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Abstract: Food-borne diseases are estimated at 76 million illnesses and 5000 deaths every 

year in the United States with the greatest burden on young children, the elderly and 

immunocompromised populations. The impact of efficient food distribution systems and a 

truly global food supply ensures that outbreaks, previously sporadic and contained locally, 

are far more widespread and emerging pathogens have far more frequent infection 

opportunities. Enterohemorrhagic E. coli is an emerging food- and water-borne pathogen 

family whose Shiga-like toxins induce painful hemorrhagic colitis with potentially lethal 

complications of hemolytic uremic syndrome (HUS). The clinical manifestations of Shiga 

toxin-induced HUS overlap with other related syndromes yet molecular mechanisms differ 

considerably. As discussed herein, understanding these differences and the novel properties 

of the toxins is imperative for clinical management decisions, design of appropriate animal 

models, and choices of adjunctive therapeutics. The emergence of new strains with rapidly 

aggressive virulence makes clinical and research initiatives in this field a high public  

health priority. 
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1. Introduction 

It has been only thirty years since Shiga toxin-producing Escherichia coli was recognized as a 

human pathogen after the first outbreak investigated as hemorrhagic colitis in 47 patients in Oregon 

and Michigan [1]. This E. coli O157:H7 strain was then considered to be rare, but the 1993 multistate 

outbreak from undercooked hamburgers at a fast-food chain gained national attention for this newly 

emerging pathogen [2]. By 2002 there were 350 outbreaks (≥2 cases with same exposure source) 

reported to the CDC in 49 states, sickening 8598 people with a 17.4% hospitalization rate [3]. 

Contaminated ground beef and fresh produce account for about 75% of the infections, with the 

remainder being person-to-person, waterborne or animal contact sources and the vast majority (92%) 

occurring seasonally from May to November [3].  

Enterohemorrhagic E. coli (EHEC) are not invasive, so bacteremia is rare, but they secrete 

ribosome inactivating Shiga-like toxins (Stx1 and Stx2 with variants) which are responsible for much 

of the organ damage [4,5], and Stx2 is more frequently associated with severe disease. Several recent 

reviews discuss the molecular basis for bacterial success and toxin biochemistry [6–8]. Bacterial 

colonization of the intestine with attaching and effacing lesions support type III secretion of toxins into 

the vasculature [6]. Micropinocytosis may contribute as toxin antigen is observed in patient gut 

epithelial cells in the absence of A/E lesions [9].  

The very young and the elderly are most susceptible to complications and death from EHEC 

infection. This bacterial infection is the leading cause of acute kidney failure in otherwise healthy 

children in the US with an average infection rate of 1/100,000. Children less than five years of age are 

more likely to develop complications requiring hospitalization and kidney dialysis, and the elderly >60 

years are more likely to die regardless of the clinical complications [10]. This emerging pathogen has 

become a global problem as well. The 1996 O157:H7 outbreak in thousands in Sakai City, Japan was 

purportedly from contaminated bean sprouts distributed in elementary school lunches [11]. The 

summer 2011 outbreak sourced to bean sprouts in Germany left over 4000 infected [12] and sent a 

clear warning through the EHEC research and clinical infectious disease communities that more 

virulent strains are emerging. This O104:H4 strain was a combination of an enteroaggregative E. coli 

strain, normally characterized by intestinal mucosa adherence to cause self-limiting diarrhea [13], that 

picked up the stx2 gene, thereby acquiring high virulence and causing severe clinical consequences, 

particularly acute kidney injury from hemolytic uremic syndrome and severe neurological 

abnormalities [14,15]. Karmali et al. was the first to make the association between Stx, diarrheal  

E. coli infection and the idiopathic hemolytic uremic syndrome of infancy and childhood [16,17]. This 

critical link provided the first molecular explanation for the clinical observations, thereby opening new 

routes for differential diagnosis and pathogen-specific treatment modalities. 

Hemolytic uremic syndrome (HUS) is a serious clinical complication of EHEC infection and the 

severity of a public outbreak is often discussed in terms of the HUS rate. HUS is a clinical composite 

of thrombocytopenia, hemolytic anemia and thrombotic microangiopathy that contributes to acute 

kidney injury, often requiring dialysis and can progress to acute renal failure and death. Epidemiology 

studies have shown that HUS typically develops in about 5%–15% of patients, but this varies between 

bacterial strains and geographic location. Treatment is supportive, no toxin-specific therapies are 

available and antibiotics are usually contraindicated, depending on serotype. Recently, a large  
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multi-state prospective study of 259 US children with HUS as a complication of EHEC O157:H7 

infection demonstrated unequivocally that exposure to antibiotics of any class in the first week of 

illness was independently associated with development of HUS and tripled the risk [18]. For  

the O157:H7 strain, antibiotics increase toxin production due to location of stx genes within  

antibiotic-inducible resident lambdoid prophages [19]. The recent outbreak in Germany with the  

