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Shiga toxins are a family of genetically and structurally re-
lated toxins that are the primary virulence factors produced
by the bacterial pathogens Shigella dysenteriae serotype 1
and certain Escherichia coli strains. The toxins are multi-
functional proteins inducing protein biosynthesis inhibition,
ribotoxic and ER stress responses, apoptosis, autophagy, and
inflammatory cytokine and chemokine production. The regu-
lated induction of inflammatory responses is key to minimi-
zing damage upon injury or pathogen-mediated infections,
requiring the concerted activation of multiple signaling path-
ways to control cytokine/chemokine expression. Activation
of host cell signaling cascades is essential for Shiga toxin-
mediated proinflammatory responses and the contribution
of the toxins to virulence. Many studies have been reported
defining the inflammatory response to Shiga toxins in vivo
and in vitro, including production and secretion of tumor
necrosis factor alpha (TNF-a), interleukin-1p (IL-1p), mac-
rophage inflammatory protein-la/f (MIP-1a/f), macro-
phage chemoattractant monocyte chemoattractant protein
1 (MCP-1), interleukin 8 (IL-8), interleukin 6 (IL-6), and
Grof. These cytokines and chemokines may contribute to
damage in the colon and development of life threatening
conditions such as acute renal failure (hemolytic uremic
syndrome) and neurological abnormalities. In this review,
we summarize recent findings in Shiga toxin-mediated in-
flammatory responses by different types of cells in vitro and
in animal models. Signaling pathways involved in the infla-
mmatory responses are briefly reviewed.
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Introduction

Shiga toxin (Stx) is an exotoxin secreted by Shigella dysen-
teriae serotype 1. Both the genus name Shigella and the
toxin are named after the Japanese bacteriologist Kiyoshi
Shiga who first identified the microorganisms as the cause of
inflammatory dysentery or bloody diarrhea in 1897 (Trofa
et al., 1999). All members of the Shigella species are Gram-
negative, non-motile, rod-shaped, invasive, and facultative
intracellular pathogens. Genomic analysis has revealed that
the Shigella spp. are very closely related to Escherichia coli.
Only Shigella dysenteriae serotype 1 has been reported to
express Shiga toxin. Recently, select serotypes of E. coli, col-
lectively referred to as Shiga toxin-producing E. coli (STEC),
have been shown to express one or more toxins that are ge-
netically and structurally related to Shiga toxin (Gyles, 2007).
Shigella dysenteriae serotype 1 and STEC are major public
health concerns in the developed and developing countries.
Infections with Shigella dysenteriae serotype 1 (termed shi-
gellosis) and STEC may result in bloody diarrhea and the
subsequent development of life threatening sequelae, inclu-
ding acute renal failure and neurological abnormalities such
as seizures, paralysis, blindness, and death (Proulx and Tesh,
2007). Infections with Shiga toxin-producing bacteria are still
a significant cause of morbidity and mortality. Annually in
the U.S., E. coli serotype O157:H7 is estimated to cause 63,153
cases of illness and STEC of serotypes other than O157:H7
cause 112,752 cases (Scallan et al., 2013).

Upon infection with STEC or Shigella dysenteriae serotype
1, multiple clinical outcomes may follow including hemor-
rhagic colitis and systemic extra-intestinal complications
involving the kidneys and central nervous system (CNS).
In many cases, the activation of innate immunity with the
elicitation of an inflammatory response has been observed.
In particular, pro-inflammatory cytokine production in re-
sponse to Shiga toxins is a topic of interest and has been
studied by many investigators using in vitro and animal
models (Ramegowda and Tesh, 1996; Harrison et al., 2004;
Keepers et al., 2006; Lentz et al., 2011; Mohawk and O’Brien,
2011; Stearns-Kurosawa et al., 2013). The activation of the
innate immune response is critical for the elimination of
infectious agents and toxins, leading to healing or regene-
ration of damaged tissues. Tissue healing may include the
activation of cell survival and apoptotic signaling cascades.
The inflammatory response which may ensue following the
successful recognition of “danger signals” such as bacterial
cell membrane components, toxins, flagella, or viral RNA



