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DIVERSE ESCHERICHIA COLI PATHOTYPES
Escherichia coli are largely commensal bacteria residing in the mucus layer of the
mammalian colon. However, several strains have virulence attributes that give them the
capacity to cause diarrheal, urogenic, or systemic illnesses. Pathogenic E coli have been
categorized into several pathotypes, each causing illness with distinctive features, and 6
pathotypes, including enterohemorrhagic E coli (EHEC), enterotoxogenic E coli (ETEC),
and enteroaggregative E coli (EAEC), are associated with intestinal disease.1 These may
also be subdivided into serogroups and serotypes based on their lipopolysaccharide (O) or
flagellar (H) antigens.

SHIGA TOXIN–PRODUCING E COLI, INCLUDING EHEC
Shiga toxin-producing E coli (STEC) are a diverse group of bacteria that produce 1 or more
types of Shiga toxin (Stx).1,2 They comprise many serotypes, and virulence may differ
between strains, with some having an estimated infectious dose in the range of 1 to 100
colony forming units.2 EHEC are a subset of STEC that carry the locus of enterocyte
effacement (LEE) pathogenicity island (described later) and are associated with disease in
humans. A subset of EHEC, EHEC 1, includes serotype O157:H7 and is clinically the most
important group, responsible for ~73,000 cases annually in the United States3 and most
STEC infections worldwide.4,5 Recently, there has been an increasing awareness that non-
O157 STEC strains represent a significant and growing health threat.6
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STX-INDUCED DISEASE
Individuals of both sexes and all ages can suffer severe EHEC-mediated disease, but
children and women seem to be at a higher risk, and elderly people often develop neurologic
disease and have a higher mortality.7,8 Hemorrhagic colitis is a serious local manifestation
of Stx-mediated disease and can progress to gangrenous colitis, bowel perforation, as well as
peritonitis or sepsis.8 In the United States, approximately 5% to 10% of reported O157:H7
infections result in hemolytic uremic syndrome (HUS),3,7 the triad of hemolytic anemia,
thrombocytopenia, and renal failure.

HUS is characterized by a thrombotic microangiopathy that involves Stx-mediated
dysregulation of the alternative complement pathway, damage to endothelium, and
consumption of platelets.9 The kidney is the most frequently affected organ, and HUS is a
leading cause of renal failure in children, with a mortality of 3% to 5%.10 The vasculopathy
can be seen in extrarenal sites as well, including the mesenteric bed, lung, heart, and
pancreas. Central nervous system involvement is also present in a subset of cases, and
neurologic sequelae may be ominous and associated with significant rates of mortality.7

Histologic lesions of HUS consist of endothelial damage and platelet-fibrin thrombi,
frequently in the glomeruli of the kidney. Ultrastructural evaluation of kidney biopsies in
patients with HUS shows glomerular endothelial swelling and loss of fenestrations, as well
as separation of the endothelial cell from the basement membrane by an intervening
accumulation of electron lucent debris. The endothelial damage precedes the development of
the classic clinical triad of oliguric or anuric acute kidney injury, microangiopathic
hemolytic anemia, and decreased platelet count.11 Long-term chronic sequelae including
chronic kidney disease, arterial hypertension, neurologic impairment, and diabetes mellitus
have been reported to occur in 20% of patients with childhood HUS.8

The spectrum of tissue damage in HUS is likely caused by tissue distribution of the Stx
receptor globotriaosyl ceramide (Gb3).12 Human glomerular epithelial cells, proximal
tubular cells, and renal microvascular endothelial cells produce Gb3 and are sensitive to
Stx.13–15 Similarly, microvascular and neural tissue of the central nervous system are Gb3-
positive, providing a plausible explanation for the neurologic manifestations of STEC-
mediated disease.16

