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Abstract

Shiga toxins comprise a family of structurally and functionally related protein toxins expressed by
Shigella dysenteriae serotype 1 and multiple serotypes of Escherichia coli. While the capacity of
Shiga toxins to inhibit protein synthesis by catalytic inactivation of eukaryotic ribosomes has been
well described, it is also apparent that Shiga toxins trigger apoptosis in many cell types. This
review presents evidence that Shiga toxins induce apoptosis of epithelial, endothelial, leukocytic,
lymphoid and neuronal cells. Apoptotic signaling pathways activated by the toxins are reviewed
with an emphasis on signaling mechanisms that are shared among different cell types. Data
suggesting that Shiga toxins induce apoptosis through the endoplasmic reticulum stress response
and clinical evidence demonstrating apoptosis in humans infected with Shiga toxin-producing
bacteria are briefly discussed. The potential for use of Shiga toxins to induce apoptosis in cancer
cells is briefly reviewed.
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Shiga toxins

Shiga toxins (Stxs) are cytotoxic proteins expressed by the enteric pathogens Shigella
dysenteriae serotype 1 and certain serotypes of Escherichia coli designated Stx-producing E.
coli (STEC). Stx is expressed by S. dysenteriae serotype 1. STEC may produce one or more
genetic variants of Stxs, which are categorized based on their antigenic similarity to Stx. Stx
type 1 (Stx1) is essentially identical to Stx, differing by a single amino acid residue in the A-
subunit. Stx type 2 (Stx2) is approximately 56% homologous to Stx/Stx1 at the deduced
amino acid sequence level. Antibodies raised against Stx/Stx1 fail to cross-react with Stx2
and vice versa. A number of genetic variants of Stx1 and Stx2 have been characterized
(Table 1). In contrast to these genotypic differences, Stxs share many properties including
molecular structure, enzymatic activity, receptor specificity and intracellular trafficking. All
Stxs possess an ABg structure with an enzymatically active A-subunit of approximately 32
kDa in noncovalent association with five identical B-subunits, with each B-subunit being
approximately 7.7 kDa in size [1,2]. X-ray crystallographic analyses of Stxs have shown that
the pentameric B-subunits form a ring with the carboxy terminus of the A-subunit
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interdigitated within the central pore (Figure 1) [3,4]. The A-subunits are highly specific N-
glycosidases, which cleave a single adenine residue from the 28S rRNA component of
eukaryotic ribosomes [5]. This adenine, located at position 4324 in the rat, is unpaired in a
region of non-Watson—Crick base-pairing referred to as a GAGA tetraloop [6]. Toxin-
mediated depurination of ribosomes leads to loss of elongation factor binding and protein
synthesis inhibition. Stxs are potent protein synthesis inhibitors with 50% cytotoxic doses
for many cell types in vitro in femtogram to picogram per milliliter amounts. Because of the
extreme sensitivity of Vero cells (African green monkey renal epithelial cells) to the
cytotoxic action of Stxs, the toxins are alternatively referred to as verotoxins or
verocytotoxins. B-subunits mediate binding to the toxin receptor, a neutral glycolipid of the
globo-series, globotriaosylceramide (Gb3) [7]. Gb3 may also be referred to as CD77 or the
PK blood antigen. Recent structure/function studies suggest that each toxin molecule may
express 10-15 Gb3 binding sites per B-subunit pentamer [8,9], explaining the high affinity
(dissociation constant [Kp] ~ 10 M) of toxin binding. All Stxs, with the exception of one
Stx2 variant called Stx2e, bind Gb3; Stx2e shows preferential binding to the glycolipid
globotetraosylceramide (Gb4).

Shiga toxin genes are encoded by temperate lambdoid bacteriophages. STEC express
multiple Stx variants because they harbor multiple Stx-encoding bacteriophages (Stx-
phages). Stx-phages display extensive genetic mosaicism; however, genes encoding the Stx
A- and B-subunits are generally located downstream of the antiterminator Q and the P'g
promoter. As a consequence of this orientation, the toxin genes are late genes optimally
expressed upon induction of the lytic cycle. STEC may possess cryptic lambdoid prophages
that serve as sources for recombination events, yielding novel toxin-converting phages, and
Stx-phages expressing new tail assemblies may expand the host range of toxin-producing
organisms [10]. Lysogenic conversion to the toxigenic phenotype may occur if recipient
bacteria display phage receptors and possess integration sites within the genome. Thus, Stx-
phages are responsible for the dissemination of stx genes in E. coli and other enteric
bacteria. Stx genes in S. dysenteriae serotype 1 are associated with prophage sequences
containing multiple insertion sequences that disrupt phage excision; S. dysenteriae serotype
1 may not be an effective donor of Stx genes. What are the selective advantages of
maintaining the toxin genes in the phage genome? Free Stx-phages have been found to
persist in aquatic and terrestrial environments after the death of their bacterial hosts
(reviewed in [10]). Whether Stxs contribute to increased phage survival ex vivo will require
additional studies. Readers are referred to recent reviews on Stx-phages for additional
information on genome organization, regulation of toxin gene expression and dissemination
of stx genes by transduction [10-12].

Interaction of Stxs with host cells

To be effective protein synthesis inhibitors, Stxs must reach the cytoplasm to access
ribosomes. Stxs utilize a highly orchestrated transport pathway to reach the endoplasmic
reticulum (ER), an intracellular compartment rich in membrane-associated ribosomes and
containing the cellular machinery necessary for protein translocation into the cytoplasm.
Following binding and cross-linking of Gb3, Stxs are internalized by clathrin-dependent or
clathrin-independent mechanisms [13-16]. Membrane Gb3 expression is a critical
determinant of toxin sensitivity. Cells expressing low Gb3 levels are sensitized to toxicity by
increased membrane expression of toxin receptors, while cells selected for loss of Gb3
expression are resistant to Stxs [17,18]. The innate immune response to Stxs and other
bacterial components, such as flagellin or lipopolysaccharides (LPS), may be important in
sensitizing cells to Stxs, as the proinflammatory cytokines TNF-o and IL-1p upregulate
genes involved in Gb3 biosynthesis in some cell types [19]. Structural differences in the
toxin receptor also contribute to toxin susceptibility. Gb3 is heterogeneous, displaying
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variability in fatty acid chain length, degree of bond saturation and hydroxylation.
Expression of Gb3 isoforms with long-chain, unsaturated fatty acids was associated with
increased toxin sensitivity [7,18]. Romer et al. demonstrated that long-chain, unsaturated
Gb3 isoforms were more likely to induce negative membrane curvature leading to Gb3
clustering and formation of tubular invaginations [16]. Finally, Gb3 association with lipid
rafts was necessary for efficient intracellular transport of Stx1 B-subunits [20].
Polyunsaturated fatty acid incorporation into cell membranes, known to disrupt lipid rafts,
protected cells from Stx intoxication [21]. Readers are directed to a recent review of Gb3
heterogeneity and its role in Stx binding and internalization [22].

Stxs are not inert cargo molecules. Stx B-subunits induced membrane invaginations in
energy-depleted HelL a cells and cytosol-free model membranes, while cross-linking Gb3
with anti-Gb3 antibodies failed to induce tubular invaginations [16]. These data suggest that
initiation of toxin internalization may be a property inherent to the B-subunit pentamer. Stxs
also activate signaling cascades that facilitate toxin uptake and intracellular routing.
Signaling molecules reported to be activated by toxin binding and uptake include Src family
kinase members Yes and Lyn, the tyrosine kinase Syk, the serine/threonine kinase PKC3,
and p38 MAPK [23-27]. Activation is rapid and transient; for example, Stx1 treatment of a
human renal epithelial cell line activated Yes, resulting in increased tyrosine
phosphorylation of lipid raft-associated proteins 10 min after toxin exposure, which returned
to normal levels 1 h after toxin treatment [23]. Stx-containing endosomes are routed to
different intracellular compartments in a cell-specific manner. In primary human monocytes,
Stx-containing endosomes were routed to lysosomes [20]. Peptides derived from chimeric
antigens containing Stx1 B-subunits were processed and presented in association with MHC
class I molecules on dendritic cells [28]. In many cell types, Stxs in early endosomes traffic
to the trans-Golgi network (TGN) and through the Golgi stacks to deliver Stxs to the ER.
This intracellular routing process is called retrograde transport (Figure 2). Stxs may utilize
direct endosome-to-TGN sorting pathways used in recycling the host-cell proteins
mannose-6-phosphate receptor and TGN38. Immunogold-electron microscopy was used to
show toxin trafficking to the Golgi. Mechanisms of TGN-to-Golgi transfer and intra-Golgi
cisternal transport are poorly understood. Recent studies using inhibitors of Ras superfamily
(Rab) GTPases identified at least six Rabs that may be involved in toxin transport from the
cell surface to the Golgi apparatus [29]. Drugs that blocked toxin transit through the Golgi
protected cells from cytotoxicity [30]. Stxs may be directed from the Golgi to the ER using a
Rab6 GTPase-dependent protein retrieval pathway. Clearly, retrograde transport represents
an excellent target for development of pharmacologic inhibitors, and libraries of small-
molecule transport inhibitors are being evaluated for their ability to protect cells from Stxs
[31]. Pavelka et al. contains a more detailed discussion of retrograde transport processes
[32].

