance of prominent actin stress fibers (Fig. 2). This
has been reported for E. coli CDT (EcCDT-II) in Chinese hamster ovary (CHO) cells
(Aragon et al. 1997), for HICDT in HEp-2/HeLa cells, in Don hamster lung fibroblasts
and human foreskin fibroblasts (Cortes-Bratti et al. 1999; Frisan et al. 2003), and recently
also in HeLa cells treated with CDT from Helicobacter cinaedi (Taylor et al. 2003). After
several days of toxin exposure cells round up, show membrane blebbing in some cases,
and then deteriorate completely. In contrast to fibroblasts and epithelial cells, T and B
lymphocytes and dendritic cells do not distend but rather become rapidly apoptotic and
fragmented after exposure to CDT (Cortes-Bratti et al. 2001b; Li et al. 2002; Shenker et
al. 2004).

CDTs act on several cell types

As already evident from the morphological effect, CDTs affect various cell lines with dif-
fering outcomes depending on the cell type. Sensitive cells include HEp-2, HeLa, CHO,
Vero and Don fibroblasts (reviewed in (Cortes-Bratti et al. 2001a; Pickett and Whitehouse
1999) as well as human embryonic intestinal epithelial cells (INT407) (Hickey et al.
2000), a human colon carcinoma cell line (Caco-2) and a human keratinocyte cell line
(HaCat) (Cortes-Bratti et al. 1999). Human CD4" and CD8" T cells are highly sensitive to
the A. actinomycetemcomitans CDT (AaCDT) (Shenker et al. 1999), which also inhibits
proliferation of the murine B-cell hybridoma cell line HS-72 (Sato et al. 2002) as well as
human periodontal ligament cells and gingival fibroblasts (Belibasakis et al. 2002).
HACDT affects normal human endothelial cells (HUVEC) (Svensson et al. 2002), foreskin
keratinocytes and fibroblasts, embryonic lung fibroblasts, human B cells and dendritic
cells (Figs. 3, 5) (Cortes-Bratti et al. 2001b; Li et al. 2002). Primary human fetal fibro-
blasts (IMR-90) (Hassane et al. 2003), Cos-7 cells (McSweeney and Dreyfus 2004), Jurkat
and MOLT-4 cells (Ohara et al. 2004) are also sensitive to CDT intoxication.

In conclusion, most tested cells are sensitive to CDT. The only cells so far reported to
resist CDTs are the Y-1 adrenal cells and 3T3 fibroblasts of mouse origin (Cope et al.
1997; Cortes-Bratti et al. 1999; Johnson and Lior 1988b). The reason for their resistance
is not known but these cells might lack a cell surface receptor needed for binding of the
toxin.



114 Rev Physiol Biochem Pharmacol (2004) 152:111-133

Phalloidin C-myc Flow cytometry

8

gﬁ
52

DU 50 W0 150 200 250

FSCH

§

g

Y]

3o

oo

S0 100 150 200 250
FSCH

=

Fig. 2 CDT intoxication induces cell distension and promotion of actin stress fibers. HeLa cells were trans-
fected with dominant negative RhoAN19, and 24 h after transfection cells were either left untreated (CTR)
or exposed to HACDT (2ug/ml) or irradiated (20 Gy) and incubated for additional 24 h in complete medi-
um. Transfected cells were visualized by immunofluorescence using anti-Myc 9E10 antibody and F-actin
was stained with FITC-phalloidin. Arrows indicate RhoAN19 transfected cells. The cell size of untreated
(thin line) or treated (thick line) cells was analyzed by flow cytometry (FSC-H: forward scatter)

CdtB is a DNase

The CdtBs from several bacteria were shown to be able to cleave DNA in vitro. Indeed,
all CdtBs on a close analysis turned out to have structural and functional homology to
mammalian DNase I. The first paper describing position-specific homology between the
CdtB subunit from EcCDT-II and mammalian DNase I was published by Elwell and
Dreyfus (Elwell and Dreyfus 2000). The homology pattern was found at specific residues
involved in enzyme catalysis (Glu86, His154, Asp229, His261), DNA binding (Argl23,
Asnl194) and metal ion binding (Glu62, Aspl192, Asp260). EcCdtB-II also contained a
pentapeptide sequence (aa 259-263: Ser-Asp-His-Tyr-Pro) found in all DNase I enzymes.
Shortly after, similar conserved residues were described for the C. jejuni CdtB (CjCdtB)
and in fact identified in all known CdtBs (Lara-Tejero and Galan 2000).

The position-specific homology is associated with functional activity, since crude Ec-
CDT-II preparations have DNase activity as detected by in vitro digestion of the coiled
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Fig. 3 Cell type-dependent effect of CDT. Human foreskin fibroblasts (HFF), HeLa cells and an EBV
transformed lymphoblastoid cell line (LCL) show different patterns of cycle arrest or cell death upon CDT
treatment. Cells were treated with HICDT (2ug/ml) and cell cycle distribution was assessed by DNA stain-
ing with propidium iodide and flow cytometry analysis 24 h after treatment. The G; peak was arbitrarily set
on the mean fluorescence intensity value of 50

pGEM-7zf plasmid (Elwell and Dreyfus 2000), and transfection of HeLa cells with
CjCdtB was shown to induce a slowly appearing nuclear fragmentation and a marked
chromatin disruption (Lara-Tejero and Galan 2000). Microinjected CjCdtB was also able
to produce changes in the chromatin and enlargement of the nucleus. The DNase activity,
as well as the cytotoxicity, was abolished by point mutations of conserved residues re-
quired for catalysis or for magnesium binding. Thus, the catalytic DNase activity appeared
to be crucial for the cytotoxic activity of CDTs (Elwell and Dreyfus 2000; Lara-Tejero
and Galan 2000).