and DNA, is mediated in part by the increased synthesis
and release of low molecular weight (glyco)proteins, collec-
tively termed cytokines (Horvath et al., 2011; Kumar et al.,
2011; Franchi et al., 2012). Cytokines are essential for cell-
to-cell communication regulating the initiation, maintenance,
and resolution of innate immunity, and generally act at short
distance and at low concentrations in autocrine, paracrine
or endocrine fashion. Usually, cytokines act by binding to
specific membrane receptors, which in turn, signal via second
messengers, often tyrosine kinases, to alter gene expression.
Physiological responses to cytokines may include increasing
or decreasing expression of membrane proteins (e.g., regu-
lation of the cytokine receptors that initiated the response),
cell proliferation, and the de novo synthesis and secretion
of a large number of additional cytokines that may further
enhance or diminish inflammation. The successful orches-
tration of inflammation leads to alterations in cellular physi-
ology that mediate wound healing and pathogen elimination.
However, excessive inflammation may lead to deleterious
effects and is linked to several diseases such as rheumatoid
arthritis, Crohn’s disease, and septic shock (Moritz et al.,
2005; Ezri et al., 2012).

Shigella dysenteriae serotype 1 expresses Stx, while STEC
may express one or more related toxins. The toxins expressed
by STEC are categorized into two toxin types depending on
their antigenic and genetic relationship to Stx. Shiga toxin
type 1 (Stx1) is essentially identical to Stx, while Shiga toxin
type 2 (Stx2) displays approximately 56% sequence homol-
ogy to Stx/Stx1 at the deduced amino acid sequence level
(Strockbine et al., 1986; Jackson et al., 1987). All members
of the Shiga toxin family are ribosome-inactivating pro-
teins with an ABs molecular structure; that is, all the Shiga
toxins contain one large monomeric A subunit in non-co-
valent association with a homo-pentameric B subunit. The
toxin A subunit is responsible for an N-glycosidase activity
that cleaves a single adenine residue from the 28S rRNA
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subunit of eukaryotic ribosomes, thereby inhibiting protein
biosynthesis. The toxin pentameric B-subunit is essential
for binding to target cells expressing the toxin receptor, the
membrane glycolipid globotriaosylceramide (Gbs) (reviewed
in Tesh, 2012). Following membrane binding to Gbs, Stxs
are internalized and routed within the cell in a retrograde
manner to reach the endoplasmic reticulum (ER) lumen.
Furin or a furin-like protease cleaves the toxin A-subunit
to produce the enzymatically active Al-fragment which is
then delivered across the ER membrane into the cytoplasm.
The Al-fragment possesses the N-glycosidase activity that
cleaves a single adenine residue from the a-sarcin/ricin loop
within the 28S rRNA component of eukaryotic ribosomes
(Endo et al., 1988; Sandvig and Van Deurs, 2002; Lord et al.,
2005; Johannes and Romer, 2010). While numerous studies
have been carried out to characterize the mechanism of ac-
tion and intracellular trafficking of Shiga toxins, only more
recently studies have been initiated to define the inflam-
matory response to Stxs in vitro and in vivo. Furthermore,
the contribution of the innate immune response in damage
to the colon and the development of potentially fatal com-
plications such as the hemolytic uremic syndrome (HUS)
remains to be fully explored. This review presents recent fin-
dings on immune responses triggered by Stxs and provides
the context to understand pro-inflammatory cell signaling
mechanisms behind the toxin-mediated disease progression.

Inflammatory response to Shiga toxins

An inflammatory response consists, in part, of synthesis
and release of cytokines and chemokines by immune cells,
following recognition of danger signals such as bacterial
membrane components, toxins, or flagella to eliminate patho-
gens and/or induce wound healing. However, excess inflam-
mation may lead to deleterious effects, such as septic shock
and multiple organ failure (Gustot, 2011; Girardis and Cos-
sarizza, 2013). In 1996, Raqib et al. (1996) showed that levels