CLINICAL COURSE OF EHEC O157:H7 INFECTION
On EHEC O157:H7 ingestion, diarrhea typically begins after just a few days (although the
range may span 2–12 days), and after 1 to 3 days the diarrhea becomes bloody in 80% to
90% of patients (Fig. 1).11,17,18 Approximately a week after the onset of diarrhea, most
patients begin to show signs of improvement, but 5% to 10% develop severe systemic
disease, such as HUS. Given the seriousness of HUS, bloody diarrhea after 1 to 3 days of
nonbloody diarrhea, especially in children, warrants concern for infection with EHEC.19

DIAGNOSIS OF EHEC O157:H7
In the United States, EHEC O157:H7, which can be identified on sorbitol MacConkey
(SMAC) agar, is the only STEC for which screening is common (although not uniformly
routine20). The SMAC agar assay does not specifically detect non-O157 STEC serogroups,3

so measurement of stool-associated Stx by enzyme immune assay (EIA) is often advised to
identify these infections.3,21 However, Stx in stool may be at nondetectable concentrations,
thereby requiring enrichment steps. Furthermore, EIAs can deliver false-positive results or
detect STEC that are unlikely to cause HUS. Both SMAC and EIA detection methods
require significant time, potentially delaying appropriate patient management, and therefore
molecular diagnostics such as polymerase chain reaction are a potentially time-saving
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alternative.22 However, no molecular diagnostics for STEC have been approved by the US
Food and Drug Administration.3

VIRULENCE FEATURES OF EHEC
A key virulence feature of EHEC O157:H7 is its ability to form attaching and effacing (AE)
lesions on the intestinal epithelium. These lesions are characterized by the intimate
attachment of bacteria to the host cell, the effacement of epithelial microvilli, and formation
of actin pedestallike structures beneath bound bacteria (Fig. 2) on the surface of epithelial
cells. The formation of AE lesions depends on the LEE, a pathogenicity island that encodes
proteins required for attachment, several effector proteins that act in the host cell cytoplasm,
and a type 3 secretion system that mediates the injection of these effectors into the host cell
cytoplasm.23

PROPERTIES OF STX
Although HUS as a clinical syndrome can occur outside bacterial infection (so-called
atypical HUS), EHEC, by virtue of its production of Stxs, is responsible for most HUS
cases.24–26 Based on protein sequence and serotype, Stxs are grouped into 2 major types
(Stx1 or Stx2),27 and for reasons that are not clear, EHEC O157:H7 strains that produce
only Stx2 are associated with a higher risk for HUS.2 Stxs are potent cytotoxins consisting
of a single enzymatically active A-subunit noncovalently associated with 5 B-subunits.2 The
Stx B-subunits bind a host cell surface glycosphingolipid receptor termed Gb3. After
receptor binding, the toxin is endocytosed and by a process termed retrotranslocation moves
from the early endosome through the Golgi to the endoplasmic reticulum, where the A-
subunit is translocated to the cytoplasm. The A-subunit depurinates a specific adenine
residue of the 28S ribosomal RNA subunit,28,29 resulting in the inhibition of protein
synthesis and activation of proinflammatory and proapoptotic pathways.30–32

TREATMENT OF EHEC O157:H7 INFECTION
Data from EHEC O157:H7 outbreaks and experimental models suggest Stx upregulation on
treatment with ciprofloxacin,33–38 and antimicrobials, particularly fluoroquinolones, are
generally withheld because of the concern that such therapy may precipitate HUS.8,11,39 A
potential explanation for the apparent increased risk of HUS after antibiotic treatment as
observed in some studies is that activation of the SOS stress response by certain antibiotics
such as fluoroquinolones can induce the lysogenic phage encoding Stx, resulting in the
production and release of toxin.40–42 In addition, released phage may infect other
susceptible E coli present in the gut, further amplifying Stx production.43 However, the
response to some antibiotics may be strain dependent,44,45 and some studies suggest that
antibiotic treatment is not associated with a risk of HUS46 or might reduce the risk of
HUS.47