CDT induces DNA double-strand breaks

We recently provided direct evidence that intoxication of HeLa cells with the HACDT
holotoxin induces DNA DSBs similarly to IR (Fig. 4) (Frisan et al. 2003). This first
demonstration of CDT-induced DSBs in naturally intoxicated mammalian cells was made
with a sensitive pulsed field gel electrophoresis (PFGE) method. It contradicts an earlier
report showing that EcCDT did not induce DNA strand breaks, as measured with the alka-
line single cell gel electrophoresis (Comet) assay (Sert et al. 1999). However, our findings
agree with those of Hassane and co-workers who previously observed that yeast cells
transfected with CjCdtB exhibited DSBs, also detectable by PFGE (Hassane et al. 2001).
Furthermore, this effect on DNA is fully consistent with the DNase activity of CdtB and
the widely reported observations that CDT-treated cells exhibit cell cycle arrest and/or un-
dergo apoptosis (see below).
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Fig. 4A, B CDT intoxication induces DNA DSBs. Twenty-five thousand HeLa cells per well were grown
in 12-well plates in complete medium containing 4000 Bq [methyl-'*C]thymidine for 48 h. The cells were
then washed three times in phosphate buffered saline and chased for 2 h in complete medium. A Cells were
treated with (AC) CdtAC bacterial supernatant; (ABC) CdtAC bacterial supernatant incubated with purified
H. ducreyi CdtB (20ug/ml); (B) purified H. ducreyi CdtB alone (20pg/ml) for 7 h, and processed for
pulsed-field gel electrophoresis analysis. B HeLa cells were left untreated or irradiated (20 Gy, IR) and im-
mediately processed for analysis by pulsed-field gel electrophoresis. M, molecular weight marker

Cellular responses to DNA damaging agents

It is well known that cells exposed to agents causing DNA damage activate checkpoint re-
sponses that arrest the cell cycle until the DNA damage has been repaired. These check-
point responses can block cells in the Gy, S or G, phases of the cell cycle (Elledge 1996;
Hartwell and Weinert 1989). The protein kinase ‘Ataxia telangiectasia mutated” (ATM)
and its homolog ‘ATM and Rad3 related’ (ATR) play a central role in sensing DNA dam-
age. ATM is activated in response to DNA DSBs induced by IR, and can in turn trigger all
the different checkpoints. ATR activation is mainly induced by other DNA damaging
agents, such as UV irradiation (reviewed in Rotman and Shiloh 1999). Arrest in G, is me-
diated by the tumor suppressor gene p53, which is stabilized in an ATM dependent man-
ner via phosphorylation on serine 20 by the chk2 protein kinase (Chehab et al. 2000; Sicil-
iano et al. 1997). The G, arrest depends on inactivation of the cdc2 complex. Activation
of cdc2 is achieved via dephosphorylation at Thr14 and Tyr15 by the Cdc25C phosphatase
(Jackman and Pines 1997). The ATM-dependent protein kinases chkl and chk2, activated
in vivo in response to DNA damage, are both able to inactivate Cdc25C in vitro (Matsuo-
ka et al. 1998; Sanchez et al. 1997), leading to accumulation of the inactive phosphorylat-
ed cdc2 and arrest of cells in the G, phase of the cell cycle.

Cellular checkpoint responses to CDTs
Cell cycle arrest
Already before the toxin was known to damage DNA, cells exposed to various CDTs had

been reported to accumulate the phosphorylated (inactive) form of cdc2, implying Go/M
arrest (Comayras et al. 1997; Cortes-Bratti et al. 1999; Peres et al. 1997; Whitehouse et al.
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1998). The inactive cdc2/cyclin B complex resulting after intoxication with EcCDT-III
could be reactivated in vitro with recombinant Cdc25C (Sert et al. 1999). Furthermore,
overexpression of Cdc25B or Cdc25C could override the G, arrest induced by this toxin,
causing progression to a mitosis which, however, was abnormal (Escalas et al. 2000).
Both results suggested that CDTs do not target specifically cdc2 but rather some upstream
component, leading to inactivation of Cdc25C and consequent lack of cdc2 dephosphory-
lation as a secondary effect.

The cellular checkpoint responses induced by HACDT were then shown to closely re-
semble those induced by IR. It became clear that the CDT-induced cell cycle arrest is not
limited to the Go/M phase, but that the checkpoint responses depend on the cell type
(Cortes-Bratti et al. 2001b). A functional ATM protein was needed for rapid intoxication as
demonstrated by the delayed responses in ATM deficient lymphoblastoid cell lines. In hu-
man fibroblasts, both IR and HACDT treatment induced early activation of the p53 gene
and the cyclin-dependent kinase inhibitor p21, which correlated with arrest in G, (Fig. 3).
In epithelial cells both treatments induced chk2 kinase activation, accumulation of phos-
phorylated cdc2, and G, arrest. The checkpoint responses were detected already 4 h post-
intoxication and therefore occurred much earlier than the morphological changes of intoxi-
cated cells. Lymphoblastoid cell lines did not arrest in either G, or G, at the concentrations
of HACDT used, but rapidly underwent apoptosis (Cortes-Bratti et al. 2001b) (Fig. 3).

CDT-induced apoptosis

This aspect has been studied in some detail only in human T cells and T cell lines. Treat-
ment of activated human T cells with the AaCDT (purified B subunit or recombinant
holotoxin) was found to induce DNA fragmentation in 72-96 h, and FACS analysis
showed reduction in cell size and increased nuclear condensation (Shenker et al. 2001).
Mitochondrial changes were evident as a decrease in transmembrane potential and an ele-
vation of reactive oxygen species, and the caspases 8, 9 and 3 were activated after the G,
arrest. Overexpression of Bcl-2 decreased the CDT-induced apoptosis, but did not inhibit
the CDT-induced G, arrest (Shenker et al. 2001). A more recent report on AaCDT-in-
duced death of human peripheral T lymphocytes and the Jurkat and MOLT-4 cell lines,
however, suggested that AaCDT has the ability to induce human T-cell apoptosis through
activation of caspase-2 and caspase-7 (Ohara et al. 2004). In conclusion, the exact molec-
ular responses on the way to apoptotic cell death have not been fully elucidated and can be
expected to depend on the particular type of target cell.