Fig. 1. Summary of Stxs-activated translational
signaling pathways by which the ribotoxic stress
induces proinflammatory cytokine regulation.
Following retrotranslocation of Stx A-subunit
across the ER membrane through Golgi appa-
ratus, the depurination reaction involving a cri-
tical adenine residue within the a-sarcin/ricin
loop of the 28S rRNA ribosomal subunit induces
ribotoxic stress response to the toxin, rendering
host ribosome inactive. Conformational changes
of the intoxicated ribosome may be recognized
by the stress-activated MAPKs. Stxs appear to
be capable of activating host mitogen-activated
kinases (p38 MAPK isoforms and ERKs) by
phosphorylations. Both p38 and ERK are the
upstream molecules for the activation of MAP-
kinase signal-integrating kinase 1 (MnK1), which
sequentially phosphorylates eIF4E. Transducing
signal from PI3K/Akt/mTOR pathway activated
by Stxs leads to phosphorylation of 4E-BP 1 to
recruit 5° capped mRNAs to host ribosomes.
Ultimately, these two phosphorylating events
may regulate cytokine/chemokine gene expre-
ssion at transcriptional level and post-transcrip-
tional level for the proinflammatory response
to induce innate immunity.
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of TNF-q, IL-1f, IL-6, IL-8, and GM-CSF directed into the
stool are significantly higher in Shigella dysenteriae sero-
type 1-infected patients compared to patients infected with
S. flexneri. In contrast to studies showing that Stx-producing
Shigella dysenteriae serotype 1 induces gut inflammation,
STEC colonization may initially suppress the proinflamma-
tory cytokine response in the gut. Following colonization
by STEC, the expression of virulence genes encoded within
the LEE pathogenicity island (McDaniel et al., 1995) medi-
ates profound changes in cytoskeletal elements in the colonic
epithelium resulting in microvilli retraction, the assembly of
filamentous actin in the form of raised pedestals subjacent
to the attached bacteria, and an increase in intestinal barrier
permeability. The unique structures formed at the STEC-
epithelial cell interface are termed attaching and effacing
lesions (McDaniel et al., 1995; Dean-Nystrom et al., 1997).
Upon attaching and effacing lesion formation by STEC ca-
pable of producing the translocated bacterial effector pro-
tein EspB, NF-«B activity was shown to be suppressed and
the bacteria induced significantly lower mRNA levels of IL-8,
IL-6, and IL-1a, in effect, counteracting the host defensive
response during colonization (Hauf and Chakraborty, 2003).
During the course of HUS following STEC or Shigella dys-
enteriae serotype 1 infection, there is evidence of an acute
inflammatory response with increased numbers of neutro-
phils, and raised concentrations of C-reactive proteins and
cytokines, including TNF-a, IL-1, and IL-6 in the serum
(Tesh, 1998). Heyderman et al. (2001) noted in an opinion
article that, in the gut, Stxs produced by STEC mediate im-
mune cell activation, particularly T-cell activation, to deter-
mine disease progression from the diarrheal phase to acute
renal failure. Shigella species are human adapted pathogens,
and studies on the role of cytokines in the pathogenesis of
shigellosis have been limited by the lack of an animal model.
In a murine model of Stx-mediated renal damage, macro-
phages were recruited to the kidneys of mice injected with
Stx2 with or without lipopolysaccharides (LPS), in associa-
tion with elevated renal production of chemoattractants in-
cluding MIP-1a (Keepers et al., 2007). Jeong et al. (2010)
induced acute gastroenteritis in gnotobiotic piglets by oral
administration of Shigella dysenteriae serotype 1 and many
of the histopathological changes observed in the colon of
humans with shigellosis were reproduced in this model.
Elevated levels of IL-8 and IL-12 were detected in the stool,
and the amounts of pro-inflammatory cytokines IL-8, TNF-q,
IL-1B, and IL-6 were increased up to three days after chal-
lenge, while levels of Thl cytokines IL-12 and IFN-y, and
Th2 cytokine IL-10 were elevated at later time points in gut
contents (Jeong et al., 2010). Clinical observations and ani-
mal studies suggest that Stxs play a direct role in activating
gut pro-inflammatory responses during infection with STEC
(reviewed in Thorpe et al., 2002). Recently, extremely high
mRNA levels for IL-8, MCP-1, and MIP-1a in tissue samples
obtained from multiple organs, including small intestine,
colon, lung, and spleen, and elevated urine chemokines were
detected from Stx1 (100 ng/kg) or Stx2 (50 ng/kg)-challenged
baboons (Stearns-Kurosawa et al., 2013).