Stx2-producing O104:H4 strain was notable for its high HUS rate at 22%, occurring overwhelmingly 

in adults (88%) and most of these being young women [12,15,20]. In this outbreak, use of antibiotics at 

one hospital center was beneficial, significantly reducing intestinal bacterial colonization duration and 

improving clinical outcome [21]. Unlike the more common O157:H7 strain, antibiotics reduced Stx 

secretion from this strain in vitro [22]. Argentina has the dubious distinction of having the highest 

incidence of pediatric diarrhea-associated HUS (13.9/100,000 population) and ~20% of Argentina’s 

pediatric kidney transplants are the result of EHEC infections [23]. Relative to other infectious disease 

outbreaks, the death rate from EHEC infection is fairly low at around 3%–5%, but morbidity 

associated with kidney injury is significant. About 12% of patients with diarrhea-associated HUS 

progress to end stage renal failure within 4 years and about 25% have long term renal  

impairment [24,25], putting them at high risk for other clinical complications as eventually encounter 

pregnancy, high blood pressure, diabetes, cardiovascular disease and other complications of aging.  

Because of the importance of HUS complications, considerable clinical and basic research has 

focused on this aspect of EHEC infections to define the onset of HUS and to identify cellular 

dysfunctions that contribute to the pathology. The intent is to identify clinical patterns and molecular 

biomarkers that identify those at highest risk in order to prevent or mitigate HUS. Not all cases of HUS 

are due to EHEC infections, and the similarities and distinctions between EHEC-induced HUS and 

related syndromes of atypical HUS and thrombotic thrombocytopenic purpura can delay diagnosis and 

complicate clinical management of patients. Identifying effective non-antibiotic adjunctive 

therapeutics depends on understanding the molecular and pathophysiological mechanisms that 

contribute to organ injury, and in this respect, development of appropriate and representative animal 

models is critical. Both of these aspects are discussed below.  

2. Distinguishing the Thrombotic Microangiopathy of EHEC-Related HUS 

Hemolytic uremic syndrome (HUS) is a clinical syndrome comprising the triad of 

thrombocytopenia, thrombotic microangiopathy, and hemolytic anemia, and is frequently associated 

with acute kidney injury. Pathogenic challenge that results in endothelial injury or dysfunction shifts 

the hemostatic balance toward a pro-thrombotic environment, resulting in thrombotic microangiopathy 

with inappropriate deposition of clots in microvascular beds causing tissue ischemia. The kidney is a 

particular target during EHEC infection in part because the toxin receptors are expressed at higher 

density on glomerular endothelial cells [26] and toxin activities induce endothelial expression of 

adhesion molecules that support interactions with activated platelets and leukocytes [27] which 

contribute significantly to clot formation [28].  

Development of a thrombotic microangiopathy can arise as a complication of bacterial infections 

like EHEC, from genetic mutations in complement regulatory pathways (atypical HUS, aHUS), from 

deficiencies of regulatory ADAMTS13 enzyme (thrombotic thrombocytopenic purpura, TTP) or even 
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secondarily as a consequence of autoimmune diseases such as systemic lupus erythematosus. These 

pathways to HUS have different etiologies but frequently overlapping clinical presentation (Figure 1). 

Figure 1. Thrombotic Microangiopathy can result from different molecular pathways. 

Hemolytic uremic syndrome (HUS), atypical HUS (aHUS) and thrombotic 

thrombocytopenic purpura (TTP) have shared clinical manifestations, but differing 

molecular etiologies. EHEC-related HUS initiated by bacterial Stx injures endothelial cells 

by inducing endoplasmic reticulum (ER) stress responses and transcription events which 

include generation of inflammatory cytokines and chemokines. Endothelial injury and a 

pro-thrombotic environment in aHUS results from genetic mutations in complement 

pathway members and aberrant activation (complement factors H, IB, 3: CFH, CFI, CFB, 

C3). Coagulopathy during TTP results from inherited or immune-acquired deficiency in a 

disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13 

(ADAMTS13), needed to cleave vonWillebrand Factor (VWF) released from endothelial 

cells to prevent accumulation of prothrombotic ultra-large VWF (UL-VWF) oligomers.  

  

Thrombotic microangiopathy is a shared consequence and is related to, but distinct from, 

disseminated intravascular coagulation (DIC), a consumptive coagulopathy. The coagulopathy of HUS 

is distinguished from DIC by several parameters, including a normal or elevated fibrinogen level and 

normal or slightly elevated clotting times because coagulation factors are not consumed (Figure 2). 

Markers of fibrinolysis (fibrin degradation products, D-dimer) are only modestly increased in HUS 

relative to DIC, but measures of microangiopathic hemolytic anemia (MAHA) such as schistocytes are 

markedly increased. Additionally, the renal failure of DIC is attributable to acute tubular necrosis, 

whereas that associated with HUS is predominately a thrombotic microangiopathy of glomerular 

vasculature, with or without tubular necrosis.  
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Murine models of EHEC toxemia do not develop thrombocytopenia and, therefore, do not present 

with HUS. Recently these Stx models have included bacterial endotoxin (Gram negative 

lipopolysaccharide, LPS), tumor necrosis factor-α (TNFα), adenosine diphosphate (ADP) or similar 

along with the toxin to induce platelet loss in an effort to replicate full-spectrum HUS [29]. While 

thrombocytopenia is observed in the mice after LPS + Stx, it is a consequence of pro-inflammatory 

priming, resulting in endotoxin-induced DIC [30], not Stx-induced HUS, with different  

coagulation mechanisms.  