Stx1 holotoxins containing fluorescein-labeled A-subunits and rhodamine-labeled B-
subunits were used to show that dual-labeled holotoxins were transported to the ER [33].
However, during retrograde transport, Stx A-subunits undergo limited proteolysis by furin or
calpain [34,35]. The resulting Al- and A2-fragments are linked by a disulfide bond
(between Cys242 and Cys261 in Stx; Figure 1); the latter fragment maintains association
with the B-pentamer. In the reductive environment of the ER, the disulfide bond is broken,
and the 27-kDa Al-fragment translocates across the ER membrane, a process termed
retrotranslocation. N-glycosidase activity is associated with the Al-fragment. How does the
Al-fragment cross the ER membrane? Proteins that improperly fold or are improperly
glycosylated may cross from the ER lumen into the cytoplasm where they are routed to the
proteasome for degradation. The translocation machinery involved in the transport of
nascent proteins into the ER lumen is also involved in the retrieval and degradation of
misfolded proteins. Several bacterial and plant toxins utilize components of the host ER-
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associated degradation (ERAD) pathway to unfold and enter the cytosol [36]. Stx
retrotranslocation is thought to involve the Sec61p translocon, although attempts to co-
immunoprecipitate Sec61a with Stx1 Al-fragments were unsuccessful [33]. While the A2-
fragment and B-subunits do not appear to be translocated into the cytoplasm, experiments
using inhibitors of glycolipid biosynthesis demonstrated that the holotoxin must be delivered
to the ER associated with Gb3 in lipid rafts in order for efficient Al-fragment
retrotranslocation to occur [37]. A-subunit processing exposes a hydrophobic domain on the
Al-fragment that interacts with ER chaperones [38—40]. Stxs also activate sensors of
misfolded proteins localized within the ER membrane [41]. Thus, mammalian cells may
recognize Stxs delivered to the ER as misfolded proteins, activate the ER stress response,
and the Al-fragment ‘co-opts’ the ERAD pathway to reach ribosomes. How do Al-
fragments escape routing to the proteasome? Al-fragments contain few (Stx/Stx1) or no
(Stx2) lysine residues [42,43], which may minimize ubiquitination, and Al-fragments
associate with ribosomal proteins, which may inhibit proteasomal transport [44]. However,
treatment of Vero cells with a proteasome inhibitor increased the amount of 125]-Stx1 A1-
fragments entering the cytoplasm and increased cytotoxicity, suggesting that some fraction
of translocated Al-fragments may be degraded by target cells [33]. Finally, activation of the
ribotoxic and ER stress responses may, in some cell types, initiate apoptotic signaling
pathways (see below).

Diseases caused by Stx-producing bacteria

Shigella spp. are the causative agents of bacillary dysentery, a disease characterized by
abdominal cramping, fever and diarrhea with blood and mucus in the stool. Shigella spp. are
human-adapted pathogens transmitted by the fecal—oral route. The infectious dose may be as
low as 10-100 organisms. The incidence of fatal bacillary dysentery is estimated to be over
1 million cases per year [45]. All species of Shigella are invasive. Following internalization
by M-cells, the bacteria mediate pathogen-directed endocytosis at the basolateral surfaces of
intestinal epithelial cells. Once internalized, the bacteria rapidly escape the endosome to
replicate within the cytoplasm. Pathogen-directed unipolar polymerization of host cell
cytoskeletal elements propels the bacteria into adjacent uninfected epithelial cells. Following
replication within infected cells, the host cells lyse, releasing bacteria. Thus, bacillary
dysentery is characterized by colonic ulceration and a brisk inflammatory response. Stx
appears to be an ancillary virulence determinant in bacillary dysentery. Of the four Shigella
species, only S. dysenteriae serotype 1 expresses Stx. Feeding studies in macaque monkeys
using toxigenic and atoxigenic S. dysenteriae isogenic strains revealed that both strains
caused fulminant dysentery, but only the toxigenic strain damaged colonic capillaries,
suggesting that Stx targets vascular endothelial cells for destruction [46]. Additional
information on the pathogenesis of bacillary dysentery can be found in Schroeder and Hilbi
[47].

Shiga toxin-producing E. coli are the causative agents of bloody diarrhea or hemorrhagic
colitis. STEC are not invasive, but many strains are capable of tightly adhering to the
intestinal epithelium, causing substantial alterations in gut histology. Ruminant animals used
in food production appear to be the major natural reservoirs for STEC, although outbreaks of
bloody diarrhea have been linked to ingestion of improperly washed vegetables,
unpasteurized fruit juices, contaminated well water, under-chlorinated swimming pool water
and to animal contact during petting zoo visits [2,48]. Person-to-person transmission is also
responsible for disease spread. Almost 500 different STEC serotypes have been isolated
from humans with bloody diarrhea [2]; however, E. coli O157:H7 is the predominant STEC
serotype associated with outbreaks of bloody diarrhea in many countries, and is most often
associated with severe disease [49]. In the USA, the annual estimated incidence of
foodborne disease caused by E. coli O157:H7 is approximately 73,000 cases per year while
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non-0157:H7 strains cause approximately 37,000 cases per year [50]. Like the Shigellae, the
infectious dose of STEC for humans may be as low as 50 bacteria. At 3-8 days following
the ingestion of STEC, patients develop watery diarrhea, which may progress to bloody
diarrhea with abdominal cramping, nausea and vomiting. Fever is not a common sign
following STEC ingestion. The use of antibiotics or antimotility agents is contraindicated,;
some antibiotics have been shown to increase toxin expression by STEC and antimotility
agents may increase toxin retention in the Gl tract [51].

Patients infected with Stx-producing bacteria are at an increased risk of developing a life-
threatening extraintestinal disease termed the hemolytic uremic syndrome (HUS). HUS is
primarily due to the production and translocation of Stxs across the intestinal epithelial
barrier. HUS may manifest after STEC are no longer detectable in the stool. Following
toxin-mediated damage to colonic blood vessels, Stxs may enter the bloodstream although
free toxins have not been detected in the circulation of HUS patients. The risk of progression
to extraintestinal complications is increased in patients infected with STEC expressing Stx2,
either alone or in combination with Stx1 or Stx2c [52]. The kidneys and CNS are most
frequently damaged by Stxs. HUS is a constellation of hematological, renal and neurological
complications that develop in 10-15% of patients with hemorrhagic colitis. Complications
include thrombocytopenia and hemolytic anemia with schistocytes (fragmented
erythrocytes) present in blood smears. The characteristics of acute renal failure, which may
follow STEC infection, include oliguria or anuria, swollen glomerular endothelial cells
detached from the basement membrane, intraglomerular fibrin deposition and thrombotic
microangiopathy. Mesangiolysis or mesangial hyperplasia have been described in some
HUS cases. Renal tubular injury may be present but is not a consistent finding late in the
course of HUS [53,54]. Approximately 66% of HUS patients require dialysis. CNS
involvement may present as lethargy, irritability, seizures, paresis and coma. Long-term
sequelae include renal insufficiency, hypertension, hyperactivity and distractability, and
insulin-dependent diabetes mellitus. HUS mortality is 3-5%. There is variability in signs
and symptoms following ingestion of STEC. For example, patients may present with acute
renal failure in the absence of bloody diarrhea [54].

Apoptosis is a form of cell death resulting from the activation of intracellular signaling
pathways, or ‘programmed cell death.’ It is critical for normal development and tissue
homeostasis. Many pathogenic microorganisms have evolved mechanisms of altering
apoptosis to favor pathogen survival or dissemination. Apoptotic cells display characteristic
morphological changes such as cell shrinkage, cytoplasmic vacuolation, chromatin
condensation (pyknosis), nuclear fragmentation (karyorhexis) and cell blebbing to produce
apoptotic bodies. Many of the morphological changes seen in apoptotic cells are mediated
by the sequential activation of a series of proteases called caspases. Caspases are aspartyl-
specific cysteine proteases, synthesized as zymogens called procaspases. Caspases are
activated by limited proteolysis at sequence-specific sites to generate N-terminal
prodomains and C-terminal protease domains. Once activated, caspases form
heterotetramers (two prodomains plus two protease domains) that possess protease activity.
Caspases with large prodomains (e.g., caspase 8) also associate with adaptor molecules to
form death-inducing signaling complexes (DISCs). Caspase-dependent cleavage of
downstream substrates usually results in substrate activation although in some cases
negative regulatory proteins are cleaved, thereby activating substrate function [55]. Caspases
2, 8,9 and 10 are characterized as initiator caspases, those that initiate signaling cascades
leading to cell death, while caspases 3, 6 and 7 are executioner caspases, those that activate
proximal mediators of cell death. In humans, caspases 1, 4 and 5 are involved in the
processing of proinflammatory cytokines.
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Apoptosis induction is categorized into two major pathways: the extrinsic or death receptor
pathway, and the intrinsic or mitochondrial pathway. The extrinsic pathway is activated
when death-inducing ligands, such as FasL, TNF-a or TRAIL interact with their receptors,
Fas, TNFR1 or death receptor (DR)4/DR5, respectively. After engagement of death
receptors, adaptor proteins Fas-associated death domain protein (FADD) or TNFRI-
associated death-domain protein (TRADD) associate with the receptors which, in turn,
recruit procaspase 8 or procaspase 10 to form the DISC. The resultant proximity of
procaspase 8 molecules induces autoproteolysis, and the caspase 8 fragments dimerize to
form the active protease. Caspase 8 may directly cleave and activate the executioner
caspase, caspase 3, or may cleave B-cell lymphoma (Bcl)-2 inhibitory Bcl-2 homology
(BH)3-domain-containing protein (Bid), which in its truncated form (tBid) is sufficient to
translocate to mitochondria and facilitate Bax/Bak pore formation and increased
mitochondrial outer membrane permeability. The intrinsic or mitochondrial pathway is
activated by diverse signals, which may damage DNA (UV light or cytotoxic
chemotherapeutic drugs) or induce oxidative stress. These stressors activate pro-apoptotic
proteins to form pores in mitochondrial membranes. Pore formation results in the release of
cytochrome ¢ which, with procaspase 9, apoptosis protease activating factor (APAF)-1 and
dATP, triggers the formation of a macromolecular complex called the apoptosome.
Apoptosome formation leads to caspase 9 activation and cleavage of procaspase 3. Caspase
3 cleaves many downstream substrates that contribute to apoptosis. For example, caspase 3
cleaves a negative regulatory domain from caspase-activated DNase, activating its ability to
cut internucleosomal genomic DNA into fragments that are multiples of 180-200 bp.
Caspase-3 also inactivates the DNA repair protein poly(ADP-ribose) polymerase (PARP).
Loss of PARP function facilitates DNA fragmentation and apoptosis. DNA fragmentation
and PARP cleavage are frequently used as indicators of apoptosis.