In vitro/In vivo evidence of inflammatory responses to Stxs

Shiga toxins may elicit the expression of host proinflam-

matory cytokines which contribute to the enhancement of
cytotoxicity in many cell types. In human intestinal micro-
vascular endothelial cells (HIMEC), Stx1 has higher bind-
ing affinity than that of Stx2, although Stx2 is more toxic to
the cells than equivalent amounts of Stx1 and induces IL-8
with no difference between primary and transformed cells
(Jacewicz et al., 1999). Studies using polarized T84 human
intestinal epithelial cells showed that IL-8 secretion was in-
duced upon Stx translocation across the cell membrane
(Thorpe et al., 2001). Similarly, in Caco2 cells, both Stx1
and Stx2 induce proinflammatory cytokines, in particular,
IL-8, via a mechanism requiring N-glycosidase activity,
whereas levels of IL-8 were not enhanced in the non-toxic
mutant Stx1-treated cells (Yamasaki et al., 1999). Thorpe et
al. (1999) have published data showing that stimulation of
human epithelial cells with Stxs results in stabilization of
IL-8 transcripts, which may lead to prolonged IL-8 pro-
duction, and increased neutrophil infiltration into the in-
testinal lumen (Hurley et al., 2001).

Primary human blood monocytes have been shown to be
relatively resistant to the cytotoxic action of Stxs (Rame-
gowda and Tesh, 1996; Falguieres et al., 2001; Lee et al.,
2011). After crossing the epithelial barrier to reach the sub-
mucosa and gaining access to the bloodstream, Stxs stimulate
circulating human monocytes to secrete cytokines (Hurley
et al., 1999). For example, in human primary monocytes/
macrophages, Stxs have been shown to induce the secre-
tion of TNF-a, IL-1, IL-6, and IL-8 (Ramegowda and Tesh,
1996; Harrison et al., 2004; Yamasaki et al., 2004). However,
monocytic cell line THP-1 cells are more sensitive to Stx1
(CD50 < 18 pg/ml) with no inflammatory cytokine induction,
in part because the cells undergo programmed cell death
(apoptosis). Apoptosis is triggered through ER stress res-
ponse sensors (Harrison et al., 2005; Lee et al., 2008). Vero
and HeLa cells are also highly toxin-sensitive cells which
undergo rapid cytotoxicity (Fujii et al., 2003). In contrast
to studies examining apoptosis in the toxin-sensitive Vero,
HeLa and undifferentiated monocytic cell line THP-1 cells,
differentiated macrophage-like THP-1 cells are relatively
refractory to the cytotoxic action of the toxins with only ap-
proximately 30% of the cells undergoing apoptosis. However,
macrophage-like THP-1 cells are competent to secrete the
proinflammatory cytokines TNF-a, IL-1p and other che-
mokines when treated with Stxs (Ramegowda and Tesh,
1996; Sakiri et al., 1998; Harrison et al., 2004, 2005). Macro-
phages and macrophage cell lines are known to produce
tissue factors and cytokines in response to Stxs, suggesting
that infiltrating macrophages may further exacerbate inflam-
mation, thrombogenesis, and tissue damage (Murata et al.,
2006). These host factors, made in response to Stxs, may con-
tribute to the progression of disease by upregulating Gb3
synthesis in endothelial cells.

The primary target organs of Stxs following entry into the
bloodstream are the kidneys. The toxins have been shown
to induce secretion of IL-1p, IL-6, and IL-8 from human
proximal tubular cells (Hughes et al., 1998) and human glo-
merular epithelial cells (HGEC) (Hughes et al., 2001). In an
immortalized adult human proximal tubule epithelial cell
line termed Human Kidney 2 (HK2), Stx1 did not induce
cytokine and chemokine expression, but Stx2 selectively in-



duced two chemokines: MIP-1a (CCL3) and MIP-1p (CCL4)
(Lentz et al., 2011). In this regard, localized upregulation of
chemokine secretion may facilitate the recruitment of acti-
vated immune cells, such as macrophages, into sites of initial
tissue damage.