CDTs activate sensors of DNA damage

We demonstrated that HACDT induces ATM-dependent phosphorylation of the nuclear
sensor of DNA damage, histone H2AX, as early as 1 h after intoxication. Moreover, the
DNA repair complex Mrell in the nuclei of HeLa cells was relocalized with kinetics sim-
ilar to those observed upon IR (Li et al. 2002). Also the CjCDT was reported to induce
both G; and G, arrest in primary human fetal fibroblasts (IMR-90 cells), and Rad50 foci
were formed in the nuclei of the CjCDT-treated fibroblasts (Hassane et al. 2003). Thus,
DNA damage-associated molecules are activated as an early response to the DNA DSBs
induced by CDTs.
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CDTs act on nonproliferating cells

It is noteworthy that CDTs also attack nonproliferating cells. The focus formation assays
mentioned above enabled the discovery that human dendritic cells (DCs) (Li et al. 2002)
as well as serum starved primary human fetal fibroblasts (Hassane et al. 2003) are sensi-
tive to CDT. This contradicts previous notions that cells need to pass through the S phase
in order to become intoxicated (Alby et al. 2001; Lara-Tejero and Galan 2000; Sert et al.
1999). The cell cycle analysis of HICDT-treated human DCs shows that all control cells
are in Gy whereas the toxin-treated cells after 24 h either remain in G, or become apoptot-
ic The short-term effect after 4 h toxin treatment of DCs is seen as a phosphorylation, i.e.,
activation, of H2AX (Fig. 5) (Li et al. 2002).

CDT-induced stress fiber promotion depends on ATM-mediated activation of RhoA

The reason that actin stress fibers are strongly promoted in certain CDT-treated cells was
not understood in the early experiments (Aragon et al. 1997) although the possible in-
volvement of small GTPases controlling the actin cytoskeleton was hypothesized (Cortes-
Bratti et al. 1999). Later on it became feasible to investigate this aspect of CDT intoxica-
tion with new tools that allow biochemical assay of the activated small GTPases Rho, Rac
and CDC42 (Benard et al. 1999; Ren et al. 1999). Thus, we could show that the HICDT-
activated stress fiber promotion in fibroblasts and HeLa cells depends on activation of
RhoA, but not Rac or CDC42 (Frisan et al. 2003). This was observed both directly as acti-
vation of RhoA upon intoxication, and as an inhibition of the stress fiber formation in
CDT-treated cells transfected with a dominant negative mutant of RhoA (see Fig. 2).

A cell distension and stress fiber promotion was observed also in irradiated cells. Inter-
estingly, the increased size of CDT-treated or irradiated cells was not connected to the
stress fiber formation, since dominant negative RhoA inhibited the formation of stress fi-
bers without affecting the distension of the treated cells (Fig. 2). The distension phenome-
non instead appears to depend on activation of PI3-kinase and its downstream effector
mTOR, whereas this enzyme had no clear effect on induction of stress fibers (Frisan et al.
2003). The activation of RhoA upon intoxication or irradiation was ATM-dependent,
thereby connecting the stress fiber promotion to the damaging action on DNA. Toxin-
treated cells expressing a dominant negative form of RhoA detached and consequently
died faster than cells expressing a functional RhoA (Frisan et al. 2003). Thus, the activa-
tion of RhoA was associated with prolonged cell survival, and it seems to represent an at-
tempt of intoxicated cells to maintain cell adherence in order to stay alive while the DNA
is supposed to be repaired. This ATM-dependent activation of RhoA constitutes a previ-
ously unknown type of cell survival response to induction of DNA DSBs, which seems to
occur regardless of the agent inducing the DSBs.

Fig. 6 summarizes the intracellular responses activated by CDT intoxication.

Cellular internalization and nuclear localization of CdtB is required for cytotoxicity
Since CDT acts on DNA it is conceivable that this toxin, like most other intracellularly

acting toxins, has to be internalized in target cells before it can act. Indeed, the HICDT
has been reported to enter HEp-2/HelLa cells by endocytosis via clathrin-coated pits
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Fig. 5A, B CDT induces DNA damage and cell death in nonproliferating dendritic cells. A Five-day imma-
ture DCs were incubated with HICDT (2ug/ml) for 5 h and stained with histone H2AX phospho-specific
rabbit serum (pH2AX). Nuclei were counter-stained with Hoechst 33258. B Cell cycle distribution was as-
sessed by DNA staining with propidium iodide (PI) and flow cytometry. The G, peak was arbitrarily set on
the mean fluorescence intensity value of 50

(Cortes-Bratti et al. 2000). The cellular intoxication was completely inhibited at condi-
tions that block the fusion of early endosomes with downstream compartments or after
treatment of cells with agents that disrupt the Golgi complex. Apparently the toxin, after
uptake via clathrin-coated pits, requires transport in vesicles at least to the Golgi complex
before its activity can be expressed. From the Golgi it may be retrogradely transported to
the endoplasmic reticulum (ER) and from there delivered either to the cytosol or directly
to the nucleus (Cortes-Bratti et al. 2000).