Figure 2. Thrombocytopenia is common to HUS and DIC, but these are clinically distinct 

entities. Platelet loss occurs with both HUS and DIC, but markers of coagulopathy differ 

and highlight mechanistic differences. DIC is a consequence of lipopolysaccharide (LPS) 

in experimental systems (e.g., murine models) or clinically as a complication of underlying 

diseases such as bacterial sepsis or malignancy. DIC is a consumptive coagulopathy 

characterized by decreasing fibrinogen and coagulation factors with marked up-regulation 

of fibrinolysis markers such as fibrin degradation products (FDP) and D-dimer. In contrast, 

HUS does not consume coagulation factors and fibrinogen levels are often increased in 

EHEC patients. Moderate levels of fibrinolysis are present, but markers of 

microangiopathic hemolytic anemia (MAHA), such as schistocytes, are markedly elevated. 
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3. Hemolytic Uremic Syndrome (EHEC and Stx) 

Over 90% of HUS cases are associated with EHEC infection, also referred to as D + HUS, to 

indicate that there was diarrhea before the development of HUS. HUS from infection with other 

pathogens, usually Streptococcus pneumoniae (SP-HUS) which exposes the Thomsen-Freidenreich 

antigen with autoimmune consequences, results in longer hospitalization and long-term kidney  

injury [31,32]. A diarrheal prodrome can be observed in non-EHEC HUS cases, albeit rarely [33]. 

Patients usually develop a prodromal hemorrhagic colitis after EHEC contaminated food or water has 

been ingested [34], with HUS developing after approximately 7–10 days [35].  

It is widely acknowledged that the Shiga-like toxins produced by the enterohemorrhagic E. coli are 

the main virulence factors driving the organ damage in patients and animal models. EHEC secrete 

Shiga-like toxin-1 (Stx1) and/or Shiga-like toxin 2 (Stx2), and there are multiple Stx2 variants [36]. 

The two major toxins are structurally similar with a shared AB5 domain structure, but only 56% amino 

acid homology. Stx are ribosome-inactivating toxins, similar to Shiga toxin from Shigella dysenteriae 

serotype-1 [37] and ricin from castor beans. The enzymatic A subunit and a cell binding B subunit that 

organizes into pentamers recognize a globotriaosylceramide (Gb3) membrane receptor on cells, 

particularly glomerular endothelial cells [38]. Internalized toxin-receptor complexes undergo 

retrograde transport to the endoplasmic reticulum via the Golgi apparatus where the A subunit  

N-glycosidase activity removes an adenine from 28S ribosomal RNA to inhibit protein synthesis [39]. 

A recent study shows Stx1 intracellular trafficking is mediated by Golgi protein GPP130 and 

disruption of this interaction leads to lysosomal degradation of Stx1 and protection of mice from lethal 

toxemia [40]. The toxins also induce inflammation in patients [41] and animal models [42], and 

endoplasmic reticulum stress-induced transcriptional events are stimulated in susceptible cells [43,44].  

The Shiga toxins target Gb3-rich tubular epithelium, as well as the glomerular endothelial cells, 

with cellular apoptosis, necrosis and thrombotic microangiopathy contributing to the acute kidney 

failure seen in patients [45]. In patients, the renal pathology as a consequence of EHEC infection 

includes cortical necrosis, glomerular thromboses and congestion with widened subendothelial space, 

endothelial cell swelling, neutrophilia, and occasional mesangiolysis [46,47]. In the baboon model of 

Stx challenge which presents with all manifestations of HUS [48], glomerular injury after Stx1 and 

Stx2 challenge featured prominent HUS-like capillary wall changes, including thickening of the 

glomerular basement membrane and double contouring with prominent thrombus formation, and 

severe endothelial injury with diffuse cell swelling and focal endothelial denudation (Figure 3). 

Because this is an animal model allowing comparisons between toxins, some differences emerged with 

glomerular endothelial injury predominating after Stx1, whereas mesangiolysis and eosinophilic 

infiltration accompanied the glomerular injury in the Stx2-challenged animals [49].  

Endothelial activation by the Shiga-like toxins induces an inflammatory milieu that is a strong 

contributor to the thrombi formation in the microvasculature during development of HUS. Stx2 

upregulates chemokines monocyte chemotactic protein-1 (MCP-1, CCL2) and IL-8 (CCL8) [27,42] 

and Stx1 increases expression of cellular adhesion molecules ICAM-1, VCAM-1, and E-selectin on 

endothelial cells [50]. In human monocytes, EHEC infection and Shiga toxins induces inflammatory 

cytokines and chemokines including IL-1β, IL-6, IL-8, and TNFα [51]. In the GI of patients, the colon 

is severely affected, showing edema and hemorrhage, consistent with the hemorrhagic colitis that is 
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often seen preceding HUS [52]. Intestinal leukocytosis is more prominent with D + HUS compared to 

non-EHEC HUS [53], and with Stx in the intestinal epithelial cells [9], there is likely production of 

pro-inflammatory and chemotactic mediators (IL-1, IL-6, IL-8, TNFα) from epithelial cells and 

resident macrophages [54–56]. Together, this group of chemokines and adhesion molecules serves to 

recruit and activate neutrophils, contributing to increased tissue damage.  