In baboon model of Stx-mediated HUS, systemic inflam-
matory response was minimal after intravenous challenge
of Stx1, but cytokine production was elevated significantly
and glomerular thrombotic microangiopathy was found at
necropsy in the primate model Stx2 given (Siegler et al., 2003).
Clinical manifestations elicited by Stx1 and Stx2 were con-
firmed in a non-human primate toxemia model to identify
similarities and differences of pathologic consequences after
intravenous challenge of each toxin (Stearns-Kurosawa et al.,
2010). Glomerular platelet-rich thrombi, interstitial hemor-
rhage, and tubular injury were observed in detailed patho-
logical examinations of kidney tissue isolated from baboons
challenged with Stx1 or Stx2 (Stearns-Kurosawa et al., 2013).
Stearns-Kurosawa et al. (2013) also looked at cytokine/che-
mokine expression in baboons treated with Stx1 or Stx2.
After intravenous challenge of Stx1 (100 ng/kg) or Stx2 (50
ng/kg), analysis of the baboon kidney and other organs in-
cluding small intestine, colon, lung, and spleen revealed a
striking chemotactic profile with extremely high mRNA level
for IL-8, MCP-1, and MIP-1a and elevated urine chemokines
at 48 h after challenge. These pathophysiologic manifesta-
tions support earlier studies showing that proinflammatory
cytokine responses to Stxs may contribute to toxin-medi-
ated disease pathogenesis (Siegler et al., 2001).

Regulation of Stx-mediated cytokine synthesis and release

It is well known that human macrophages secrete soluble
cytokine and chemokines in response to microbes and mi-
crobial products. It has been well established that Stxs are
potent inhibitors of host protein synthesis by acting as an
N-glycosidase and cleaving off a single adenine residue lo-
cated on a stem-loop structure near the 3" end of 28S rRNA
of the 60S ribosomal subunit. The depurination reaction
mediated by ribosome-inactivating proteins such as Shiga
toxins and ricin, may result in the activation of the ribo-
toxic stress response (Endo et al., 1988; Saxena et al., 1989;
Iordanov et al., 1997). The ribotoxic stress response leads to
the activation of multiple mitogen-activated protein kinase
(MAPKs) signaling pathways. Yamasaki et al. (2004) showed
that the N-glycosidase activity of Stx, ricin and modeccin
was required for the enhanced production of IL-8 by hu-
man colonic epithelial cells. Thus, Stxs, in addition to their
role as protein synthesis inhibitors, may also induce cyto-
kine and chemokine expression through the activation of
multiple cell signaling pathways (Thorpe et al., 1999; Foster
et al., 2000; Cameron et al., 2003; Harrison et al., 2004).
While many details of the mechanisms of proinflammatory
cytokine response induced by Stxs remain to be elucidated,
some pathways appear to be recapitulated in multiple cell
types.