CdtB contains no known conventional nuclear localization signal (NLS). However, mi-
croinjection experiments in HeLa cells showed that a 76-amino acid stretch (residues 48—
124) in the AaCdtB constitutes an atypical NLS (Nishikubo et al. 2003). After microinjec-
tion, His-tagged CdtB-GFP entered the nucleus in 3—4 h. A lack of effect of leptomycin B
on the speed of nuclear entry suggested that the relatively slow entry of the fusion protein
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Fig. 6 Summary of the cellular responses activated by the CDT-induced DNA damage. Dotted arrows indi-
cate pathways discovered using CDT as a tool for which intermediate effectors have not yet been complete-
ly elucidated

was not due to CRM1-dependent nuclear export of the protein. An in vitro transport assay
demonstrated that the nuclear localization of CdtB was mediated via active transport re-
quiring ATP and physiological temperature. Moreover, cells treated extracellularly with a
holotoxin containing mutant CdtB, with an 11-amino acid truncation in the identified
NLS, were unaffected. This observation suggested that the identified NLS may be func-
tional for nuclear localization of the toxin also when mammalian cells are naturally intoxi-
cated with the extracellularly added holotoxin (Nishikubo et al. 2003). Subsequently, two
NLS sequences, designated NLS1 and NLS2, have been identified in the carboxy-terminal
region of EcCdtB-II. Cell cycle arrest and nuclear localization were impaired in cells
treated with CDT containing EcCdtB-II-ANLS mutants, while the in vitro DNase activity
and the cell surface binding of the mutant holotoxins were not affected. Interestingly, fluo-
rescence microscopy analysis showed a diffuse cytoplasmic distribution of EcCdtB-II-
ANLS?2 in cells intoxicated with the CDT holotoxin containing the EcCdtB-I1I-ANLS2 mu-
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tant, while the EcCdtB-I1I-ANLS1 subunit localized preferentially in a perinuclear region
of the intoxicated cells (McSweeney and Dreyfus 2004).

The studies cited above demonstrate beyond any doubt that at least the active CdtB
subunit has to be endocytosed and undergo intracellular transport to the nucleus before it
can damage cells. However, it is still not known whether in natural intoxication the nucle-
ar entry of CdtB takes place from the cytosol or directly from the Golgi/ER. Nothing has
yet been reported regarding the cellular localizations and fates of the other two toxin sub-
units.

Functions of the different CDT subunits

Early genetic studies demonstrated that all three genes need to be expressed in the produc-
ing bacterium for the generation of active (cytotoxic) CDT (Cope et al. 1997; Pickett et al.
1994, 1996; Sugai et al. 1998; Young et al. 2000a). However, some confusion was created
by the difficulty to obtain highly purified subunits from bacteria, which possess the entire
cdt operon and thus produce all three subunits. Although studies today are usually per-
formed with recombinant subunits of CDT some discrepancies still remain as we shall see
below. However, clarifying the roles of the three different subunits in cellular intoxication
and other responses to CDT constitutes one of the most important frontiers in current CDT
research.

CdtB. As stated already CdtB is definitely the most important active subunit showing
DNase activity in vitro and in vivo. CdtB of various origins is cytotoxic after microinjec-
tion (Lara-Tejero and Galan 2000) or electroporation/facilitated entry into cells (Elwell et
al. 2001; Mao and DiRienzo 2002). In contrast, CdtB added extracellularly alone is not
able to bind to most target cells and consequently it is not cytotoxic by itself. T cells may
be an exception as initial studies on the AaCDT suggested that its CdtB subunit alone was
sufficient to cause G, arrest in phytohemagglutinin-activated human T cells (Shenker et
al. 1999, 2000). However, the same authors demonstrated more recently that although
their AaCdtB alone could bind to the Jurkat cell surface and was sufficient to induce G,
arrest in human lymphocytes, the presence of both the CdtA and CdtC subunits was re-
quired to achieve maximum cell cycle arrest (Shenker et al. 2004). Indeed, a holotoxin
comprised of CdtABC was >50,000-fold more toxic to Jurkat cells than toxins composed
of either CdtAB or CdtBC. Today there is general consensus that all three subunits must
be added together for extracellularly induced maximal intoxication (Lara-Tejero and
Galan 2001; Lee et al. 2003).

CdtA. Shenker and coworkers (Shenker et al. 2004) report that immunoprecipitation of
the CDT holotoxin from A. actinomycetemcomitans extracts, with a monoclonal antibody
against CdtC, co-precipitated CdtA and CdtB. Interestingly, only a truncated form of
CdtA (18 kDa) was immunoprecipitated with this holotoxin, suggesting that CdtA may
undergo processing during the assembly of the holotoxin. The expression of two immuno-
reactive CdtA proteins corresponding to 25 kDa and 18 kDa has been observed also for
the HACDT (Frisk et al. 2001). CdtA seems to be able to bind to target cells, but alone it
lacks cytotoxic activity (Lee et al. 2003; Mao and DiRienzo 2002). Also, the combination
of only CdtA and CdtB was without cytotoxic effect on HeLa cells (Lara-Tejero and
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Galan 2001; Lee et al. 2003). It is unclear whether the CdtA in these cases was in the trun-
cated form or not.

CdtC. Besides the apparent maturation of CdtA in the presence of the two other subunits,
also CdtC has been reported to be somehow processed in the holotoxin environment. The
isoelectric point (pl) of the HACdtC component was 1.5 pH units higher in recombinant
strains expressing all three components than in recombinant strains expressing the CdtC
protein alone (Frisk et al. 2001). A similar change of pI occurred after mixing the three in-
dividual recombinant components in vitro. Thus, it was suggested that HICdtA/B may ex-
ert some kind of processing activity on HdCdtC, rendering it active (Deng et al. 2001;
Frisk et al. 2001). Recently, however, the purified recombinant His-tagged AaCdtC alone,
delivered to the cytosol with a lipid protein carrier, was found able to induce cell disten-
sion and eventually the death of CHO cells (Mao and DiRienzo 2002). The specific mech-
anism of this putative CdtC cytotoxicity has not been elucidated.