Figure 3. Histopathology of renal injury in nonhuman primates after challenge with Stx1 

or Stx2. Light microscopy evaluation of kidney sections from baboons challenged i.v. with 

different doses of Stx1 or Stx2 reveal dose-dependent kidney injury. (A–C) Comparison of 

Stx1 challenges reveals deteriorating glomerular structure, increasing tubular edema and 

increasing hemorrhage with increasing toxin dose. Clinically, the 10 ng/kg Stx1 dose 

induced mild and transient effects in the animals, with unremarkable pathology at the light 

microscopy level. In contrast, a 100 ng/kg Stx1 challenge was lethal within 3–4 days 

accompanied by fulminant HUS, acute renal failure and systemic inflammatory responses; 

(D) The 50ng/kg Stx2 dose is comparatively severe and 100% lethal by day 5  

post-challenge, also with HUS and renal failure. Both toxins elicited leukocyte infiltration 

and interstitial hemorrhage. Hematoxylin and eosin staining of paraffin embedded tissue 

sections; 40× magnification. 

 

Normally endothelial cells present non-thrombogenic surfaces, and both Shiga toxins and 

inflammatory mediators can shift the endothelium to a pro-thrombotic state, contributing to thrombus 

formation [57]. For example, Stx2 causes about a 15% decrease in thrombomodulin surface antigen 

expression of human glomerular endothelial cells in vitro, which is further potentiated by TNFα [58], 

although whether this amount of antigen loss significantly impacted function was not determined. 

Thrombomodulin is an essential cofactor of the protein C anticoagulant pathway, an assembly of 

molecules on the endothelium that maintains blood fluidity [59,60]. Loss of thrombomodulin 
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expression, or other members of this pathway, correlates with a pro-coagulant environment [61] and 

circulating soluble thrombomodulin levels are accepted measures of endothelial injury [62].  

However, endothelial and leukocyte activation are probably only part of what induces the formation 

of microthrombi during D + HUS. Studies have also looked at whether platelet activation might 

contribute to microthrombi genesis. Plasma from patients with D + HUS has shown evidence of 

platelet activation and degranulation [63]. Stx1 can activate endothelial cells, especially ones that 

express more Gb3 receptor due to TNFα or LPS priming, to cause increased adhesion of platelets [64] 

and inhibition of platelet cluster degradation by the inhibition of ADAMTS13 [65]. Collectively, 

endothelial, platelet and neutrophil activation all contribute to the formation of microthrombi that then 

becomes a major driving force of D + HUS pathophysiology. 

Cytokines can disrupt the anti-thrombotic properties of the microvascular endothelial cells and 

increase cell-surface Gb3 receptor expression [53]. Obrig et al. hypothesized previously that the 

sensitivity of endothelial cells to Shiga toxins depended greatly on their source and levels of Gb3 

expression, and found that while TNFα and lipopolysaccharide (LPS) could increase sensitivity of 

human umbilical vein endothelial cells to Shiga toxins, they had no effect on renal microvascular 

endothelial cell Gb3 expression or Stx sensitivity [26]. It has been shown that the numbers of 

polymorphonuclear leukocytes present at the beginning of D + HUS is predictive of outcome, but not 

in cases of atypical HUS [66], a related but distinct syndrome (see below). Stx induces an 

inflammatory and chemotactic environment, and recruited neutrophils may transport the toxins in the 

blood [67], which could explain how the toxin passes from the gut to the kidney without bacteremia or 

invasion by the EHEC. Whether this occurs in patients is debated [68] because Stx antigen is 

sometimes [67,69,70], but not always [71] detected on the surface of circulating neutrophils. Close 

proximity of neutrophils and their enzymes to renal endothelial cells can also alter the surface 

availability of some proteins, changing the functionality of the endothelium. It is well known that 

neutrophil elastase cleaves endothelial-expressed thrombomodulin [72], a necessary cofactor of the 

protein C anticoagulant pathway [59]. If this proteolysis is incomplete, and removes only the  

amino-terminal lectin domain of thrombomodulin, this may contribute to organ injury and thrombotic 

microangiopathy, as suggested in murine models of Stx2 challenge with endotoxin priming [73].  

It is interesting to note that while this information helps to explain the forces driving disease in the 

kidney and other organs, they do not go as far in explaining the neurological signs that are often seen 

accompanying HUS. In the recent 2011 German outbreak of EHEC infection, the rate of HUS was 

unusually high and the neurologic complications were severe, from aphasia to epileptic seizures. 