Members of the Bcl-2 protein family are critical regulators of apoptosis. Bcl-2 proteins may
be pro- or anti-apoptotic. Anti-apoptotic proteins Bcl-2 and Bcl-X|_ possess four conserved
BH domains and hydrophobic C-termini, which allow them to intercalate into mitochondrial
or ER membranes. Pro-apoptotic Bcl-2 proteins (e.g., Bax, Bak and Bid) possess similar
structures but lack one or more BH domains. Bax and Bak may translocate to mitochondrial
outer membranes where they oligomerize, or associate with the voltage-dependent anion
channel, to form pores in the membrane. Bcl-2 and Bcl-X|_translocation to mitochondrial
membranes is associated with inhibition of pore formation. tBid facilitates the
oligomerization of Bax and Bak to form membrane pores that disrupt mitochondrial
membranes and release cytochrome c¢. Thus, caspase 8-mediated cleavage of Bid links
extrinsic and intrinsic pathways of apoptosis induction. In addition to cytochrome c,
additional apoptosis inducing factors may be released from the mitochondrial
intermembrane space. Finally, apoptosis may also ensue following perturbation of lysosomal
membrane permeability. Additional details on apoptosis initiators derived from
mitochondria, lysosomes and mechanisms of apoptosis induction may be found in recent
reviews [55-58].

The precise mechanism(s) by which Stxs activate apoptosis remain to be clarified, although
recent evidence indicates that signaling through MAPK pathways may contribute to the
induction of cell death. MAPKSs are serine/threonine-specific protein kinases first shown to
be activated by extracellular growth factors or mitogens. In addition to mitogens, other
mediators of cell stress, such as UV light, cytotoxic drugs, heat shock and reactive oxygen
species may activate MAPK signaling. MAPKSs are part of a signaling cascade in which
upstream MAPK Kkinase kinases (MAP3Ks) activate MAPK kinases (MAP2KSs) which, in
turn, activate MAPKs. The MAPKSs can be categorized into three major groups, each group
containing multiple isoforms: c-Jun N-terminal kinases (JNK), p38 MAPKSs and
extracellular signal-regulated kinases (ERKS). JNK, p38 and ERK regulate (via
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phosphorylation) an extensive number of substrates, many of which serve as transcription
factors to control the expression of genes involved in cell proliferation, differentiation,
inflammation and apoptosis [59-61]. In 1997, lordanov et al. showed that protein-synthesis-
inhibiting toxins that act on the peptidyltransferase reaction center of eukaryotic ribosomes
(a-sarcin, ricin and anisomycin) share the capacity of activating the JNK cascade, a
phenomenon referred to as the ribotoxic stress response [62]. As would be expected, given
the mode of action of Stxs, they were also shown to activate not only JNK, but also the p38
and ERK MAPK cascades in epithelial and myeloid cells [63-65]. Stx-mediated activation
of the ribotoxic stress response requires toxin enzymatic activity, suggesting that the
capacity of the Al-fragment to retrotranslocate and act on the peptidyltransferase center of
ribosomes is necessary for MAPK activation. MAPK-mediated regulation of apoptosis
induction may be quite complex, with minor differences in patterns of MAPK activation
manifesting significant changes in cell death or survival. For example, ERK-1 and -2 may
directly phosphorylate caspase 9, thereby inhibiting apoptosis [66]. Signaling through ERK
and JNK pathways appears to phosphorylate Bcl-2 on serine 70, a modification that may be
necessary for anti-apoptotic function [67,68]. By contrast, signaling through p38 MAPKs
appears to phosphorylate Bcl-2 at alternative serine and threonine residues, which reduces
anti-apoptotic function [69]. A more complete understanding of the mechanisms by which
Stxs induce apoptosis will require clarification of the patterns of MAPKSs activated by the
toxins in different cell types.

Many assays have been used to detect apoptosis in Stx-treated cells including detection of
DNA fragmentation by electrophoresis in agarose gels, terminal dUTP nick-end labeling
(TUNEL) staining to detect nicked DNA, FACS analysis with annexin V staining to detect
altered membrane phosphatidylserine in apoptotic cells, electron microscopy, western
blotting using antibodies specific for cleaved caspases, assessment of caspase activity using
fluorophore-labeled substrates, fluorescence microscopy to detect the translocation of Bcl-2
family members to mitochondria and changes in mitochondrial membrane potential detected
by the loss of fluorescent compounds that intercalate into polarized membranes. Readers are
referred to Jones [70] for a more complete listing of laboratory methods and protocols used
to detect Stx-mediated apoptosis.

Stx-induced apoptosis

Epithelial cells

Given the exquisite sensitivity of Vero cells to Stxs, it is not surprising that these cells were
among the first used to study Stx-induced apoptosis. Inward et al. used light microscopy and
detection of DNA laddering to show that Stx1 induced apoptosis in Vero cells [71]. Early
studies designed to detect Stx-induced apoptosis in primary cells and cell lines have been
reviewed previously [72]. More recent studies have characterized signaling pathways
activated by Stxs that lead to apoptosis. Using human intestinal explants maintained ex vivo,
it was shown that intestinal epithelial cells express very low levels of Gb3. Toxin binding
was limited to Gh3-expressing crypt cells and Paneth cells [73,74]. A comparative study of
toxin uptake and apoptosis in polarized Gh3-expressing (Gb3*) and Gb3-deficient (Gb3)
human intestinal epithelial cell lines demonstrated that Caco-2 cells (Gb3* colon carcinoma
cells) internalized Stxs, routed the toxins to the ER and nuclear membrane, and protein
synthesis inhibition and apoptosis followed. In contrast, T84 cells (Gb3™ colon carcinoma
cells) also internalized Stxs and delivered Stx1 A-subunits to the ER, yet protein synthesis
inhibition and apoptosis did not occur [75]. In addition to toxin routing to the ER, it was
shown that Stx1 and Stx2 interacted with polarized intestinal epithelial cell monolayers,
including Gh3- T84 cells, in such a way that the toxins were transported intact across
monolayers by paracellular or transcytotic mechanisms without disrupting transmembrane
electrical resistance [76]. Toxin transmural transport showed an apical to basal membrane
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directional preference, and toxins delivered across epithelial barriers were active. Thus, Stxs
delivered across Gb3- intestinal epithelium may damage Gb3* submucosal microvascular
endothelial cells without affecting epithelial cell viability. Toxin receptor(s) utilized by T84
cells and differential mechanisms of toxin retrograde versus transcytotic transport remain to
be clarified, although it was recently shown that purified Stx1 B-subunits were taken-up by
polarized T84 cells via clathrin-independent, actin-mediated macropinocytosis [77].

In contrast to intestinal epithelium, human renal tubule cells express Gb3 and may be
damaged early in the course of HUS [78]. Given the critical role of Bcl-2 proteins in
regulating homeostatic programmed cell death, Jones et al. examined the capacity of Stxs to
alter expression of Bcl-2 family members in epithelial cell lines [79]. Treatment of the Gb3*
laryngeal epithelial cell line HEp-2 with Stx1 or Stx2 increased the expression of the pro-
apoptotic protein Bax, while pro-apoptotic Bak and anti-apoptotic Bcl-2 expression were not
altered. However, Wilson et al. showed that human renal epithelial cells were protected
from Stx2-induced apoptosis by siRNA silencing of Bak expression, implicating both Bak
and Bax in Stx-induced epithelial cell apoptosis [80]. The pan-caspase inhibitor ZVAD-fmk,
or the ectopic expression of Bcl-2, protected HEp-2 cells from toxin-induced apoptosis.
Toxin treatment activated caspases 6 and 9 and triggered cleavage of Bid and PARP [81].
Purified toxin B-subunits did not effectively initiate HEp-2 cell apoptosis. Collectively,
these data suggest that Stxs trigger apoptosis by altering the balance of pro- and anti-
apoptotic Bcl-2 proteins. Furthermore, while caspase 9, 6 and 3 activation may have directly
contributed to Stx-mediated cell death, alterations in mitochondria through tBid generation,
leading to caspase 9 activation, were also involved. Additional mechanisms may be
employed by Stxs to alter Bcl-2 proteins so as to favor induction of apoptosis. Suzuki et al.
noted that the Stx2 Al-fragment contains a pentameric amino acid sequence homologous
with the BH1 domain of Bcl-2. Stx2, but not Stx1, co-immunoprecipitated with Bcl-2 and
translocated to mitochondria in a recombinant human hepatoma cell line overexpressing
Bcl-2 [82]. The authors speculated that Bcl-2, normally a pro-survival signaling protein,
may direct Stx2 Al-fragments to mitochondrial membranes to trigger apoptosis. However, it
should be noted that Stx1 and Stx2 activate apoptosis at roughly equivalent doses for many
cell types in vitro. Additional studies to examine differential intracellular routing of Stx1
and Stx2 Al-fragments to mitochondria may clarify these results.

HeLa cells (Gb3™ cervical adenocarcinoma) express keratins and possess an epithelial
morphology. Fujii et al. carried out an extensive characterization of the HeLa cell response
to Stxs [83]. The toxins rapidly induced apoptosis with more than 60% cell death detected
by TUNEL staining and DNA fragmentation 4 h after toxin treatment. HeL a cell apoptosis
required toxin enzymatic activity and was characterized by rapid activation of caspases 3, 6,
8 and 9. Caspase-specific peptide inhibitors for caspases 3, 6 and 8 blocked Stx1-induced
apoptosis while a caspase 9-specific inhibitor was ineffective. Caspase 3 activation was
blocked by a caspase 8-specific inhibitor, placing caspase 8 activation upstream of
executioner caspase activation. Stxs were shown to alter HeLa cell mitochondria. Stx1
treatment triggered Bid cleavage, decreased mitochondrial transmembrane potential and
mediated the release of cytochrome c into the cytoplasm. Cytochrome c release is important
for apoptosome formation and caspase 9 activation, yet data from experiments using a
caspase 9-specific inhibitor suggested that this pathway played a minor role in Stx-induced
HeL a cell apoptosis. This seeming paradox was resolved when it was shown that the
expression of the anti-apoptotic factor x-linked inhibitor of apoptosis protein (XIAP) was
increased in Stx-treated cells. XIAP binds caspase 9 to inhibit its activity. Stxs failed to
induce Fas, TNF-a and IL-1B expression in HeLa cells. In summary, Stx-induced apoptosis
in HeLa cells is rapid and involves elements of extrinsic and intrinsic pathways. The early
activation of caspase 8 may directly activate caspase 3, and subsequent caspase 6 activation
may contribute to a strictly caspase-dependent cell death pathway by cleaving lamin A,
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thereby facilitating chromatin condensation. However, the rapid cleavage of procaspase 8
also leads to Bid cleavage and the permeabilization of mitochondrial membranes. However,
the mitochondrial pathway may not effectively induce apoptosis as caspase 9 activity may
be neutralized by increased XIAP expression. Finally, the activation of caspase 8 did not
involve the formation of DISC associated with death receptors Fas or TNFR1.