Given that no therapy has been conclusively shown to prevent the onset of HUS or reduce
renal damage once HUS has occurred, treatment of EHEC-mediated disease is generally
limited to supportive measures.8,11,24,48 Treatments used for other forms of diarrhea or for
diseases similar to HUS, such as thrombotic thrombocytopenia purpura (TTP) or atypical
HUS, are either contraindicated for treating STEC-associated disease or have limited or
conflicting evidence supporting efficacy. For example, the use of antimotility agents in
patients with STEC infection has been associated with a greater risk of HUS and neurologic
manifestations, or a sustained duration of bloody diarrhea in patients who do not have
HUS.46,49,50 The efficacy or safety of treatments such as plasma exchange, the use of
glucocorticoids, and recently eculizumab (Soliris), which is used to treat atypical HUS, is
undetermined.51,52 In contrast, the supportive therapy for volume expansion beginning
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within the first 4 days after presentation of EHEC O157:H7-mediated diarrhea is associated
with protection from oligoanuria, emphasizing the importance of early detection and
hospitalization of patients with EHEC infection.53,54

EAEC
A second E coli pathotype is EAEC (also known as EAggEC), which was first described in
the mid-1980s.55,56 EAEC is a major cause of travelers’ diarrhea,57 persistent diarrhea
amongst patients positive for the human immunodeficiency virus58,59 and malnourished
children,60,61 acute diarrhea in adults and children in the United States,62 and an agent of
food-borne outbreaks.63,64 EAEC can also persist subclinically.65 A characteristic attribute
of EAEC is its ability to form biofilms on abiotic surfaces and its corresponding aggregative
adherence (AA) to mammalian cells, which has been described as resulting in a stacked-
brick appearance.66 EAEC encompass diverse serotypes, but notably with respect to the
recent emergence of a new non-O157 STEC strain (see later discussion) include strains of
serotype O104:H4.67 Thus, clinical and phylogenetic features support the conclusion that
EAEC represent a distinct but highly heterogeneous E coli pathotype.68

PATHOGENESIS OF EAEC
EAEC causes tissue damage, including local inflammation, on colonization of the intestinal
mucosa (reviewed in Ref.68). Inflammation may be a result of the exuberant colonization of
the mucosal surface, but EAEC also encodes toxins that can directly damage host cells
(Table 1). Although few data are available concerning the segment(s) of the human intestine
that are colonized by EAEC, infection of organ cultures/human intestinal biopsy cultures
suggests that EAEC can adhere to the small and large bowel mucosa, although the relative
specificity for each of these intestinal segments may differ between strains.68,69 In
gnotobiotic piglets, EAEC form a thick mucus gellike matrix containing stacked-brick
bacterial aggregates on the epithelium of the distal small intestine and cecum, with
concomitant hyperemia and diarrhea.70 In intestinal loop models, EAEC strains induce
villus shortening and hemorrhagic necrosis of the villus tips, edema, and submucosal
mononuclear infiltration.71

VIRULENCE FEATURES OF EAEC
Given the signs and symptoms and intestinal pathology of EAEC infection, much of the
effort to understand the pathogenesis of EAEC infection has centered on virulence factors
that promote AA, mucosal damage, inflammation, or fluid secretion. The EAEC strain 042
and a few other strains have served as models for diarrheal EAEC in many studies, and 1
caveat to our understanding of EAEC is that a small group of strains may not reflect the full
heterogeneity of this pathotype. The documented or putative EAEC virulence factors are
summarized in Table 1.