Notably, there were no histologically observed brain microthrombi, vessel occlusions or evidence of 

ischemia [74]. How then did the patients develop neurological symptoms, and was Stx to blame? One 

study in rats has shown that Stx1 effect on astrocytes could indirectly affect the blood-brain  

barrier [75]. During the German outbreak, immunoadsorption of IgG helped attenuate the neurological 

complications of Stx2-producing E. coli O104:H4 [76]. They did not find evidence that the antibodies 

were directed against ADAMTS13, loss of which contributes to a related thrombotic microangiopathy 

(see below), and instead hypothesized that the antibodies were against Stx itself and were crosslinking 

receptors, causing the release of larger von Willebrand Factor multimers [77] to indirectly inhibit 

ADAMTS13 [65] and increasing risk of thrombus formation. Further investigation will show whether 

this interesting hypothesis is true. 
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A potential role for the complement pathway during development of Stx-induced HUS has recently 

gained renewed interest. Complement is an ancient non-specific opsonic defense mechanism dating to 

pre-Cambrian ancestors [78], and is now a highly regulated mammalian innate immune strategy 

contributing to host defense or tissue injury depending on the context [79]. There is some evidence that 

complement is activated during EHEC infection. During acute phase EHEC-HUS, complement factor 

C3 or C9 is detected on platelet-leukocyte complexes from patients, and Stx can induce ex vivo release 

of complement-bearing microparticles from platelets or monocytes [80]. Using purified components, 

Stx2 was shown to activate complement via the alternative pathway and slow complement factor H 

(CFH) regulatory activity [81]. A recent study showed Stx-induced C3b interactions with P-selectin to 

promote a pro-thrombotic surface on dermal microvascular endothelial cells activated with human 

serum and/or blood under shear stress [82]. These observations, along with C3 deposition on glomeruli 

from mice challenged with Stx2 + LPS [82], suggest a role for complement in the pathophysiology of 

endothelial dysfunction during HUS. However, patient data has less apparent clarity. In a small patient 

study, increased levels of alternative pathway members Bb and SC5b-9 were observed early in  

D + HUS patients, but there was no correlation with clinical parameters or outcome [83]. There also 

was no comparison with non-EHEC renal patients so it is difficult to evaluate a specific relationship to 

Stx-HUS as opposed to a generalized host defense response. In addition, despite apparent success in 

three severely ill infants [84], treatment of 67 patients with Eculizumab (Soliris®, Alexion 

Pharmaceuticals), the anti-C5 inhibitor antibody treatment for atypical HUS [85], during the 2011 

outbreak of Stx2-producing EHEC 0104:H4 in Germany was not effective and likely worsened patient 

outcome [21]. This was a severely ill cohort with other co-treatments so efficacy interpretation is 

debated [86,87], but this is likely the patient population that such a treatment would target. Given the 

fundamental contribution of the complement pathway to pathogenesis of many diseases, it could 

potentially contribute to disease severity, but whether it actually initiates HUS during this bacterial 

infection remains to be determined.  

4. Atypical Hemolytic Uremic Syndrome (Non-EHEC) 

HUS not due to enteropathogenic bacterial infection is known as atypical HUS (aHUS) and there 

are many triggers besides infection, with the underlying cause being genetic deficiencies in regulators 

of the alternative pathway of complement [88]. In this case, the alternative pathway of complement is a 

fundamental initiator of disease. aHUS leads to recurring bouts of HUS, and can lead to stroke, heart 

complications and end-stage renal failure, although how quickly this progresses depends on the nature 

of mutation in the complement pathway members [89]. Histologically, aHUS is indistinguishable from 

D + HUS in the kidney. A majority (60%–70%) of patients with cofactor H (CFH) mutations 

progressed to end-stage renal failure within a year of aHUS symptoms [90]. Many children experience 

their first bout of aHUS before age 6 months, which can help lead a differential diagnosis towards 

aHUS instead of D + HUS [91]. Treatment with Eculizumab (Soliris®), a humanized monoclonal 

antibody against complement C5, has had success in aHUS patients because it blocks the rampant, 

dysregulated activation of C5 thereby preventing formation of inflammatory C5a and the cytotoxic 

terminal attack complex C5b-9 [85,92].  
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Atypical HUS can be sporadic or familial, and is associated with dysregulation of complement 

typically characterized either by over-activation or compromised regulators of the alternative pathway 

of complement. Ordinarily, complement factor H (CFH), along with complement factor I (CFI) and 

membrane cofactor protein (MCP) accelerates the decay of C3 convertase, inhibiting complement 

activation. Thrombomodulin, an endothelial cell surface membrane protein usually associated with 

anti-coagulant function [62], aids this enzymatic complex in its activity. Mutations in thrombomodulin [93] 

as well as CFH [94], CFI [90], and MCP [95] are all implicated as risk factors for development of 

aHUS, along with mutations in complement factor B [96] and C3 [97]. In addition, autoantibodies 

against CFH have also been demonstrated [89]. While infection can be a possible trigger for the 

manifestation of aHUS, in general there is much less evidence of leukocytosis and inflammation in 

patients with aHUS than in those with D + HUS [53]. Yet, there may be overlap and at least one 

patient with EHEC-HUS has been shown to also have a mutation in MCP that would confer risk of 

developing aHUS [98], emphasizing how the lines between these syndromes can be blurred.  