Cytotoxicity of combined CdtB and CdtC

Mao and DiRienzo (Mao and DiRienzo 2002) also found an additive cytotoxic effect ex-
erted by the combination of AaCdtB and AaCdtC when delivered into the cytosol togeth-
er. We previously observed cytotoxicity with an extracellularly added highly purified
preparation of HACDT in which we were not able to detect CdtA by Western blot analysis
(Li et al. 2002). This is consistent with the observation that extracts from H. ducreyi pro-
ducing CDT in which the cdtA gene was mutated still had some cytotoxic activity (Lewis
et al. 2001). Also other workers found that the combination of purified HdCdtB with
HdCdtC was slightly cytotoxic (Wising et al. 2002). Likewise, a mixture of recombinant
AaCdtB and AaCdtC could induce G, arrest in HEp-2 cells, as measured by FACS analy-
sis after a 72 h toxin exposure (Akifusa et al. 2001). Similarly, the extracellularly added
combined recombinant subunits CjCdtB and CjCdtC were able to induce G2 arrest in
HeLa cells (Lee et al. 2003). On a microgram basis, however, this combination was only
about 25% as effective as the tripartite CjCDT holotoxin. It would be of interest to deter-
mine the toxin amount produced by the bacteria in vivo, in order to understand whether
the CdtB/C combination could have any physiological relevance.

Cell surface binding of CDT subunits

Different CDTs have a documented ability to intoxicate cells even after exposure times as
short as 2 to 15 min (Aragon et al. 1997; Cortes-Bratti et al. 1999) and HACDT could be
absorbed out from the medium by repeatedly passing the same toxin solution over fresh
cultures of HEp-2 cells (Frisk et al. 2001). Such functional studies indirectly suggested
that CDTs bind to cells rapidly and irreversibly, although no specificity of the binding
could be demonstrated. It was earlier pointed out that a region in the CjCdtA, encompass-
ing the amino acids 160 through 220, exhibits a lectin fold which is also present in the
binding subunits of the plant toxins ricin and abrin (Lara-Tejero and Galan 2001). The re-
cently determined crystal structure of HICDT reinforced this observation and underscored
the presence of a ricin-like lectin domain also in HACdtC. However, no specific receptor
for any CDT subunit has so far been identified.
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When recombinant HICdtA and HdCdtC were produced from two plasmids and ex-
pressed in the same E. coli, a noncovalent CdtA—CdtC complex was formed in the ab-
sence of CdtB (Deng and Hansen 2003). This CdtA—CdtC complex after association with
HeLa cells (30 min, 4°C) was able to bind subsequently added CdtB, leading to cell kill-
ing within 72 h. Moreover, HeLa cells pretreated for 30 min at 37°C with the CdtA-CdtC
complex became resistant to the cell killing induced by high concentrations of subsequent-
ly added HACDT holotoxin (H. ducreyi culture supernatant). However, such treated cells
were not resistant to the cell distension induced by lower amounts of the holotoxin (Deng
and Hansen 2003), suggesting that cellular intoxication had indeed occurred. Thus, a more
detailed analysis of the molecular markers of CDT intoxication should be performed.

Another recent piece of work considerably advanced our knowledge about binding of
the CjCDT subunits to the HeLa cell surface (Lee et al. 2003). By competition experi-
ments Lee and coworkers demonstrated that both the CdtA and CdtC subunits, but not
CdtB, could bind with specificity to the HeLa cell surface. In unlabeled form these sub-
units were able to compete out binding of the corresponding biotinylated subunit. Interest-
ingly, they could also compete with each other, suggesting that CdtA and CdtC were bind-
ing to the same receptor on the cell surface (Lee et al. 2003). Indeed, these two subunits of
the CjCDT share about 40% sequence similarity with each other. McSweeney and Drey-
fus recently noted the same binding competition between the CdtA and CdtC subunits of
the EcCDT-II (McSweeney and Dreyfus 2004).

Lee and coworkers (Lee et al. 2003), in addition, produced in-frame deletion mutants
of CdtA and CdtC from which 43 and 22 amino acids, respectively, were deleted. As the
highest homologies within the CdtA and CdtC subunits from different bacteria are found
in distinct regions, the deletions were made in one such region in CjCdtA (amino acids
126-168 deleted) and in the region of the highest homology within the CjCdtC subunit
(amino acids 115-136 deleted). Both of these mutant subunits in biotinylated form were
still able to bind HeLa cells as detected by an enzyme-linked immunosorbent assay on liv-
ing cells. Moreover, each mutant subunit was able to compete out the binding of both the
corresponding and the other wild-type subunit, as well as that of the holotoxin. The bind-
ing of the CDT holotoxin decreased nearly fivefold in the presence of the CdtA mutant
subunit and almost threefold in the presence of the CdtC mutant subunit. These interesting
findings then suggest that the deleted regions in each Cdt subunit do not play any signifi-
cant role in cell surface recognition. On the other hand, the mutant subunits were unable
to interact with CdtB and/or each other to reconstitute an active holotoxin, indicating that
the deleted regions were instead critical for effective holotoxin formation (Lee et al.
2003).

In conclusion

The most reasonable interpretation of the combined current data on the CDT subunits is
that CDT functions as an AB-toxin where the DNase CdtB constitutes the active subunit,
and a CdtAC heterodimer constitutes the optimal binding subunit. This tripartite holotoxin
is the subunit combination with maximal activity in all tested cell systems. However, the
CdtC subunit alone can also function as a binding subunit, facilitating the cellular entry of
CdtB, albeit with a much lower efficiency than the heterodimeric binding unit. That the
AaCdtB alone can apparently act on Jurkat cells (Shenker et al. 2000, 2004) may have to
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do with specific properties of T cells, which in contrast to epithelial cells or fibroblasts ap-
pear able to bind and take up CdtB.