To examine the correlation between apoptotic signaling and toxin enzymatic activity, HeLa
cells were transfected with plasmids expressing the genes encoding the Stx1 A- or B-
subunits under control of a tetracycline-inducible promoter [84]. Induction of stx1B
expression induced apoptosis as assessed by changes in cell morphology, release of histone
proteins and DNA laddering. Induced expression of the stx1A gene resulted in necrotic cell
death as assessed by release of the cytoplasmic protein LDH in the absence of DNA
fragmentation. Apoptosis induced by Stx1 B-subunits involved activation of caspases 1 and
3. In contrast to experiments showing that treatment of HeLa cells with Stx1 failed to elicit
cytokine expression [83], induction of stx1B expression in transfected Hela cells triggered
the release of soluble TNF-a and IL-1B. The authors speculated that apoptosis mediated by
B-subunits alone may be induced through cytokine autocrine signaling pathways. A number
of caveats should be considered in interpreting these data. First, plasmids used in the study
contained a strong cytomegalovirus promoter, and the inducer doxycycline could activate
high levels (0.1-1.0 ug) of Stx1 B-subunit expression. Thus, toxin subunits may have been
overexpressed in this system relative to amounts of toxin internalized via retrograde
transport. Second, toxin B-subunits localize to the ER, but are not thought to cross the ER
membrane to enter the cytoplasm. Finally, apoptotic signaling pathways activated during the
course of toxin binding and retrograde transport would not be reproduced in this protocol.

Signaling pathways that may link toxin enzymatic activity with apoptosis have been
explored using epithelial cells. Treatment of the intestinal epithelial cell line HCT8 with
Stx1, but not with Stx1 holotoxin containing a point mutation in the active site of the A-
subunit, activated JNK and p38 MAPK signaling cascades, and induced DNA fragmentation
and procaspase 3 cleavage. A p38 MAPK inhibitor blocked Stx-induced cell death and
caspase 3 activation [63]. DHP-2, a pharmacological inhibitor of the upstream kinase
MAP3K, zipper sterile-a-motif kinase (ZAK), blocked Stx2-mediated activation of JNK and
p38 MAPKS, partially protected HCT8 cells from apoptosis and partially blocked caspase 3
activation [85]. However, DHP-2 was reported not to affect DNA laddering, suggesting that
multiple signaling pathways contribute to apoptosis induction in HCT8 cells. Interestingly,
the ZAK inhibitor did not alter protein synthesis inhibition caused by Stx2. Thus, ZAK
appears to specifically link signals generated by Stxs with stress-activated protein kinases
and apoptosis. Treatment of a human proximal tubule epithelial cell line with curcumin, an
anti-inflammatory agent that blocks NF-xB activation, protected cells from Stx1- and Stx2-
induced apoptosis [86]. Taken together, these data suggest that signaling pathways
responsible for Stx-induced epithelial cell apoptosis include stress-activated protein kinases,
the upstream MAP3K ZAK, and the NF-«xB pathway.

The ability of Stxs to alter cell functions other than protein synthesis may contribute to
apoptosis induction. In this regard, Stxs have been shown to alter the cell cycle progression
of epithelial cells and to induce the expression of inflammatory and apoptosis-related genes.
Treatment of the human colon cancer cell line HCT116 with Stx1 induced apoptosis, which
was preceded by the arrest of cells in S phase, and was followed by an increase in a sub-Gg/
G4 cell population. Extensive washing of HCT116 cells treated with thymidine for 6 h
released cells from S phase arrest, while extensive washing of cells treated with Stx1 for 6 h
failed to restore normal cell cycling, suggesting that the action of Stxs on the cells was
irreversible. Despite the fact that Stxs may be potent protein synthesis inhibitors, Stx1
treatment of HCT116 cells selectively increased expression of growth arrest and DNA
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damage proteins GADD34, GADD45a and GADDA45p [87]. DNA damage is a major
inducer of GADD genes. The enzymatic activity of Stxs does not appear to be limited to
rRNA as the toxins have been shown to be capable of removing adenine from DNA [88].
Evidence that Stxs are routed to nuclear membranes [89] and mediate DNA depurination
suggest that DNA damage may serve as an alternative mechanism of apoptosis operating
concurrently with signaling initiated following rRNA damage. Additional experiments will
be necessary to mechanistically link toxin-induced DNA damage with increased gene
expression, cell cycle arrest and induction of apoptosis. These studies also highlight that
gene expression may be maintained or induced following intoxication in many cell types.
For example, numerous studies have documented the capacity of Stxs to induce chemokine
expression, and these chemoattractants may serve as indirect mediators of apoptosis by
eliciting migration of inflammatory cells expressing FasL, perforin and granzymes. Stxs
induce the expression of TNF-a from human monocytes and macrophages and this cytokine
may act as an apoptosis inducer for some cell types.

Endothelial cells

Fujii et al. reported similar apoptotic pathways activated in human brain microvascular
endothelial cells (HBMECs) and HeLa cells treated with Stx2 [90]. Thus, epithelial and
endothelial cell responses to Stxs shared the rapid activation of caspase 8 leading to Bid
cleavage, tBid translocation to the mitochondria, mitochondrial outer membrane disruption,
release of cytochrome c, formation of the apoptosome, procaspase 9 and 3 cleavage, DNA
fragmentation, and apoptosis. The transcriptional regulator CCAAT-enhancer-binding
protein homologous protein (CHOP) was activated by Stx2 treatment of HBMECs.
Microarray analysis of expression of 51 apoptosis-related genes in Stx2-treated HBMECs
revealed that a subset of genes was consistently (> one time point) upregulated by toxin
treatment;: GADD34, GADD45A, GADDA45B, protein kinase-like ER kinase (PERK),
CREB5, CHOP and activating transcription factor 4 (ATF4). Interestingly, PERK, CHOP
and ATF4 are critical signaling components of the ER stress response. Microarray analysis
of gene expression induced by exposure of human umbilical vein endothelial cells to Stxs
showed 25 and 24 genes upregulated by Stx1 and Stx2, respectively. Among the genes
upregulated were TRAF-1 and TNFalP-3, known to encode apoptosis regulatory proteins
[91].

Studies using endothelial cells have provided information on the regulation of caspase 8
activation in Stx-treated cells. Expression of the anti-apoptotic protein cellular FADD-like
IL-1B-converting enzyme (FLICE)-like inhibitory protein-long form (c-FLIP) was rapidly
downregulated in endothelial cells following Stx exposure [92]. Decreased c-FLIP_
expression sensitized endothelial cells to other cytotoxic mediators, but maintenance of c-
FLIP, expression did not protect cells from Stx-induced apoptosis, suggesting that the role
of reduced c-FLIP,_ expression in the vascular damage characteristic of HUS may be
indirect, sensitizing target cells to other bacterial products such as LPS. c-FLIP, may inhibit
caspase 8 activity and the de novo synthesis of c-FLIP|_ may be necessary for maintaining an
anti-apoptotic state, leading to speculation that Stx-mediated protein synthesis inhibition was
required for early caspase 8 activation. However, c-FLIP| levels declined within 2 h of toxin
exposure, suggesting that c-FLIP; expression may not be regulated through transcriptional
or translational repression, but rather through the activation of proteases that degrade c-
FLIP,. Finally, the role of c-FLIP|_ in apoptosis induction may be more complex than
originally appreciated. Under some circumstances, c-FLIP|_ translocates to the DISC and
promotes caspase activation [93].

The anti-apoptotic Bcl-2 family member myeloid cell leukemia sequence-1 (Mcl-1) also
appears to be important in control of apoptosis in Stx-treated endothelial cells. Mcl-1 was
rapidly degraded in human microvascular and arterial endothelial cells following toxin
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treatment. Mcl-1 degradation preceded apoptosis induction as measured by caspase 3
activation. Treatment of cells with the proteasome inhibitor lactacystin prevented Stx1- and
Stx2-induced Mcl-1 degradation and protected cells from apoptosis. Expression of other
Bcl-2 family members, Bax, Bcl-2 and Bcl-X did not change following toxin treatment
[94]. Treatment of human endothelial cells with TNF-o or IFN-y prior to toxin exposure
upregulated Gb3 expression and increased the percentage of cells undergoing apoptosis.
Treatment of the cells with both TNF-a and IFN-y produced a synergistic effect on toxin
receptor expression and apoptosis induction [95].

Despite expressing membrane Gb3, primary human monocyte-derived macrophages are
relatively insensitive to Stxs compared with epithelial and endothelial cells. This reduced
sensitivity is associated with the failure of Gb3 to associate with lipid rafts, and to
subsequently direct Stxs to the ER. Rather, Stxs appear to be routed into degradative
pathways in macrophages and dendritic cells [20,28]. However, treatment of human
monocyte-derived macrophages with LPS increased Gb3 expression and Stx B-subunit
retrograde transport [20], suggesting that macrophage activation by other bacterial products
may increase sensitivity of the cells to Stxs. Interestingly, primary bovine intestinal crypt
cells express Gb3 and internalize Stxs but are resistant to toxin-mediated killing. Like
primary human monocytes, Gb3 in bovine intestinal crypt cells appears to be distributed
throughout the membrane rather than localized into lipid rafts, and toxins are translocated to
lysosomes for destruction [96].