5. Thrombotic Thrombocytopenic Purpura  

A third syndrome closely related to aHUS is thrombotic thrombocytopenic purpura (TTP), a 

thrombotic microangiopathy defined by a “pentad” consisting of the triad of HUS with accompanying 

fever and neurological manifestations [99]. Many HUS patients develop neurological symptoms and 

TTP patients can have kidney failure, so in many cases the diagnosis is given as HUS/TTP. A major 

risk factor for the development of TTP is a deficiency in the plasma von Willebrand factor-cleaving 

protease ADAMTS13, due to either a genetic etiology or autoimmune antibodies against the  

protease [99]. The resultant high levels of ultra-large vWF multimers in the circulation lead to 

increased platelet-containing thrombi. Although HUS, aHUS, and TTP are closely related diseases and 

often difficult to distinguish in the clinic, they do have separate causes as well as distinct outcomes. 

Because aHUS and TTP are due to autoantibodies, deficiencies or mutations of plasma factors, plasma 

exchange can be used to treat both. In addition, for aHUS, kidney or combined kidney-liver transplants 

have also shown to be beneficial when supplemented with plasma exchanges [100].  

Recent studies have shown that the distinctions between TTP and D + HUS with respect to clinical 

signs and pathophysiology may be less defined based on the report by Motto et al. that Stx can trigger 

TTP in ADAMTS13-deficient mice although absence of ADAMTX13 alone is insufficient [77]. In 

addition, Stx1 or Stx2 causes the release of large vWF multimers from human endothelial cells, while 

also impairing ADAMTS13 activity, and LPS was shown to have minimal contribution [65].  

Huang et al. later showed that the Stx B subunit was sufficient to induce vWF secretion and 

thrombotic microangiopathy in ADAMTS13−/− mice back-bred for toxin susceptibility [77], something 

which had been shown for Shiga toxins earlier [101].  

6. Animal Models  

Though the first recorded US outbreak of enterohemorrhagic Escherichia coli occurred in 1982, a 

complete picture of how EHEC elicits disease in humans remains to be elucidated. EHEC infections 

are typically unpredictable common source outbreaks, so there are no endemic patient populations for 

systemic study of disease pathogenesis. The development of animal models has thus been necessary in 



Toxins 2012, 4                          

 

 

1271

order to study toxin-specific mechanisms that govern the observed disease process in humans. Animals 

may receive purified toxin(s) or bacteria, but despite the numerous animal models tried, none of them 

completely replicate the EHEC infection and HUS observed in patients. However, they do fulfill an 

important role in that they allow for the investigation of one or more aspects of pathogenesis of EHEC 

disease and HUS [102]. A brief summary of animal model features and limitations are shown in  

Table 1 with representative references.  

Table 1. Animal models. 

Model Pre-treatment Animal Features Limitations Reference 

EHEC none 
Gnotobiotic 
piglet 

Focal renal lesions, renal thrombotic 
microangiopathy 

Normal serum creatinine; no 
thrombocytopenia 

[103] 

EHEC streptomycin CD-1 mice 
Bacterial colonization; loose stools, 
anorexia, lethargy  

No disease unless host-
adapted strain used; no 
glomerular damage, 
coagulopathy or 
thrombocytopenia 

[104,105] 

EHEC 
streptomycin 
and mitomycin 
C 

ICR mice 
Weakness, weight loss, 
microhemorrhages in brain and spinal 
cord, high BUN 

Serum creatinine normal, 
unremarkable kidney 
pathology 

[106] 

EHEC None or TNFα 
Germ free IQI 
mice 

Anorexia, renal tubular necrosis, 
thrombocytopenia, leukocytosis 

No glomerular 
histopathology, 
inflammation only with 
TNFα pre-treatment 

[107] 

EHEC 24 hour fast C3H/HeJ mice 

Gastrointestinal, neurologic and 
systemic symptoms, renal 
inflammation and necrosis, fragmented 
red blood cells 

Kidney function and 
platelets not measure 

[108] 

EHEC none 
Newly 
weaned 
BALB/c mice 

Renal damage, high urea 
concentrations, colon pathology 

Thrombotic microangiopathy 
not evaluated 

[109] 

EHEC 
Protein calorie 
malnutrition 

C57Bl/6J 
mice 

Systemic and neurologic symptoms, 
increased BUN, mild renal tubular 
degeneration 

Normal serum creatinine, 
normal glomeruli, no 
significant platelet changes 

[110] 

EHEC 
Host-adapted 
bacteria 

Dutch Belted 
rabbits 

Diarrhea, lethargy, anorexia, 
dehydration glomerular thrombi and 
renal congestion 

No consistent 
thrombocytopenia 

[111] 

Stx1 none baboon 

Thrombocytopenia, schistocytosis and 
hemolytic anemia, renal failure, GI 
injury, lesions in CNS, systemic 
inflammation 