In human macrophage-like THP-1 cells, Stx1 induced the
production of the pro-inflammatory cytokine TNF-a which
was associated with the phosphorylation (activation) of p38
MAPK and c-Jun NH, terminal kinase. Treatment of cells
with a p38 MAPK inhibitor abrogated TNF-a production
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induced by Stx1 (Foster and Tesh, 2002). Similar observa-
tions were reported in human brain microvascular endo-
thelial cells by utilizing '*’I-labeled Stx, showing that Stx1/
Stx2 mediated-inflammatory cytokine production was ab-
rogated by a p38 MAPK inhibitor but not by a JNK in-
hibitor (Stricklett et al., 2005). Murata et al. (2006) found
that Stx1 stimulation of human macrophage THP-1 cells
rapidly activated the tyrosine kinase c-YES, which subse-
quently increased the expression of tissue factor, a key player
in the coagulation-inflammation-thrombosis circuit. Tissue
factor expression was induced through signaling cascades
involving phosphotidylinositol-3-kinase (PI3K)-mediated
activation of the inhibitor of NF-«B kinase subunit- (IKK-
beta)-proteasome-nuclear factor-kB-REL and MAPK-ERK
kinase (MEK)-extracellular signal-regulated kinase 2 (ERK2)-
early growth response protein 1 (Egr-1) pathways. Moreover,
specific inhibition studies of dual-specificity phosphatase 1
(DUSP1), also known as MAP kinase phosphatase, utilizing
pharmacological reagents and small interfering RNA (siRNA),
confirmed that DUSP1 was involved in regulation of ERK,
p38, and JNK MAPKs to result in differential production of
cytokines and chemokines induced by Stxs (Leyva-Illades
et al.,, 2012). These findings suggest that targeting DUSP1
activity in susceptible cells responding to Stxs could be ex-
ploited to develop interventional strategies to regulate pro-
and anti-inflammatory effects of Stxs. In the human ileocecal
adenocarcinoma cell line, HCT-8, a MAP3K termed zipper
sterile-alpha-motif kinase (ZAK) was suggested to be a trans-
ducer of signals from the ribotoxic stress response to activate
MAPKs and play a role in IL-8 up-regulation in response
to toxin treatment (Jandhyala et al., 2008). It is also interes-
ting that Stx1 can affect a translational regulation pathway
by enhancing the phosphorylation of eukaryotic translation
initiation factor-4E (eIF4E) and eIF4E-binding proteins (4E-
BP1) through a p38 MAPK/Mnk1/eIF4E signaling pathway
that is involved in maintaining host cell translation despite
profound inhibition of protein synthesis due to the toxin-
induced ribotoxic stress (Colpoys et al., 2005; Cherla et al.,
2006). In 2001, Thorpe and colleagues recognized that Stx-
mediated translational control of cytokine expression in-
volves, in part, stabilization of specific cytokine and chemo-
kine mRNA transcripts (Thorpe et al., 2001). Recent studies
also demonstrated that Stx1 activates the (PI3K)/Akt/mam-
malian target of Rapamycin (mTOR) signaling pathway lea-
ding to 4E-BP hyperphosphorylation which may ultimately
have a negative influence on cytokine expression due to the
increased phosphorylation and inactivation of glycogen syn-
thase kinase 3 a/f (GSK-3a/P) (Cherla et al., 2009). These
data suggest that signaling pathways activated to induce
cytokine expression by Stxs include signals which restore
cytokine expression to normal, baseline levels. A proposed
model of the regulation of proinflammatory cytokine pro-
duction by Stxs is shown in Fig. 1.

Conclusion and future studies

Experiments described above utilizing in vitro and in vivo
studies suggest that Stxs induce inflammatory cytokines and
chemokines from various types of primary and transformed
cells. Cell types that have been used in these studies include
human monocytes/macrophages, endothelial cells, renal epi-
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thelial cells, and neuronal cells. In vivo evidences using animal
models including mice, piglets, rabbits, and baboons have
provided unique insights into pathologic consequences of
Stxs-activated inflammatory response in a near human setting
and offered potential target pathways for effective therapeutic
interventions to treat HUS. Unfortunately, there are no sat-
isfactory therapeutic vaccines available for amelioration of
diarrhea-associated hemolytic uremic syndrome (D+HUYS)
which is a leading cause of pediatric acute renal failure.
Although many reports have shown that various kinase
pathways, including p38 MAPKs, JNKs, ERKs, MK2, and
ZAK were activated by both Stx1 and Stx2, characterization
of unidentified or unknown downstream substrates for each
kinase pathway has proven to be a hurdle in the development
of therapeutic drugs because of the difficulty in achieving
target specificity. Moreover, the characterization of inter-
mediate signaling molecules involved in the inflammatory
response may represent targets to intervene in Stx-mediated
renal damage. Further studies are needed to evaluate inhi-
bitors targeting the kinases activated by the toxins using both
in vitro and in vivo models. A more refined and improved
understanding of the pro-inflammatory cytokine-mediated
signaling mechanisms activated by Stxs will be critical for
the development of adequate therapeutic approaches for
treating the emerging infectious diseases caused by Shigella
dysenteriae serotype 1 and STEC.
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