Possible involvement of CDTs in bacterial infections

As CDTs are potent toxins produced by pathogenic bacteria they have to be regarded as
potential virulence factors. CDTs are detected in an increasing number of clinical isolates
but only few experiments with CDTs in animal model systems have been reported.

Occurrence of CDTs in clinical isolates from various geographic locations

Several studies on E. coli isolates have been performed, especially concerning the possible
association of CDT with enteropathogenic (EPEC) serotypes. The general conclusion from
these studies is that EcCDT is produced in some, but not all, EPEC serotypes (Ansaruzza-
man et al. 2000; Ghilardi et al. 2001; Janka et al. 2003; Okeke et al. 2000; Pandey et al.
2003). For example, only 1 in 200 children in Brazil (0.5%) with acute diarrhea were in-
fected with cdt-positive EPEC, while 1% of the nondiarrheic controls harbored cdz-posi-
tive isolates (Marques et al. 2003). CDT has also been identified in urosepsis E. coli iso-
lates (Johnson and Stell 2000), in diarrhea isolates from dogs (Starcic et al. 2002), and
from neonatal piglets (da Silva and da Silva Leite 2002), in extraintestinal human and ani-
mal urinary tract infection (UTI) and non-UTT strains (Toth et al. 2003), and in 83% of
bovine isolates of necrotoxigenic E. coli (Mainil et al. 2003).

Pickett and coworkers recently investigated how the presence of cdt genes was related
to a number of other virulence genes of E. coli (Pickett et al. 2004). Their study of a col-
lection of 20 strains revealed that the CDT producers can be divided into three general
groups with distinct differences in CDT type and in their complement of virulence-associ-
ated genes. Thus, cdt genes were found in a subset of uropathogenic E. coli strains, in ad-
ditional extraintestinal isolates of uncertain clonal identity, and in certain strains with
characteristics in common with Shiga-toxin producing E. coli and EPEC (Pickett et al.
2004). CDT and the cdt genes were also identified in 17 out of 340 non-O157 Shiga toxin-
producing E. coli (STEC) of serotypes that were all eae-negative (Bielaszewska et al.
2004). Among these eae-negative STEC, cdt was proposed to be disease-associated as it
was significantly more frequent in isolates from patients with hemolytic uremic syndrome
(3 of 7) and in isolates from patients with diarrhea (14 of 138) than in isolates from
asymptomatic carriers (0 of 65).

The production of CDT has been detected in few isolates of Shigella dysenteriae,
S. boydii and S. sonnei (Okuda et al. 1995). In contrast, almost all investigated C. jejuni
and C. coli strains have been reported to produce CDT or to possess the cdt genes. For in-
stance, the cdtB gene was detected in all investigated isolates from chicken carcasses, i.e.,
the primary source of C. jejuni and C. coli in human infections (Eyigor et al. 1999a,
1999b). An in vitro assay showed that the C. jejuni isolates produced CDT at high toxin ti-
ters whereas C. coli produced little or no toxin. Likewise, 100/101 C. jejuni and 7 of 10
C. coli isolates from Danish broilers had the cdr genes. Again the C. coli strains produced
lower amounts of the toxin (Bang et al. 2001). CDT production was also demonstrated
from C. fetus, and PCR experiments suggested the presence of cdtB sequences in other
species of Campylobacter (Pickett et al. 1996). A recent study on several virulence genes
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including the cdt cluster in C. jejuni and C. coli isolates from Danish pigs and cattle dem-
onstrated a high prevalence (83-95%) of cdt genes and CDT production (Bang et al.
2003).

In contrast to the situation in Campylobacter spp, the cdt genes and CDT activity is not
present in all species of Helicobacter. The three genes have been identified in H. hepati-
cus (Young et al. 2000a), and the cdtB gene was detected in human clinical isolates of
H. pullorum (Young et al. 2000b) and in canine isolates of H. flexispira (Kostia et al.
2003), but no CDT homology was found in H. pylori (Chien et al. 2000). Interestingly,
CDT was recently reported as the first putative virulence factor present in H. cinaedi,
which is the most commonly reported enterohepatic helicobacter in humans (Taylor et al.
2003). The cdtB gene detected by PCR, as well as CDT production detected by cytotoxici-
ty, was present in all 11 investigated isolates, 10 of which were clinical isolates.

Out of 50 periodontitis strains of A. actinomycetemcomitans, 86% had the cdt genes
and expressed cytotoxic activity (Ahmed et al. 2001). A majority (39/40) of clinical iso-
lates from Brazil, Kenya, Japan and Sweden were also found to harbor the cdt genes and
produce the AaCDT (Fabris et al. 2002). Although there was some variation in toxin pro-
duction among the strains, no clear relationship between CDT activity and periodontal sta-
tus could be found. In another study A. actinomycetemcomitans was detected in 106/146
subgingival plaque samples isolated from periodontitis patients, and among these only 13
sites were positive for the cdt genotype (Tan et al. 2002). However, 10 of these 13 positive
sites were obtained from patients diagnosed with aggressive periodontitis, and the authors
speculated that the cytotoxicity and immunosuppression by CDT may contribute to the
pathogenesis of aggressive periodontitis (Tan et al. 2002). More recently CDT production
and occurrence of the cdtB gene was studied in 73 strains of periodontopathogenic bacte-
ria (Yamano et al. 2003) and CDT activity was found in 40/45 tested A. actinomyctem-
comitans strains. The remaining 28 strains of other bacteria did not have CDT.