AA fimbriae (AAF), as well as proteins that promote proper localization of fimbriae on the
bacterial surface, facilitate adherence to the human intestinal mucosa and formation of a
thick biofilm within the mucus layer covering the epithelium, thus promoting persistent
mucosal colonization.72 This process may also trigger host inflammatory responses73,74 and
disrupt epithelial barrier function.75 The serine protease autotransporters of
Enterobacteriaceae (SPATEs), which are commonly found in EAEC as well as other
diarrheagenic E coli, modulate immune responses,76 alter the intestinal epithelial
cytoskeleton,77 and in some studies, are strongly associated with clinical illness.78 The
putative virulence factor EAEC heat-stabile enterotoxin 1 shares amino acid similarity with
the heat-stabile enterotoxin of ETEC and shows enterotoxic activity in vitro.79 AggR is a
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transcriptional regulator that controls several genes, including those associated with AAF
and at least 2 pathogenicity islands.80,81

TREATMENT OF EAEC
EAEC-associated diarrhea lasted a mean of 17 days in an early cohort study, indicating that
this pathogen can cause a persistent infection that might lead to malnutrition in children, and
providing a potential rationale for antibiotic-mediated eradication or nutritional
supplementation.82,83 Early eradication of EAEC using antibiotics may also prevent person-
to-person transmission, particularly during outbreaks. Treatment of EAEC can be limited by
the ubiquitous presence of antibiotic resistance genes. Ninety percent of diarrheal EAEC
isolates were found to be resistant or partially resistant to several antibiotics, including β-
lactams, chloramphenicol, streptomycin, kanamycin, tetracycline, sulfamethoxazole, and
trimethoprim.84 Resistance to carbapenems and quinolones was absent or rare among the
isolates analyzed. Ciprofloxacin resistance has been noted rarely, and the drug has been used
successfully to treat EAEC infection.83 In general, fluoroquinolones, amoxicillin/clavulanic
acid, azithromycin, rifaximin, and nalidixic acid may be effective treatments for EAEC.85–87

GERMAN STEC O104:H4 OUTBREAK OF 2011, ASSOCIATED WITH A HIGH
RATE OF HUS

Between early May and late July 2011, a cluster of STEC outbreaks took place in Europe,
resulting in 4075 infections, 908 cases of HUS, and more than 50 deaths, 34 of which were
associated with HUS.88,89 This episode represents the largest recorded outbreak of HUS.
Although persons from 16 countries were affected, cases in Germany represented more than
95% of the reported infections. The causative agent in this outbreak was STEC O104:H4,
which was traced to contaminated fenugreek sprouts.90 The O104:H4 serotype has been
associated with non–Stx-producing EAEC isolates67 as well as with rare STEC-mediated
disease in humans,91–95 with only 5 reported cases in the last 12 years. The nature of the
German outbreak differed from previous EHEC O157 outbreaks in several other ways. First,
the incidence of bloody diarrhea or HUS was higher in adults than in children,89 in contrast
to the more commonly observed increased risk of serious disease among children and the
elderly. Although it is hard to assess to what extent the different epidemiologic features
reflect the differences in the mode of acquisition, they may reflect (unidentified) differences
in fundamental aspects of pathogenesis. Consistent with the latter suggestion, the median
time of incubation before the development of symptoms (8 days) was greater than the 3-day
to 4-day incubation period typically reported for EHEC O157:H7 (see Fig. 1).89 In addition,
the percentage of HUS cases among infected individuals (22%) was higher than the 5% to
10% rate, typically reported for HUS from large EHEC O157:H7 outbreaks, suggesting that
the outbreak strain was particularly virulent.3,7

PATHOGENESIS OF STEC O104:H4
Although the German outbreak is too recent to permit extensive exploration of the
pathogenesis of STEC O104:H4, it is clear that this strain causes a disease distinct from that
caused by EHEC O157:H7. For example, whereas EHEC O157:H7 forms AE lesions on the
epithelial surface (see Fig. 2), the O104:H4 strain forms aggregates closely associated with
the mucus layer in germ-free mice96 or on monkey colonic explants (Fig. 3). Germ-free
mice infected with EHEC O157:H7 developed acute renal tubular necrosis (ATN) 5 days
after infection, whereas animals infected with STEC O104:H4 did not develop ATN until 13
to 15 days after infection, consistent with the longer incubation period for human disease
(see Fig. 1).89,96 Ampicilin-treated mice infected with STEC O104:H4 lost weight,
developed ATN, and died, whereas the disease in mice infected with Stx2-negative
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O104:H4 strains was less severe. These findings were recapitulated in a rabbit model,
emphasizing a role of Stx2 in the virulence of STEC O104:H4.97