In contrast to primary cells, human myeloid leukemia cells frequently express abundant
membrane Gb3 [97]. The human Gbh3* myeloid leukemia cell line THP-1 is susceptible to
apoptosis induction by Stxs [98]. Caspases 2, 6, 8 and 9 were reported to be activated by
Stxs and THP-1 cells were protected from Stx-induced apoptosis by treatment with a
caspase 3-specific inhibitor. DNA fragmentation, chromatin condensation and caspase 3
activation were blocked by brefeldin A, suggesting that Stxs must be transported through the
Golgi apparatus for apoptosis to occur. The sensitivity of THP-1 cells for Stx-mediated
apoptosis is cell maturation-dependent. In the undifferentiated monocyte-like state, the cells
grew in suspension with a characteristic doubling time. Monocyte-like THP-1 cells
underwent rapid apoptosis when treated with Stx1 with greater than 80% cell death noted 12
h after toxin treatment [99]. Treatment of THP-1 cells with differentiation agents, such as
phorbol esters, IFN-y or vitamin D3, stopped cell replication, and the cells became plastic-
adherent and actively phagocytic. THP-1 cell differentiation was associated with increased
expression of CD14 and decreased expression of membrane Gb3 [100]. Differentiated,
macrophage-like THP-1 cells underwent apoptosis when treated with Stx1, but the kinetics
of cell death were significantly delayed compared with undifferentiated, monocyte-like
cells, with only 11% cell death noted 12 h after toxin treatment [99].

Caspase 8- and 3-specific inhibitors blocked, and caspase 6- and 9-specific inhibitors
partially blocked, the rapid onset of apoptosis induced by Stx1 in monocyte-like THP-1 cells
[101]. Caspase 3, 8 and 9 activities were elevated at 2 h, and peaked 8 h, after toxin
treatment. Stx1 treatment signaled Bid cleavage, loss of mitochondrial transmembrane
potential and release of cytochrome c into the cytoplasm. Caspase 8 activation occurred
upstream of mitochondrial membrane disruption as a caspase 8-specific inhibitor reduced
mitochondrial membrane depolarization. However, a caspase 6-specific inhibitor was shown
to reduce caspase 8 and 9 activation, suggesting that in addition to activating the
mitochondrial pathway, Stx1 may activate caspase 6 to directly activate caspase 8 (Figure
3). Stx1-mediated apoptosis of monocytic THP-1 cells required toxin enzymatic activity and
occurred independently of TNF-a/TNFR1 signaling. In many ways, signaling for cell death
in monocytic THP-1 cells was similar to that characterized for HBMECs and HelLa cells
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except that XIAP production in HeLa cells may inhibit caspase 9 function, while a caspase
9-specific inhibitor partially reduced apoptosis in THP-1 cells, suggesting that the intrinsic
or mitochondrial pathway of apoptosis induction is functional in monocytes [101]. However,
apoptosis in monocytic THP-1 cells involved two mechanisms that were not shown to be
activated in other cell types. First, Stx1 treatment of THP-1 cells triggered the release of
Ca?* from intracellular stores leading to activation of calpain. Calpain may directly cleave
procaspase 8 and a calpain inhibitor partially protected cells from Stx1-induced apoptosis.
Second, Stx1 treatment of monocytic cells upregulated the expression of TRAIL and DR5,
suggesting that autocrine signaling through this ligand/death receptor pair may contribute to
apoptosis [41]. The capacity of Stxs to kill Gb3* myeloid leukemia cells holds promise for
the development of Stxs or engineered toxin chimeric proteins as chemotherapeutic agents
to treat cancer. The sensitivity of monocytic THP-1 cells to apoptosis induction by Stxs has
also been used to devise a high-throughput, flow cytometry-based assay for the detection of
functional toxins in contaminated foods at varying pH and temperature conditions [102].

Many of the apoptotic signaling molecules activated in monocytic THP-1 cells were also
activated in macrophage-like THP-1 cells, yet the differentiated cells survived initial
challenge with Stxs. Unlike monocytic cells, Stxs appeared to simultaneously activate pro-
and anti-apoptotic signaling cascades in macrophage-like cells [103]. Pro- and anti-apoptotic
signaling required toxin enzymatic activity. Unlike monocytic THP-1 cells, macrophage-like
cells acquired the ability to express soluble TNF-o and membrane TNFRs when stimulated
with Stxs. However, the cells were refractory to apoptosis mediated by TNF-a, and
treatment with antibodies directed against TNFRs or TNF-a prior to Stx1 treatment did not
alter the percentages of apoptotic cells. These data suggest that autocrine signaling through
the TNF-o/TNFR1 pathway does not contribute to Stx1-induced macrophage apoptosis. In
monocytic cells, the apoptosis inhibitors cellular inhibitor of apoptosis (clAP)-1 and clAP-2
were degraded beginning 12 h after Stx1 treatment, while apoptosis inhibitor levels were
slightly elevated or maintained in Stx1-treated macrophage-like cells. Differential signaling
that may be involved in the initial survival response of macrophage-like cells may include
the prolonged activation of stress-activated protein kinases JNK and p38 [65]. The capacity
to simultaneously trigger apoptotic and survival pathways is not unique to Stxs; ribotoxic
trichothecene mycotoxins expressed by Fusarium spp. also elicit coincident apoptosis and
survival signaling in macrophages [104].

Protein synthesis inhibition mediated by Stxs may lead to the increased accumulation of
improperly folded proteins within the ER lumen. Three sensors of misfolded proteins reside
within the ER membrane: the kinase PERK, the dual kinase/endoribonuclease inositol-
requiring enzyme-1 (IRE1) and the transcription factor ATF6. Following detection of
misfolded proteins, these sensors initiate intracellular signaling cascades, which may result
in decreased protein translation, although expression of select proteins, such as chaperones,
is maintained. Prolonged signaling through PERK, IRE1 and ATF6, due to a failure to clear
the ER lumen of misfolded proteins, may lead to apoptosis [105]. Stx enzymatic activity
may activate the ER stress response leading to apoptosis. Alternatively, holotoxin molecules
per se may be sensed as misfolded proteins. Lee et al. showed that Stx1 activates all three
ER stress sensors in toxin-sensitive monocytic THP-1 cells [41]. Downstream signals of ER
stress, phosphorylation of the translation initiation factor elF2a, increased expression of the
transcription factor CHOP and alternative splicing of X-box protein-1 mRNA, were
activated by Stx1 treatment. Protein and mRNA expression of the anti-apoptotic factor Bcl-2
was downregulated in monocytic THP-1 cells. By contrast, Stx1 treatment of differentiated,
macrophage-like THP-1 cells, which initially survive toxin challenge, activated the ER
stress sensors PERK and IREL, but failed to activate ATF6, and Bcl-2 expression remained
elevated in these cells [106]. Furthermore, Bcl-2 is phosphorylated and fails to translocate to
mitochondria following Stx1 treatment of macrophage-like THP-1 cells. The ability of Bcl-2
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to neutralize the pro-apoptotic Bcl-2 family members is known to be reduced by
phosphorylation and failure to translocate to mitochondria [57]. Thus, Bcl-2 is a key
regulator controlling the onset of apoptosis in response to toxin treatment, and cell
maturation appears to be correlated with a transient dissociation of ER stress signaling from
the downregulation of Bcl-2 expression. Stxs are not the only ABs5 toxins shown to activate
the ER stress response. Subtilase cytotoxin, a newly described protein toxin that may be
expressed by STEC and reportedly cleaves the ER chaperone binding immunoglobin
protein, also activates ER stress sensors [107].

In marked contrast to studies exploring apoptosis, studies using Stxs and human
polymorphonuclear neutrophils (PMNs) have focused on cell survival. PMNs normally have
short lifespans, on the order of 12-24 h. Liu et al. reported that Stx2 inhibits spontaneous
PMN apoptosis in a dose-dependent manner, increasing the time necessary to reach 50%
apoptosis from approximately 12 to 48 h [108]. A subsequent study did not support this
finding [109]; however, differences in the methods used to isolate human PMNs may affect
toxin binding to the cells [110,111]. The mechanism of prolonged survival of intoxicated
PMNs remains to be fully characterized, but appears to involve signaling through protein
kinase C [108] and the delayed activation of caspase-3 [111]. In contrast to murine, bovine
and porcine PMNs, human PMNSs do not express Gb3, yet Scatchard analysis estimated 2.1
x 10° toxin binding sites per human PMN, with binding sites possessing a lower toxin
binding affinity than that characterized for Gb3 [112]. Stxs appear to selectively bind mature
PMNs and retinoic acid-differentiated, granulocytic HL-60 cells [111]. Studies using
purified Stx1 A- and B-subunits showed that toxin binding to PMNs involved both subunits,
and the binding of Stx2 to human serum amyloid P appeared to facilitate Gb3-independent
binding to human PMNs [110].

Free Stxs have not been detected in plasma of patients with bloody diarrhea or HUS. Flow
cytometric analyses of human blood incubated with fluoresceinated Stxs ex vivo showed that
Stxs associated almost exclusively with PMNs and monocytes, and fluorescent Stxs could be
transferred from PMNSs to cytokine-activated endothelial cells expressing Gb3 in vitro
[111,112]. Clinical studies detected PMN-associated Stxs in the blood of HUS patients and
showed that PMN-associated Stxs persisted for an average of 5 days after the toxins were no
longer detectable in stool [113,114], a remarkable finding given the short lifespans of
PMNs. The influx of PMNSs into the lamina propria during the course of STEC infection
may provide a cell type for the hematogenous spread of the toxins. However, to successfully
employ the PMN as a “toxin carrier’, apoptosis would have to be delayed. Additional
mechanisms may be contributing to the prolonged presence of Stxs associated with PMNSs.
For example, Brigotti et al. have recently described interleukocytic transfer of Stxs from
senescent to nascent PMNS, suggesting that toxin persistence in the circulation may exceed
the lifespan of a single neutrophil [111]. Circulation of Stx-laden PMNs to tissues with Gb3-
rich microvascular beds would result in the transfer of the toxins from PMNs to target
endothelial cells. Experiments to characterize Gb3-independent binding of Stxs to PMNs
and toxin-mediated alterations in PMN cell signaling responsible for delayed spontaneous
apoptosis, remain to be performed. However, the data suggest, that inhibiting the apoptosis-
delaying action of Stxs for human PMNs may represent an approach to limit toxin
dissemination following bloody diarrhea.