Finally, 89% of a group of isolates of H. ducreyi from different parts of the world
showed CDT activity on HEp-2 cells (Purvén et al. 1995). A later study identified the cdt
genes and CDT production in 83% of 29 isolates of H. ducreyi from chancroid (Ahmed et
al. 2001). Likewise, 87% of 45 strains of H. ducreyi found in still more recent chancroid
isolates from various parts of the world produced the toxin (Kulkarni et al. 2003).

In conclusion

A majority of strains of C. jejuni, A. actinomyctemcomitans and H. ducreyi appear to pro-
duce the CDT while the presence of the cdr genes in other bacteria is more variable. Ta-
ble 1 summarizes the data reported in the previous paragraphs.

CDT-induced production of cytokines in vitro

CDT from C. jejuni has been shown to induce the release of the proinflammatory cytokine
interleukin (IL)-8 from intestinal epithelial INT407 cells (Hickey et al. 2000). In contrast,
a more recent study showed that while C. jejuni itself induced a number of proinflamma-
tory cytokines, IL-8 among them, from the monocytic cell line THP-1, these responses did
not depend on the presence of CDT (Jones et al. 2003). On the other hand, each of the pu-
rified recombinant subunits of AaCDT were found individually able to induce production



126

Table 1 Short summary of the CDT occurrence in clinical isolates
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Toxin Bacteria/disease Species infected
E. coli CDTs EPEC Human
Urosepsis E. coli Human
Diarrhea isolates Dog
Diarrhea isolates Pig
UTI strains Human/animal
Non-UTI strains Human/animal
Necrotoxigenic Bovine
STEC Human
Shigella CDTs Few isolates
Campylobacter CDTs C. jejuni Chicken/human
C. coli Chicken/human
C. fetus
Helicobacter CDTs H. pullorum Human
H. flexispira Human
H. cinaedi Human
H. hepaticus Human, mouse
AaCDT Aggressive periodontitis Human
HACDT Chancroid Human

The references relative to the CDT distribution of clinical isolates are reported in the text

of the cytokines IL-1f, IL-6 and IL-8 but not tumor necrosis factor ¢, IL-12 or granulo-
cyte-macrophage colony stimulating factor in human peripheral blood mononuclear cells
(PBMC) (Akifusa et al. 2001). While CdtC was the most potent and CdtB had only mini-
mal cytokine stimulating activity, the latter appeared to synergize with CdtA and CdtC to
promote PBMC cytokine synthesis, and this synergy was most marked in inducing inter-
feron (IFN)y production (Akifusa et al. 2001).

Studies on CDTs in animal models

An E. coli strain expressing the S. dysenteriae cdt genes was able to induce watery diar-
rhea in the suckling mouse model, and the partially purified CDT had some effect also. In
addition, the toxin caused a certain tissue damage in the descending colon of these mice
(Okuda et al. 1997). When cdtB negative strains of C. jejuni were administered to severe
combined immunodeficient mice no difference in enteric colonization was observed, but
there was an impaired invasiveness of the bacteria into blood, spleen and liver tissues as
compared to the wild-type bacteria (Purdy et al. 2000), implying that CDT might have a
role in the pathogenesis (invasion) of C. jejuni. A more recent study of a C. jejuni cdtB
mutant in wild-type and nuclear factor (NF)-xB deficient mice suggested that CDT may
have pro-inflammatory activity in vivo, as well as a potential role in the ability of C. jeju-
ni to escape immune surveillance (Fox et al. 2004). The cdtB mutant was less efficient
than the wild-type C. jejuni in colonizing the wild-type (C57BL/129) but not NF-«xB defi-
cient mice. Despite 100% colonization of the NF-xB deficient 3X mice the cdtB mutant
produced significantly less gastritis than the wild-type bacterium (Fox et al. 2004). The
authors speculate that CDT may target the cells of the immune system in the lamina pro-
pria that influence the host’s ability to clear bacterial pathogens. Young and coworkers re-
cently provided further evidence for a potential pro-inflammatory activity of CDTs
(Young et al. 2004). Strains of H. hepaticus expressing a functional CDT caused severe



Rev Physiol Biochem Pharmacol (2004) 152:111-133 127

colitis in a murine model of inflammatory bowel disease, using C57BL/6 IL-10 deficient
mice. In contrast, the CDT-negative isogenic mutants were without effect (Young et al.
2004).

An isogenic H. ducreyi cdtC mutant was equally virulent as the parent strain when test-
ed in the temperature-dependent rabbit model for experimental chancroid, despite the fact
that it was not cytotoxic to HeLa cells and keratinocytes (Stevens et al. 1999). Isogenic
H. ducreyi cdtA and cdtB mutants also proved to be as virulent as the wild-type strain with
regard to lesion production in the same rabbit model (Lewis et al. 2001). In human volun-
teers, expression of CDT was also not required for pustule formation by H. ducreyi, al-
though CDT might still be relevant for induction or persistence of the ulcer stage which is
not testable in humans (Young et al. 2001). The purified HICDT holotoxin induced dose-
dependent pathologic skin reactions in rabbits (Wising et al. 2002). High levels of neutral-
izing antibodies against CDT were detected in only 22% and 2% of patients with chan-
croid and periodontitis, respectively. Moreover, a majority of healthy individuals also had
HACDT antibodies, and thus such antibodies may not be specific markers for chancroid
infection (Mbwana et al. 2003).