STEC O104:H4, A HYBRID PATHOGEN
Consistent with its unique features, the STEC O104:H4 strain responsible for the German
outbreak differs in 2 main aspects from most other clinically important STEC strains. First,
it lacks the LEE pathogenicity island that encodes the type III translocation system. Second,
the STEC O104:H4 outbreak strain encodes many virulence factors commonly produced by
EAEC, including AAF (specifically AAF/I), SPATE proteases, and the AggR global
regulator (Fig. 4).67,98

In contrast to EAEC strains, STEC O104:H4 encodes Stx2, consistent with the ability to
induce HUS. As mentioned earlier, EHEC O157:H7 strains expressing Stx2 alone (rather
than Stx1 alone or both Stx1 and Stx2) are associated with a greater risk of HUS.2 Genomic
sequencing showed that, similar to EHEC, the German STEC O104:H4 strain encodes Stx2a
within a lysogenized lambdoid bacteriophage.67 A phylogenetic comparison of outbreak
isolates with several EAEC O104:H4 strains showed that only the outbreak isolates are
lysogenic for the Stx2a phage.67 In addition, the outbreak strain carries a plasmid that
encodes an extended-spectrum β-lactamase CTX-M-15, a β-lactamase that is uncommon
amongst other O104:H4 isolates.67 These observations support the hypothesis that the recent
acquisition of the phage-encoded virulence factor Stx2a, as well as an antibiotic resistance
determinant, has given rise to the exceptionally virulent STEC O104:H4 German outbreak
strain (see Fig. 4).

TREATMENT OF STEC O104:H4 INFECTION
The enormity of the 2011 STEC O104:H4 outbreak in Germany resulted in many patients
undergoing different treatments throughout the country, and allowed for a multi-center case-
controlled study concerning the efficacy of different strategies to treat STEC O104:H4-
associated HUS.52 Treatments reported include the use of antibiotics, therapeutic plasma
exchange (TPE), TPE with glucocorticoids, immunoadsorption, and the use of the
alternative complement pathway inhibitor eculizumab (summarized in Table 2).

Whether or not to treat diarrheal infections with antimicrobials during the German STEC
O104:H4 outbreak strain was not straightforward. This strain was shown to be resistant to all
penicillins and cephalosporins, consistent with the presence of a β-lactamase–producing
plasmid.95,98 Although susceptible to fluoroquinolones, aminoglycosides, and carbapenems,
this strain is also resistant to trimethoprim-sulfamethoxazole.98 Second, as has been
described earlier for EHEC O157:H7 infection, there was significant concern that antibiotic
treatment of patients infected with the STEC O104:H4 outbreak strain would increase the
risk of HUS. As a result, during the 2011 outbreak, the German Society for Infectious
Disease recommended that fluoroquinolones, aminoglycosides, cotrimoxazole, and
fosfomycin not be used to treat patients with STEC infection.99

Nevertheless, not all studies indicate that antibiotic treatment of EHEC O157:H7 infection is
associated with an increased risk of HUS.46,47,100 In addition, given that EAEC can cause a
persistent infection, the concern that chronic infection by an Stx-producing E coli might lead
to HUS and neurologic dysfunction motivated treatment of some individuals. Consistent
with the effectiveness of antibiotic treatment of non– Stx-EAEC infection, azithromycin
therapy in persons with HUS appeared to significantly reduce rates of bacterial colonization,
seizure, and mortality during the STEC O104:H4 outbreak (see Table 2).101 In addition, a
case-controlled study addressing ciprofloxacin use suggested that treatment of patients with
HUS reduced long-term intestinal carriage and seizure frequency (see Table 2).52 This
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finding pertained to treatment during but not before HUS. Although the current data are
inconclusive as to the risk or benefit of antibiotic treatment of STEC O104:H4 infection, it is
tempting to speculate that antibiotics incapable of inducing Stx phage could be beneficial.