The curious case of Burkitt's lymphoma cells

Germinal centers found in secondary lymphoid organs are sites of apoptosis. Germinal
centers are largely comprised of centroblasts, Gb3* B-cells undergoing rapid proliferation in
response to antigen stimulation. Centroblasts are subjected to a mutational program called
somatic hypermutation that introduces point mutations in rearranged immunoglobulin gene
segments encoding the antigen-binding sites of membrane-bound immunoglobulins. The
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result of many of the point mutations will be B-cell clones with reduced affinity for antigen,
and these cells are destined to undergo apoptosis. Burkitt's lymphoma (BL) cells are thought
to represent transformed counterparts of normal centroblasts, sharing the properties of high
membrane Gb3 expression and low expression of the anti-apoptotic factor Bcl-2. The
observation that Stx binding to Gb3 recruits Src family kinases and Ig p-heavy chains to
lipid rafts in BL cells [24] suggests that Gb3 may be a necessary signaling molecule for
apoptosis induction of centroblasts undergoing negative selection for loss of antigen
reactivity. Thus, one could consider BL cells as ‘primed’ for apoptotic cell death. As would
be expected of Gh3* cells, BL cells are killed when incubated with Stxs. Apoptosis
induction was rapid; treatment of BL Ramos cells with Stx1 resulted in an approximate 50%
reduction in cell viability in 9 h [115]. Apoptosis involved the early activation of caspase 8,
followed by caspase 7 and 3 activation. Caspases 1, 2, 4, 5, 6 and 9 were reported not to be
involved in apoptotic signaling. Use of a caspase 3 inhibitor resulted in only partial
protection of the BL Ramos cell line from Stx1-induced apoptosis, suggesting that caspase-
independent mechanisms may contribute to cell death. Stx1-mediated apoptosis did not
appear to involve signaling through Fas or TNFRs.

What makes BL cells most interesting is that multiple signaling mechanisms appear to
contribute to Stx-induced apoptosis. BL cells are killed when incubated with holotoxin, but
are also killed when exposed to purified Stx B-subunits or immaobilized anti-Gb3 antibodies,
thereby dissociating cell death by toxin enzymatic activity from cell death induced by Gh3
cross-linking. Tétaud et al. examined apoptosis induction in several BL cell lines [116].
Gb3* Ramos and BL2 cells were sensitive to apoptosis induction by Stx1 or anti-Gb3
antibody treatment, while the Gb3* cell line P3HR1 failed to undergo apoptosis when
treated with Stx1 but was still sensitive to killing by anti-Gb3 treatment. Treatment of toxin-
sensitive Ramos cells with Stx1 resulted in the rapid (within 2 h) cleavage of procaspase 8
and PARP, and loss of mitochondrial membrane potential. Caspase 8 activation occurred
upstream of effects on mitochondrial membranes, as treatment with a caspase 8-specific
inhibitor protected Ramos cells from mitochondrial membrane depolarization. Stx1
treatment of toxin-resistant P3HR1 cells failed to cleave procaspase 8 or PARP, and
mitochondrial membrane potential was not disrupted. The induction of apoptosis by anti-
Ghb3 antibody was caspase 8- and 3-independent in both toxin-sensitive Ramos cells and
toxin-resistant P3HRL1 cells. Interestingly, anti-Gb3 antibody treatment induced modest
changes in mitochondrial membrane potential in P3HR1 cells but failed to alter
mitochondrial membranes in Ramos cells, even though both cell lines were sensitive to
killing by toxin receptor cross-linking. The generation of reactive oxygen species was
critical in apoptosis induced by antibody-mediated Gb3 cross-linking, as antioxidants
protected BL cells from cell death. In contrast, antioxidants did not protect toxin-sensitive
BL cells from Stx1. A recombinant Stx1 B-subunit engineered to express an ER-specific
glycosylation site was transported to the ER in both toxin-sensitive and toxin-resistant BL
cell lines, suggesting that retrograde transport of B-subunits to the ER was not sufficient to
induce apoptosis.

An important caveat in interpreting experiments using BL cells in apoptosis experiments is
the characterization of the cells. BL cell lines are categorized based on the maintenance of
centroblast-like properties during cell passage. Group 1 BL cells, which are Gb3*, Bcl-2!oW,
are readily induced to undergo apoptosis by signals such as Gb3 cross-linking by Stx1 B-
subunits or anti-Gb3 antibodies, or by antigen receptor cross-linking by anti-migM
antibodies. At high passage numbers, some BL cells may undergo ‘phenotypic drift’
associated with changes in the expression of Epstein—Barr virus-encoded genes, so that
membrane Gb3 expression is reduced and Bcl-2 expression is upregulated. At high passage
numbers, these cells are less susceptible to apoptosis induction by Stx1 B-subunits and anti-
mlgM. Gordon et al. found that low passage number group 1 BL cells transfected with
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plasmids encoding Bcl-2 or Bcl-X , or cultured in the presence of soluble CD40L, were
protected from killing by Stx1 B-subunits or anti-lgM antibodies, but not from killing by
Stx1 holotoxin [117]. Therefore, delivery of functional toxins appears to overcome the pro-
survival signaling of Bcl-2 family members and CD40L. In summary, the data suggest that
Stxs signal apoptosis in Gh3™ BL cells through caspase 8 and 3 activation, and changes in
mitochondrial membrane potential, similar to apoptosis induction pathways defined in other
cell types. However, simply cross-linking Gb3 induces apoptosis in BL cells via a caspase
8/3-independent, oxidative stress-dependent pathway that may or may not involve changes
in mitochondrial membrane potential. Signaling for apoptosis triggered by receptor cross-
linking is circumvented by Bcl-2 or Bcl-X|_ expression, while the holotoxin overcomes the
protective effects of anti-apoptotic Bcl-2 proteins.

Animals have been employed to model Stx-mediated neuropathogenesis. Similar to some
humans infected with STEC, rabbits develop CNS microvascular thromboses with focal
hemorrhages and edema as well as convulsions and paralysis following toxin administration
[118]. Mice primarily develop hindlimb paralysis and lethargy as a consequence of
intoxication [119]. Electron microscopy of brain lesions in rabbits given intravenous Stx2
showed damage to ependymal cells of the third ventricles, and the use of intravenously
injected tracers showed that Stx2 administration disrupted the blood—brain and CSF-brain
barriers. Immunoelectron microscopy studies of brain tissues demonstrated the presence of
Stx2 in edematous capillary endothelial cells, ependymal cells and in myelin sheaths [118].
However, in addition to mediating vascular damage, the administration of Stx2 to rabbits via
intravenous or intrathecal routes resulted in neuronal damage in the CNS characterized by
atrophy, chromatin condensation and nuclear pyknosis [120]. Immunohistochemical
techniques were used to verify the ability of Stx2 to cause neuronal apoptosis in rabbits
[121]. Early in the course of disease, TUNEL* neurons in the dentate gyrus of the
hippocampus and granular layers of the cerebellum were noted. Later in the disease,
occasional apoptotic neurons were noted in the basal ganglia, thalamus and cerebral cortex.
Apoptosis of glial cells within the pons and endothelial cells of cerebral capillaries was also
detected. Interestingly, apoptosis in the rabbit CNS did not correlate with the localization of
Gb3. Toxin receptor was primarily limited to endothelial cells comprising small blood
vessels in the spinal cord gray matter and, to a lesser extent, to blood vessels in spinal cord
white matter, root ganglia and brain parenchyma. Gb3 was not detected on microglial cells
or neurons. Prior to the onset of neurological symptoms, microglial cell activation was noted
in ischemic neural tissues, and proinflammatory cytokine expression was upregulated in all
regions of the brain and spinal cord examined. These results led to speculation that Stxs may
indirectly trigger neuronal apoptosis via a mechanism involving the focal induction of
cytokine expression [121]. Stxs may directly activate Gb3™ microglia via an unknown
mechanism, but activation may be indirect as endogenously generated thrombin has been
shown to induce TNF-a, IL-1B, IL-6, inductible nitric oxide synthase and cyclooxygenase-2
expression by microglial cells [122]. Thus, Stx-induced thrombotic microangiopathy may
activate microglial cells, which in turn produce proinflammatory mediators. The localized
production of TNF-a and IL-1B may not only activate genes involved in Gb3 biosynthesis
leading to increased vascular damage, but may also activate programmed cell death in
neuronal cells.

The mouse has been extensively used as an animal model for Stx-mediated renal damage.
However, the location of Gb3 in the mouse CNS is controversial. Ren et al. used
immunohistochemical techniques in a comparative analysis of toxin receptor expression in
dorsal root ganglia of humans, rabbits, mice and rats [123]. Human and rabbit sensory
neurons expressed Gb3 while galactosyl-globotriaosylceramide was detected on rodent
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sensory neurons. Only human and rabbit CNS capillary endothelial cells expressed Gb3. In
contrast to these studies, Okuda et al. detected the presence of “low, but definite” Gb3
expression by microvascular endothelial cells of the mouse brain cortex and pia mater [124].
Using immunofluorescent microscopy, Obata et al. showed that CD31-reactive endothelial
cells in murine nervous tissues were Gb3~ while neurons in the CNS and peripheral nervous
tissues were Gb3* [125]. Gross histopathology revealed no major changes in murine CNS
tissues following toxin administration. However, electron microscopy of lumbar spinal cord
samples prepared from moribund Stx2-treated mice exhibited increased association of
microglial cells with neurons and the formation of microglial processes, which appeared to
intrude on synapses. As is the case for experiments employing rabbits to study neuronal
apoptosis, studies to examine the mechanistic aspects of Stx signaling leading to direct or
indirect apoptosis of rodent neurons are needed.