Non-bacterial [42,48] 

Stx2 none baboon 

Thrombocytopenia, leukocytosis, acute 
renal failure, schistocytosis, hemolytic 
uremia, glomerular thrombotic 
microangiopathy, systemic 
inflammation 

Non-bacterial [42,112] 

Stx2 none 
C57Bl/6J 
mice 

Increased plasma BUN and creatinine, 
hemolysis, neutrophilia 

Non-bacterial, no 
thrombocytopenia 

[113] 

Stx2+LPS none 
C57Bl/6J 
mice 

Neutrophilia, thrombocytopenia, 
hemolysis, increased BUN and 
creatinine, renal histopathology 

Non-bacterial, LPS effect 
depends on timing of 
administration, consumptive 
coagulopathy 

[29] 

EHEC 
culture 
supernatant 

none 
Sprague-
Dawley rats 

Increased BUN and creatinine, 
thrombocytopenia, hemolytic anemia 
and leukocytosis, renal histologic 
changes, watery diarrhea 

Non-bacterial, crude 
bacterial supernatants rather 
than purified toxin(s).  

[114] 
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7. Gnotobiotic Piglet Models 

One of the earliest animal models of EHEC-mediated HUS was the gnotobiotic piglet. This animal 

had previously been used to study other human enteric infections [115]. Piglets were infected with  

~1 × 1010 CFU E. coli O157:H7 twenty-four hours after delivery and were euthanized and necropsied 

on either day three or day five. Ulcers and mononuclear cell infiltration were observed in the cecums 

of the animals euthanized on day five. Only minor focal lesions associated with bacterial antigen were 

observed in the kidney, and no hematological symptoms of hemolytic uremic syndrome were 

described [116].  

Gnotobiotic piglets were again used as an animal model for EHEC infection by Gunzer et al. in 

2002, and in these experiments the course of disease resembled that of human EHEC infection in the 

GI tract as well as other organs. Renal histopathology changes included surface petechiae and diffuse 

glomerular endothelial swelling with mild to moderate tubular damage. Notably, renal thrombotic 

microangiopathy was observed in most animals. Limitations to the model can be found in the clinical 

chemistry and hematologic findings. Though individual animals had elevated serum creatinine levels, 

the averages were not statistically significant between the experimental groups and the control animals. 

Furthermore, thrombocytopenia was not observed, nor were schistocytes in peripheral blood  

smears [103]. Use of gnotobiotic piglets as a model for EHEC is thus useful in studies that focus on 

neurological or renal changes, but does not accurately mimic the full spectrum of HUS symptoms 

observed in humans.  

8. Murine EHEC Models 

Relative to humans, mice are fairly resistant to EHEC infection, so murine models include stressors 

intended to increase susceptibility to intestinal bacterial colonization and infection. These approaches 

include pre-treatment with antibiotics, germ-free environments, and protein calorie malnutrition  

diets [117]. Antibiotics added to the animals’ drinking water reduces or alters the normal intestinal 

facultative bacteria, increasing the likelihood of EHEC intestinal colonization by decreasing bacterial 

competition. An early study used streptomycin to study the colonization abilities of several E. coli 

isolates [104] and Wadolkowski et al. adopted streptomycin pre-treatment to develop a murine model 

of EHEC infection [105]. Streptomycin-treated male CD-1 mice were infected with either wild-type  

E. coli O157:H7, a mutant strain that did not contain the plasmid encoding fimbriae, or both. Animals 

demonstrated colonization of the bacteria in all three conditions, though disease symptoms were not 

observed. However, mice inoculated with the mutant strain that had been previously recovered from 

the feces of one of the co-infection animals demonstrated symptoms of infection including loose 

stools, anorexia and lethargy between days 4–10 post-inoculation, with lethality following within a few 

days. Colonization without infection was the outcome unless the bacteria strain was host-adapted. The 

colons of these mice did not show gross or histological lesions, indicating that the animals did not die 

of hemorrhagic colitis. Rather, death appeared to be due to acute necrosis of proximal convoluted 

tubules, a lesion which is characteristic of toxin exposure in mice. However, the mice did not show 

evidence of glomerular damage, thrombotic microangiopathy, or thrombocytopenia [105].  
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It had been demonstrated previously that addition of mitomycin C to in vitro EHEC cultures 

resulted in induction of phage expression and increased toxin production [118,119]. Young male ICR 

mice were pre-treated with streptomycin and mitomycin, then infected with EHEC strain E32511/HSC 

(Stx2c variant) pre-selected to be resistant to both antibiotics. The animals developed weakness and 

weight loss, but not diarrhea [106]. Microhemorrhages were observed in the brain and spinal cord, as 

were slight degeneration of tubules in the kidney. Blood urea nitrogen was significantly higher in 

experimental mice than in controls, suggesting renal injury, but serum creatinine levels did not change 

and light microscopy kidney pathology examinations were unremarkable. Acute encephalopathy with 

loss of blood brain barrier function, brain endothelial cell edema, and demyelination were predominant 

histologic features. Toxin antigen was detected in affected neurons, but it was not clear whether the 

neurologic symptoms were from primary neuronal lesions or secondary to hypoxia from  

thrombotic microangiopathy.  