TPE is a cornerstone of therapy for TTP,102 which, like HUS, is a thrombotic
microangiopathy. Nevertheless, rather than a manifestation of toxemia, TTP seems in many
cases to be caused by a self-reactive antibody to the metalloproteinase ADAMTS13,
resulting in lower rates of cleavage of von Willebrand factor multimers and a subsequent
procoagulant state. TPE decreases levels of the pathogenic antibody in TTP. Stx-mediated
HUS does not seem to respond to this treatment,9 a finding that could be caused by the short
half-life of Stx in circulation or to irreversible endothelial injury that may occur before
clinical manifestations and initiation of apheresis.52 Nevertheless, depletion of the
immunoglobulin fraction followed by intravenous immunoglobulin repletion was suggested
to improve short-term neurologic status in a small cohort of STEC O104:H4–infected
individuals who developed HUS.102

Eculizumab, a novel monoclonal antibody directed against the C5 complement component,
is a therapeutic option in atypical (non–Stx-associated) HUS, in which dysfunctional
complement regulatory proteins result in unchecked activation of the alternative
complement pathway. Coinciding with the early weeks of the 2011 outbreak, eculizumab
had been reported to be effective in decreasing neurologic impairment in the days after
infusion in 3 children with severe EHEC-Stx HUS.103 However, trials of eculizumab in
affected adults appeared to show no short-term benefit.51

SUMMARY
Because STEC strains vary greatly in their capacity to cause human disease, virulence
determinants in addition to the simple production of Stx are likely to function as key factors
in the ability of a given STEC strain to induce serious systemic disease. In recent years,
there has been an increased awareness of the clinical importance of non-O157 STEC.
Genomic analysis suggests that the particularly virulent German STEC strain, one that
caused HUS at an increased rate and in a population not typically associated with HUS, is a
hybrid E coli strain of serotype O104:H4. This strain encodes several virulence factors
associated with EAEC and forms aggregates on the intestinal mucosa similarly to EAEC,
but has acquired an Stx2a-producing phage. The EAEC-like features of STEC O104:H4 may
have contributed to the high rate of HUS and the unique epidemiology witnessed during the
2011 STEC O104:H4 outbreak, indicating that the dynamic evolution of pathogens can give
rise to highly virulent strains. Given that specific therapies to treat or prevent HUS are not
yet clearly defined, the early and specific detection of both O157 and non-O157 STEC is
critical to ensure the best possible prognosis for an infected individual.
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KEY POINTS

• Pathogenic Escherichia coli are genetically diverse and encompass a broad
variety of pathotypes, such as Shiga toxin–producing Escherichia coli (STEC)
or enteroaggregative E coli (EAEC), which cause distinct clinical syndromes.

• STEC is a major food-borne pathogen worldwide and can cause hemolytic
uremic syndrome (HUS), the triad of anemia, thrombocytopenia, and renal
failure.

• The STEC most commonly associated with disease is E coli serotype O157:H7,
but there has been increasing awareness of the threat posed by non-O157 STEC
strains.

• A major outbreak of STEC disease in Germany in 2011 was associated with an
unusually high rate of HUS, with more than 900 cases, making it the single most
severe recorded outbreak of STEC.

• The German outbreak strain, STEC O104:H4, is genetically similar to EAEC
O104:H4, but is lysogenized by a lambdoid phage that encodes Shiga toxin.