Role of Stx-induced apoptosis in disease

Apoptosis was noted in tubular epithelial cells in mice fed an Stx2-producing E. coli
0157:H7 strain, although scant glomerular fluorescence (one—two TUNEL™* nuclei per
glomerulus) was detected. Mice fed a nontoxigenic E. coli O157:H7 strain showed TUNEL*
cells in renal specimens, but the apoptotic cells appeared to be infiltrating inflammatory
cells rather than renal cells [126]. Clinical studies of human HUS cases revealed extensive
damage to glomeruli and evidence of damage to renal tubular epithelial cells, including
pyknotic nuclei and sloughing of cells into tubule lumina. TUNEL staining performed on
renal cortical tissues from HUS cases revealed apoptotic nuclei localized to tubular
epithelial cells as well as cells within glomeruli [126]. Renal biopsies from seven HUS cases
were subjected to a dual staining protocol combining the TUNEL assay with measurement
of the loss of an RNA splicing factor [127]. This study confirmed a role for apoptosis in
HUS in glomeruli and renal tubules. Despite the fact that neurological complications are a
major prognostic indicator of poor outcome [51], the relevance of animal studies
demonstrating a role for Stx-induced neuronal apoptosis in human disease remains to be
explored. Clinical studies measuring delayed apoptosis of PMNs isolated from HUS patients
have confirmed the results of in vitro experiments using freshly isolated PMNs. HUS
disease severity appears to be correlated with markers of PMN deactivation, that is, reduced
expression of CD11b, CD66 and myeloperoxidase, and reduced respiratory burst in response
to PMA treatment [128]. Thus, Stxs may not only delay apoptosis, but also affect PMN
function in humans.

Role for Stx-induced apoptosis in the treatment of cancer

Tumor cells frequently possess alterations in programmed cell death pathways that render
the cells resistant to apoptosis induction. The evidence that Stxs induce apoptosis in
transformed cells has led to the examination of the toxins as potential anticancer
chemotherapeutic agents. Johansson et al. demonstrated extensive variability in breast
cancer cell lines for apoptosis induction by Stx1 in vitro [129]. Sensitivity was directly
correlated with Gb3 expression, and use of the drug PPMP, which downregulates
glucosylceramide production, inhibited Stx1-mediated apoptosis as assessed by TUNEL
staining. In the Gb3* breast cancer cell line T47D, apoptosis induction by Stx1 was
associated with activation of caspases 8, 9 and 3, and activation (phosphorylation) of the
stress-activated protein kinases JNK and MAPK kinase (MKK)3/6. Immunohistochemical
detection of Gb3 in cryostat sections of 25 breast cancer tissues revealed Gh3 expression
primarily in arterioles and small arteries; Gb3 was detected in tumor cells in 17 of the 25
specimens. These data suggest that Stxs may not only be directly cytotoxic for tumor cells,
but may also disrupt the extensive vascular network established in some tumors. Many Gh3*
tumors have been shown to be highly aggressive and refractive to antineoplastic therapy.
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The single intratumor injection of Stx1 into athymic nude mice harboring a Gb3* human
malignant meningioma dramatically improved survival and increased apoptosis from a
constitutive level of 4.3% TUNEL™ cells to 51% TUNEL" cells within the tumor xenograft
[130].

The possibility that Stxs may mediate protein synthesis inhibition and apoptosis in normal
cells constitutes a concern for the use of the holotoxin as an anticancer agent. Since toxin
binding and retrograde transport are primarily functions of the Stx B-subunits, the toxic A-
subunit could be dissociated from the holotoxin, and chimeric proteins comprising
antineoplastic agents linked to the B-subunits created to deliver the drugs to cancer cells.
Viels et al. used whole-body imaging to show that Cy5-labeled Stx B-subunits specifically
home to Gbh3* human colorectal carcinoma cells xenografted in nude mice, with fluorescent
signal being detected up to 7 days after intravenous injection [131]. The investigators used
confocal microscopy with an HT29 human colon cancer cell line engineered to express the
green fluorescent protein to show that Cy5-labeled Stx B-subunit expression co-localized to
green fluorescent protein-positive xenograft cells. Studies were also carried out with Cy5-
Stx B-subunits and antibodies directed against CD11b (expressed on granulocytes and
monocytes) and CD34 (expressed on vascular endothelial cells) to show that the B-subunit
co-localized with inflammatory cells and blood vessels within the xenograft. Thus, Stx B-
subunits coupled to chemotherapeutic agents may be effective in reducing inflammation and
angiogenesis associated with tumors.

Conclusion

Are conserved mechanisms of apoptosis induction by Stxs beginning to emerge? Consistent
features of apoptosis induction appear to be the necessity of transporting active holotoxin to
the ER and the subsequent disruption in the balanced expression of pro- and anti-apoptotic
Bcl-2 proteins. Not only is the ER the site of toxin retrotranslocation, it is also the screening
site for proper folding and glycosylation of host proteins destined to be secreted or
translocated to membranes. Truncated host proteins produced by intoxicated cells and/or Stx
Al-fragments unfolding during retrotranslocation may activate the ER stress response. The
prolonged activation of the transcriptional regulator CHOP appears necessary for the
diminished expression of the anti-apoptotic protein Bcl-2. The cleavage of Bid would further
shift the balance toward the pro-apoptotic state. Other members of the Bcl-2 family of
proteins, such as Mcl-1, may be inactivated by proteolysis.

Additional conserved features of apoptosis induction by Stxs are the rapid activation of
caspase 8 and activation of the mitochondrial pathway. The link between caspase 8
activation and mitochondrial membrane disruption appears to be caspase 8-mediated
cleavage of Bid. However, cytochrome c release and apoptosome formation do not appear to
be essential in killing as this pathway was neutralized in HeLa cells. How is caspase 8
rapidly activated by Stxs so as to initiate apoptosis? The data suggest that Stxs activate
caspase 8 through multiple mechanisms, signaling through TRAIL-DRS5 ligation in myeloid
cells, the degradation of the caspase 8 inhibitor c-FLIP|_in endothelial cells. However, while
Stx1 treatment may trigger increased expression of TRAIL, DR5 and putative c-FLIP_
inhibitors, the time necessary for transcriptional/translational activation would appear to
preclude a role for these pathways in rapid caspase 8 activation. The rapid response suggests
that Stxs may initiate apoptotic signaling events directly from the ER. B-cell receptor-
associated protein 31 (BAP31) is an ER membrane protein that tethers procaspase 8 to the
cytoplasmic face of the ER [132]. Following caspase 8 activation, BAP31 is cleaved and
induces mitochondrial fission and cytochrome c release [133]. It would be interesting to
determine if the rapid induction of apoptosis by Stxs involves BAP31 cleavage and
activation of caspase 8 associated with the ER membrane. Src tyrosine kinases
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phosphorylate caspase 8 [134]. Given the capacity of Stxs to signal through Src family
members, one might speculate that caspase 8 is phosphorylated following Stx treatment,
thereby altering its apoptosis inducing functions.

Other signaling pathways contributing to apoptosis induction remain to be explored. Stxs
activate caspase 6 in epithelial and monocytic cells. caspase 6 may then directly cleave
procaspase 8, thereby establishing an amplification loop for caspase 8 activation. Caspase 8
may associate with the death effector domain-containing (DEDD) proteins DEDD and
DEDD? to translocate into the nucleolus, and nucleolar translocation of the complex signals
caspase 6 activation and apoptosis [135]. It is not known if Stxs trigger DEDD/DEDD2
translocation, but toxin B-subunits bind the nucleolar protein B23 and accumulate in
nucleoli in human macrophages [40]. Increased TRAIL and DR5 expression has been
implicated in Stx-induced apoptosis of THP-1 cells. Signaling through death receptors
leading to DISC formation and caspase 8 activation requires that death receptors be
internalized in a lipid raft- and clathrin-dependent manner (reviewed in [136,137]). Thus, as
was the case for toxin internalization and retrograde transport, Stx-induced signaling for
apoptosis may be dependent upon the nature of the target cell membrane. Interpretation of
data on the role of caspase 8 in activating apoptosis is complicated by the fact that an
alternative splicing event introduces a 136-bp insertion between exons 8 and 9 of caspase 8
mRNA. The alternatively spliced mMRNA encodes a stop codon, producing a truncated
protein called caspase 8L. Caspase 8L binds to DISC formed at death receptors but lacks
enzymatic activity. Thus, caspase 8L negatively regulates apoptotic signaling [134]. It
would be interesting to determine if resistance to Stx-induced apoptosis, for example in
P3HR1 BL cells, or delayed onset of apoptosis, for example in macrophage-like THP-1
cells, is associated with alternative caspase 8 mMRNA splicing.

Finally, it appears that a conserved feature of direct Stx-induced apoptosis is the lack of
signaling through Fas or TNFR1. Genotoxic stress, such as Stx-induced DNA damage, may
trigger procaspase 8 cleavage in a death receptor-independent process. For example, the
cytotoxic drug paclitaxel induced apoptosis of transformed B-lymphoid cells, which was
initiated by the mitochondrial pathway leading to caspase 8 activation in the absence of
death receptor ligation. Release of cytochrome c led to sequential activation of caspases 9, 3
and 8, and to Bid cleavage, establishing an autoamplification loop and resulting in apoptosis.
Paclitaxel-induced apoptosis and caspase activation were inhibited by overexpression of
Bcl-X | showing that mitochondrial perturbation preceded caspase 8 activation. Paclitaxel
triggered caspase 8 activation in cells stably transfected with a dominant negative FADD
mutant lacking the N-terminal death effector domain showing that apoptotic signaling was
CD95/Fas independent [138]. Other proteases, such as granzyme B, have been reported to
activate caspase 8, although it is not known if Stxs induce granzyme B expression or release.
In addition to proteolysis, evidence has been presented that the simple dimerization of
procaspase 8 may be sufficient to trigger activation. Dimerization of a protease-resistant
procaspase 8 mutant produced a protease with enzymatic activity identical to the wild-type
caspase 8 heterotetramer [139]. Whether Stxs are capable of activating protease-independent
mechanisms of caspase 8 activation remain to be explored.