In conclusion

The fact that CDTs are produced by diverse human pathogens suggests that these toxins
might contribute to the development of different diseases. At the moment, however, there
is no absolutely clear association between toxin and specific disease symptoms and one
major problem is the lack of suitable animal models for this type of study. Conceivably,
CDT could have a role in all instances where cell proliferation is required. Thus, CDTs
produced by intestinal pathogens could possibly contribute to gastroenteritis by blocking
the proliferation of crypt cells, although there are no studies yet on this particular aspect of
the E. coli, Campylobacter or Shigella CDTs. The HACDT could contribute to the very
slow healing of chancroid ulcers. Furthermore, immunosuppression could be one impor-
tant general effect of CDTs as suggested by the recent studies cited above and by the in
vitro effect of CDT on DCs which have a central role for induction of both cellular and
humoral-mediated immunoresponses (Li et al. 2002). Targeting DCs could represent a
strategy developed by several pathogens in order to avoid or delay the onset of immunore-
sponses. In fact the AaCDT was originally isolated as the ‘immunosuppressive factor’ of
A. actinomycetemcomitans and it might possibly play such a role in the pathogenesis of
aggressive periodontitis and other infections caused by this bacterium (Shenker et al.
1999).

Future perspectives

In retrospect it is interesting to note that no toxicologist ‘jumped on’ the CDT directly af-
ter its discovery in the late 1980s, probably because it did not seem feasible to study
something that requires several days to induce an effect on cells. However, during the
10 years after the CDT was first cloned this three-gene toxin has generated an increasing
interest, and the development from ‘mysterious activity’ to well known toxin with defined
mode of action, now even crystallized, has advanced rapidly. CDT turned out to be unique
in that it is the only bacterial toxin known to target DNA as a primary action, subsequent-
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ly activating a number of important cellular stress responses designed to save the attacked
cell while it attempts to repair its DNA. Although—or perhaps because—we know today
so much more than we did a decade ago there are many more questions waiting for their
answers. In addition, there is reason to believe that CDT, like many other bacterial protein
toxins, can be developed into a useful tool in cell biology and biomedicine.

Molecular mode of action of CDT

The receptor(s) for CDT has not yet been identified. This issue is complicated by the tri-
partite CDT structure with potentially two separate binding subunits, CdtA and CdtC,
which might bind to separate receptor structures, or to the same as suggested by recent
studies (Lee et al. 2003) and (McSweeney and Dreyfus 2004). The sequence homologies
between the CdtA and CdtC subunits from different bacteria are much lower than between
the different CdtB subunits. Thus, it is even possible that the receptor(s) for CDTs of dif-
ferent origin will turn out to differ slightly despite the fact that the active CdtB subunit ap-
parently has the same DNase activity in all CDTs. That there are lectin-like regions in
CdtA and CdtC (Nesic et al. 2004), similar to those found in the binding subunit of ricin,
might point to a galactose-containing receptor, although Mao and DiRienzo (Mao and
DiRienzo 2002) failed to inhibit the binding of AaCdtA to CHO cells with various galac-
tosides and mannosides. Besides the binding to cell surface receptor(s) the three subunits
must be able to interact with each other to form the fully active holotoxin. Obviously this
interaction must depend on specific amino acid stretches, some of which have already
been identified (Lee et al. 2003). It would also be of interest to combine subunits of CDTs
from different bacteria to see whether they can fully complement each other. The binding
of CdtB to T cells needs clarification; maybe there is a specific receptor for this subunit on
these cells.

It is clear that CDT has to be internalized in cells so that the CdtB subunit can be trans-
ferred into the nucleus. Indirect functional studies suggested that HICDT, or at least the
active subunit, requires passage through an intact Golgi complex to intoxicate cells
(Cortes-Bratti et al. 2000), and later observations in MDCK cells are fully consistent with
these findings (T. Frisan and M. Thelestam, unpublished results). The CdtB subunit is able
to enter the nucleus from the cytosol and this occurs via active transport (Nishikubo et al.
2003). However, the final steps in the transfer of the CdtB subunit, upon natural intoxica-
tion, from the vesicular uptake system to the nucleus are not clear. The cellular fates of
CdtA and CdtC after fulfilling their putative roles to facilitate entry of CdtB have also not
been clarified. Another unresolved issue is whether CdtC, if it really proves to be cytotox-
ic by itself, has an entirely different mode of action than CdtB.

CDTs as tools in cell biology

Bacterial toxins have been extremely useful in the study of different aspects of cell biolo-
gy. So far, CDTs are the only bacterial protein toxins known to induce a subtle DNA dam-
age. In the field of cell and tumor biology, regulation of the cell cycle is currently one of
the major issues and CDT will probably be utilized as a tool in such studies. Toxins have
also been very helpful in the study of endocytosis and intracellular transport in general.
Studies with Shiga toxin showed for the first time that a molecule can be transported from
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the cell surface to the Golgi apparatus and the ER (reviewed in Sandvig and Van Deurs
2000). Since the nucleus is its final destination CDT represents an interesting tool for
studies of protein transport from the Golgi/ER to the nucleus. Finally, the study of CDT
has already led to the discovery of a novel cellular signaling pathway transmitting survival
signals from damaged DNA to the small GTPase RhoA. CDT will be useful in the contin-
ued efforts to clarify all the molecular details from DNA damage to RhoA activation, as
well as from the latter event to the downstream components involved in protecting the
cells from immediate death.

CDTs and disease

It will be interesting to see when CDTs will be more clearly demonstrated to cause, or at
least to contribute to, the symptoms in infections caused by the bacteria producing them.
Now that the mode of action of CDT is basically known this aspect will probably become
more attractive for study even if the lack of really good animal models is still a problem.
In any case CDTs are likely to affect the immune response as well as other situations in
which cell proliferation is needed, such as the healing of chancroid or periodontic ulcers.
Another potentially important aspect is that CDTs, being genotoxic, might possibly consti-
tute a contributing factor in long term cancer development. Since CDT is produced by so
many common pathogens this is a rather disturbing perspective, which has not yet been
studied at all. On the other hand, the action of CDT on DNA makes it a potentially good
candidate for an anti-tumor agent.
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