• STEC O104:H4, likely derived in part by the acquisition of a Shiga toxin–
encoding phage by an EAEC strain, represents an emerging food-borne
pathogen with enhanced capacity to cause severe illness.
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Fig. 1.
The course of disease of EHEC O157:H7 infection differs from that of STEC O104:H4.
Note the longer median incubation time before symptom onset for the STEC O104:H4
outbreak strain compared with EHEC O157:H7. (Data from Tarr PI, Gordon CA, Chandler
WL. Shiga-toxin-producing Escherichia coli and haemolytic uraemic syndrome. Lancet
2005;365(9464):1073–86; and Frank C, Werber D, Cramer JP, et al. Epidemic profile of
Shiga-toxin-producing Escherichia coli O104:H4 outbreak in Germany. N Engl J Med
2011;365(19):1771–80.)
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Fig. 2.
EHEC and EAEC interact with host cells in distinct fashions. (A) CaCo-2a cells infected
with EHEC derivative strain TUV-93104 and scanning electron microscopy (SEM) showed
cell-attached EHEC (arrows). (B) Cultured human intestinal explants were infected with
EAEC and SEM showed EAEC aggregates (arrows). (C) Gnotobiotic piglets were infected
with TUV-93 and transmission electron microscopy (TEM) showed pedestals beneath
intimately attached EHEC (arrows). (D) Polarized T84 intestinal epithelial cells were
infected with EAEC strain 042 and TEM indicated attached bacterial aggregates and
effacement of the apical brush border. ([B, D] Adapted from Nataro JP, Hicks S, Phillips
AD, et al. T84 cells in culture as a model for enteroaggregative Escherichia coli
pathogenesis. Infect Immun 1996;64(11):4761–8, with permission; and Nataro JP, Steiner T,
Guerrant RL. Enteroaggregative Escherichia coli. Emerg Infect Dis 1998;4(2):251–61; [C]
Courtesy of A. Donohue-Rolfe and S. Tzipori.)
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Fig. 3.
STEC O104:H4 strain C227-11 forms aggregates on colonic mucosa. Uninfected monkey
colonic explants (A) or those infected with the German outbreak strain C227-11 (B) were
subjected to SEM. Arrow indicates bacterial aggregates. (Courtesy of N. Boisen and J.
Nataro, University of Virginia School of Medicine, VA. Processed at the Core Imaging
Facility at the University of Maryland, Baltimore, MD.)
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Fig. 4.
Possible derivation of the 2011 German outbreak strain STEC O104:H4. EHEC and EAEC
encode distinct sets of virulence factors and are associated with different modes of
pathogenesis. EAEC O104:H4 may have acquired the lambdoid Stx2a phage from a
hypothetical EHEC donor to generate STEC O104:H4. This strain, which encodes a
combination of EAEC and EHEC virulence factors, is associated with an increased rate of
HUS. (Data from Rasko DA, Webster DR, Sahl JW, et al. Origins of the E. coli strain
causing an outbreak of hemolyticuremic syndrome in Germany. N Engl J Med 2011;365(8):
709–17; and Brzuszkiewicz E, Thurmer A, Schuldes J, et al. Genome sequence analyses of
two isolates from the recent Escherichia coli outbreak in Germany reveal the emergence of a
new pathotype: enteroaggregative-haemorrhagic Escherichia coli (EAHEC). Arch Microbiol
2011;193(12):883–91.)

Jandhyala et al. Page 18

Infect Dis Clin North Am. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jandhyala et al. Page 19

Table 1

Virulence factors of EAEC

EAEC Virulence Factors Clinical Attributes and Biological
Characteristics

2011 Outbreak
Straina

Adhesins and Colonization Factors

AAF Contributes to the characteristic AA
 phenotype and facilitates adherence,
 pithelial barrier disruption, and
 inflammation. AAF I, II, III, and IV are
 plasmid encoded73–75,105,106

+ (AAF/I)

Other non-AAF adhesins
 (eg, Hda)

Contributes to the characteristic stackedbrick
 phenotype107

Dispersin (aap) Promotes penetration of intestinal mucus
 and may promote colonization of the
 epithelium108,109