Future perspective

Shigella dysenteriae serotype 1 and STEC have evolved mechanisms to modulate
programmed cell death. Much work remains to be done to understand the role of Stxs in this
process. Apoptosis caused by Stxs does not appear to be a critical factor in the initiation of
disease. The toxins translocate across Gb3- intestinal epithelial barriers without cell
destruction. Experiments to clarify the mechanisms of toxin transport are needed. Bovine
Gb3* crypt cells bind, internalize and degrade toxins; whether a similar response is

Future Microbiol. Author manuscript; available in PMC 2011 January 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Tesh

Page 19

operative in human crypt cells remains to be characterized. The role, if any, of Paneth cells
in the host response to Stxs is unknown. The inflammatory response elicited by pathogen
invasion or colonization may provide a cellular toxin transporter, and apoptosis of the carrier
cell may be suppressed. The mechanism(s) by which Stxs shift the balance of pro- and anti-
apoptotic signaling to favor PMN survival are not well understood.

In contrast to the intestinal epithelial barrier, vascular endothelial cells and renal tubular
epithelial cells express Gb3 and undergo apoptosis following intoxication. A limited number
of clinical studies of HUS cases verify glomerular and renal tubular apoptosis in situ. The
development of therapeutic agents that neutralize Stx signaling for apoptosis may spare the
kidney and improve the outcome of renal disease caused by the toxins. Studies are needed to
clarify the role of the innate immune response in apoptosis. Apoptosis induction for some
cell types may be indirect, that is, the capacity of Stxs to elicit the expression of
proinflammatory cytokines may sensitize cells to apoptosis mediated by host response
factors or other microbial products. Stx-induced chemokine production may also indirectly
contribute to apoptosis by signaling an inflammatory cell infiltrate in damaged tissues.
Rabbit neurons appear to be susceptible to Stx-induced apoptosis; however, clinical studies
linking apoptosis with CNS complications in humans are lacking. Stx signaling for apoptosis
frequently involves the early activation of caspase 8, the activation of the mitochondrial
pathway and an alteration in the balance of expression of Bcl-2 family members. However,
many details on apoptotic signaling pathways initiated by Stxs remain to be clarified.

Executive summary
Shiga toxins

e  Shiga toxins (Stxs) are a family of genetically and functionally related
cytotoxins expressed by enteric pathogens.

e  Stxs inhibit protein synthesis by altering ribosomes.

e  Stxs are encoded by bacteriophages, which disseminate the genes in Escherichia
coli.

Interaction of Stxs with host cells

e  Expression of the membrane glycolipid globotriaosylceramide (Gb3) is essential
for toxin binding and internalization. Toxin binding to Gb3 triggers membrane
invagination and activates protein kinase pathways.

e Following internalization, toxins are routed to the endoplasmic reticulum (ER)
in a process called retrograde transport. The expression of Gb3 isoforms with
long-chain, unsaturated fatty acids in association with lipid rafts facilitates
retrograde transport.

e Toxin Al-fragments possessing enzymatic activity may use the ER-associated
degradation pathway to enter the cytosol, and in the process, activate the
ribotoxic and ER stress responses.

Diseases caused by Stx-producing bacteria

e  Stx-producing bacteria cause bloody diarrheal diseases, which may progress to
life-threatening extraintestinal complications. The kidneys and CNS are the
organs most frequently involved.

e Hematogenous spread of Stxs is responsible for renal and CNS damage.

Apoptosis
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» Apoptosis is a form of cell death that ensues following activation of intracellular
signaling pathways.

e The two major mechanisms of apoptosis induction are extrinsic or death
receptor-mediated and intrinsic or mitochondrial-mediated pathways.

Stx-induced apoptosis

»  Stxs induce apoptosis in epithelial, endothelial, myeloid and lymphoid cells in
vitro and appear to induce apoptosis in rabbit neurons in vivo.

* Human intestinal epithelial cells are Gb3 deficient, and Stxs are transported
across intestinal epithelial barriers using transcytotic or paracellular
mechanisms. Mechanisms of toxin transmural transport are poorly defined.

»  Many human epithelial and endothelial cells express Gb3 and are sensitive to
Stx-induced apoptosis. Apoptosis induction involves activation of both extrinsic
(caspase 8, 6 and 3 activation) and intrinsic (truncated BH3-domain-containing
protein [tBid] generation, cytochrome c release, caspase 9 activation) pathways.
Alterations in the balanced expression of pro- and anti-apoptotic Bcl-2 family
members also contribute to apoptosis induction.

e Stxs may indirectly induce apoptosis by inhibition of normal cell cycling,
induction of proinflammatory and apoptosis-related gene expression, and
attracting and activating cells capable of expressing apoptosis-inducing factors.

»  Primary human monocytes express low levels of membrane Gb3 and route Stxs
to lysosomal compartments. Human myeloid leukemia cells express Gb3 and
extrinsic and intrinsic pathways of apoptosis induction are activated. Additional
mechanisms of apoptosis induction operative in myeloid cells include the
release of Ca2* stores to activate calpain, and increased expression of TRAIL
and DR5.

»  Human polymorphonuclear neutrophils (PMNs) are Gb deficient, yet bind to
Stxs via uncharacterized receptor(s). Toxin binding to PMNs is associated with
delayed spontaneous apoptosis. PMNs are proposed to act as toxin ‘carriers’ to
Gb3-rich microvascular beds, although further studies to support this model are
needed.

»  Two separate apoptosis signaling pathways have been described in Burkitt's
lymphoma cell lines: one requires holotoxin and the other is mediated by Gb3
cross-linking.

e Studies on Stx-induced neuron apoptosis are limited and mechanisms of
apoptosis induction largely uncharacterized. Microglial cell activation and the
localized production of cytokines may contribute to apoptosis in the CNS.

Role of Stx-induced apoptosis in disease

* A limited number of clinical studies have shown apoptotic renal tubule and
glomerular cells in hemolytic uremic syndrome kidney specimens. The role of
apoptosis in CNS disease is unknown.

Role for Stx-induced apoptosis in the treatment of cancer

e  Stxs may be developed as cytotoxic agents to induce apoptosis of tumor cells,
targeting Gb3* tumor cells or inflammatory and vascular cells associated with
tumors.

Conclusion
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e Conserved features of Stx-induced apoptosis include: routing active toxin to the
ER where prolonged signaling through the ribotoxic and ER stress responses
may activate apoptosis; alterations in the balanced expression of pro- and anti-
apoptotic Bcl-2 proteins; rapid activation of caspase 8, which, in turn, activates
both caspase-dependent and mitochondrial-dependent apoptotic signaling
pathways; and lack of signaling through Fas and TNFRs to trigger apoptosis.

e Disruption of Stx-induced apoptosis may represent a therapeutic target to
ameliorate tissue damage caused by Stxs.
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Figure 1. Ribbon diagram of Shiga toxin

The enzymatic A-subunit (yellow) noncovalently associates with a pentameric ring of
receptor-binding B-subunits. Following toxin internalization and proteolysis of the A-
subunit by furin or calpain, a disulphide bond between C242 and C261 links the Al- and
A2-fragments. Reproduced with permission from [3].
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Figure 2. Retrograde transport of Shiga toxins

Following toxin internalization via clathrin-dependent or clathrin-independent mechanisms,
holotoxin within an early endosome is routed to the TGN, through the cis-, medial- and
trans-cisternae of the Golgi apparatus, to the ER. In the process, the A-subunit is nicked at a
single site but the Al- and A2-fragments remain associated via a disulphide bond.
Translocation of the enzymatically active Al-fragment into the cytoplasm occurs in the ER.
ER: Endoplasmic reticulum; TGN: trans-Golgi network.

Reproduced with permission from [1].
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Figure 3. Shiga toxin-induced apoptotic signaling pathways in monocytic THP-1 cells
Following toxin internalization, caspase 8 is rapidly activated, which in turn triggers
caspase-dependent and mitochondrial-dependent apoptotic signaling cascades. Caspase 8
may directly activate caspase 3, which in turn may activate caspase 6 to create an
amplication loop for activation of the executioner caspase. Caspase 8 also cleaves Bid. tBid
molecules translocate to mitochondria and facilitate the release of cytochrome c. With dATP
and Apaf-1, cytochrome ¢ forms the apoptosome, leading to sequential activation of
caspases 9 and 3. Apoptotic signaling requires the retrograde transport of holotoxin to the
ER.

bid: BH3-domain-containing protein; ER: Endoplasmic reticulum; Gb3:
Globotriaosylceramide; Stx: Shiga toxin.

Adapted with permission from [101]; © American Society for Microbiology.
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Table 1

Shiga toxin variants and disease progression

Toxin Amino acid homology (%)  Disease progression®
Stx1 - D — HC — HUS
Stxlc (A) 97; (B) 95 D — HC — HUS
Stx1d (A) 93; (B) 92 D

Stx2 - D — HC — HUS
Stx2c (A) 100; (B) 97 D — HC — HUS
Stx2c2 (A) 100; (B) 97 D

Stx2d (A) 99; (B) 97 D

Stx20yctivaable  (A) 99; (B) 97 D — HC — HUS
Stx2e (A)93; (B) 84 D

Stx2f (A) 63; (B) 57 D

Page 33

T% amino acid sequence homology of (A) A-subunits and (B) B-subunits of Stx1 variants vs Stx1 or Stx2 variants vs Stx2. Data derived from

[140-145].

¢Adapted from [22].

D: Diarrhea; HC: Hemorrhagic colitis; HUS: Hemolytic uremic syndrome; Stx: Shiga toxin.
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