+

Enterotoxins and Hemolysins

Enteroaggregative heat-stabile
 toxin 1 (EAST1, astA)

Similar to the heat-stabile enterotoxin of
 ETEC79

Shigella enterotoxin-1 (ShET-1) Enterotoxin that induces secretion110

Hemolysin E (hlyE) A pore-forming hemolysin; the role in
 pathogenesis has not been determined,
 and it is present in pathogenic and
 nonpathogenic EAEC111

Member of SPATE (Serine Protease Autotransporters of Enterobacteriaceae)

Pet (plasmid encoded toxin) Enterotoxin with protease and cytoskeletal
 altering activities112,113

Pic (protein involved in
 colonization)

Modulates immune responses and induces
 the secretion and degradation of mucin;
 may contribute to the mucus-rich biofilm
 that is characteristic of EAEC mucosal
 colonization76,114

+

SigA The Shigella flexneri homolog alters the
 cytoskeleton in intestinal epithelial cells,
 similar to Pet77

+

SepA Associated with illness, and the Shigella
 flexneri homolog has been shown to
 contribute to intestinal inflammation
 and mucosal atrophy78,115

+

Transcription Factor

Transcriptional regulator AggR
 (aggR)

Global regulator of EAEC virulence genes,
 including the AAF operons and aap;
 common to most EAEC; not absolutely
 required for virulence80,116

+

Other

Flagellin Highly conserved bacterial protein
 required for motility; interaction with
 basolaterally expressed toll-like receptor
 5 on intestinal epithelial cells results in
 induction of the neutrophil
 chemoattractant interleukin-8117,118

+

Abbreviation: AAF, AA fimbriae.

a
+ indicates that the German STEC O104:H4 outbreak strain encodes the virulence factor.
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Table 2

Studies of treatment efficacy for STEC O104:H4 infection

Treatment Notes/Results Reference(s)

Meropenam/ciprofloxacin
 (intensive care unit: +

 rifaximin)a

A significant decrease in mortality, duration of
 STEC excretion in stools (ie, 8 days shorter), and
 incidence of seizures in treated patients, who
 presented with HUS before antibiotic
 treatment

52

Azithromycinb Used for meningococcal prophylaxis in patients
 with HUS being treated with eculizumab.
 Treatment was associated with a decrease in
 the frequency of long-term O104:H4 carriage

101

Various antibiotics Study of 24 patients, of whom 7 were treated
 with various antibiotics, including
 ciprofloxacin. 57% of antibiotic-treated
 patients compared with 88% of controls
 developed HUS.

101

TPE No benefit among 251 patients with HUS who
 underwent TPE vs 47 patients not given TPE,
 but who also had milder disease

52

TPE 5 patients with HUS with progressive neurologic
 dysfunction who underwent TPE recovered.
 Justification of TPE has been questioned

120,121

Prednisone + TPE No benefit detected in patients pretreated with
 prednisone before TPE vs TPE alone

52

Immunoadsorption 12 patients with HUS who developed neurologic
 signs a median of 8 days after enteritis onset
 were treated with multiple courses of
 immunoadsorption. All patients survived and
 10 recovered completely. The rationale for
 treatment was that the late onset of
 neurologic symptoms indicated an
 autoimmune response, but autoantibodies
 were not immunologically validated

102

Eculizumab One report of 3 children with HUS who
 underwent TPE and eculizumab treatment
 who were reported to have improved
 dramatically

103

Eculizumab No benefit was conferred to 67 adult HUS
 patients who were treated with eculizumab
 and TPE vs a control group of patients with HUS
 with similar disease severity who were treated
 with TPE but not eculizumab

52

a
Some patients who were admitted to the intensive care unit were also treated with rifaximin.

b
Short-course azithromycin was recently shown to be associated with sudden cardiac death.122 Because ~10% of HUS mortality may result from

cardiac arrhythmias, it has been argued that azithromycinc should not be used to treat patients with HUS.123
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