The rationale behind antibiotic pretreatment of mice can be extended to include germ-free mouse 

models of EHEC infection. Isogai et al. showed that infection with a high dose (2 × 109 CFU) of  

E. coli O157:H7 was lethal within 7 days of inoculation for germ-free IQI mice. The mice became 

anorexic and urine retention was associated with renal tubular necrosis [107]. Interestingly, 

thrombocytopenia and leukocytosis were observed in infected animals. In order to elucidate a role for 

pro-inflammatory TNFα in EHEC pathogenesis, the authors included a group of mice pretreated with 

the cytokine. The addition of TNFα nearly doubled the lethality from 60% to 100% with the addition 

of neurologic symptoms. Furthermore, cytokine-treated mice demonstrated histopathologic changes in 

the kidney including proliferation of glomerular mesangial cells and microthrombosis, and increased 

cytokine responses in serum, kidney and brains. Based on these experiments, the authors concluded 

that the toxins produced by EHEC and/or bacterial endotoxin, induce production of TNFα to have an 

additive effect EHEC pathogenesis [107]. Priming of cells with pro-inflammatory mediators, 

especially TNFα, is well known to enhance subsequent cellular responses to pathogenic challenge, and 

this occurs both in vitro and in vivo [120]. Similarly, TNFα induced by bacterial endotoxin enhances 

subsequent Stx cytotoxicity in rat astrocytes and releases chemokines that may attract PMNs to 

contribute to neurological injury and loss of endothelial barrier function [121,122].  

Though pre-treatment with antibiotics or the use of germ-free animals increases the likelihood of 

gut EHEC colonization and infection, it does not accurately depict the circumstance when normal gut 

flora is present as is the case with patients. To address this, alternative models were developed. 

C3H/HeJ mice have a TLR4 mutation, rendering them moderately immunocompromised and thus 

more susceptible to infection. These mice were fasted for 24 h prior to infection, and challenged with  

1 × 109 CFU/mL EHEC expressing Stx2 by oral gavage [108]. They developed gastrointestinal 

symptoms including loose, watery stools, neurological symptoms including ataxia and convulsions, 

and systemic symptoms including lethargy, anorexia and shivering with ~40% mortality. Histologic 

examination of colon tissue demonstrated inflammatory infiltrates and necrotic foci. In the kidneys, 

they observed proliferation of glomerular mesangial cells, diffuse interstitial inflammation and 

necrosis of tubular cells. In addition, the authors noted fragmented red blood cells in the sick mice. 

Blood samples were not analyzed for markers of kidney function or for platelet numbers, so a full 

description of HUS pathology was not available [108]. 
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Newly weaned BALB/c mice showed increased susceptibility to EHEC infection and Stx-mediated 

renal damage without pretreatment to alter commensal flora [109]. Between 22% and 27% of infected 

young animals developed high urea concentrations in the serum and all of these mice died. Mortality 

was associated with increased circulating neutrophils, followed by a significant decrease in all 

circulating leukocytes shortly before death. Colon pathology included leukocyte infiltration, and the 

kidney showed focal cortical necrosis with tubular epithelial swelling, although thrombotic 

microangiopathy was not evaluated.  

To initiate EHEC colonization and infection, murine models require much higher bacteria doses 

compared to humans (murine ~109 CFU versus 10–100 organisms for humans). The observation that a 

subset of children infected with EHEC had an unbalanced diet prior to infection inspired Kurioka et al. 

to hypothesize that protein calorie malnourished (PCM) mice would contract disease from lower doses 

of EHEC than conventional mice. Indeed, the minimal infectious dose of E. coli in the PCM mice was 

lower at 2 × 106 CFU. [110]. The infected PCM mice developed systemic and neurologic symptoms, 

no gastrointestinal symptoms were observed. BUN levels, but not creatinine, increased and acute 

kidney injury was minimal with mild renal tubular degeneration and normal glomeruli. Significant 

platelet changes were not observed [110]. The advantage of the PCM murine model is the lower 

inoculum dose with neurologic complications, but the animals do not appear to develop HUS.  

9. Rabbit EHEC Model 

Dutch Belted rabbits orally infected with 5–9 × 108 CFU of host-adapted EHEC O103  

(Stx1+ Stx2-) or patient-derived O157:H7 (Stx1+ Stx2+) developed renal vascular lesions and 

glomerular lesions containing erythrocyte fragments [111]. These animals also demonstrated diarrhea, 

lethargy, anorexia, dehydration and weight loss with a low hematocrit observed in five of six infected 

animals. Similar to that seen in humans, glomerular, perivascular and tubular injury was observed in 

all animals after challenge with either strain, as was glomerular endothelial edema, mesangial deposits 

and fibrin thrombi occluding capillary lumens. Lack of changes in creatinine suggests renal injury 

rather than renal insufficiency, and although mild to moderate thrombocytopenia was observed in only 

3 of 30 experimental animals, glomerular thrombi and renal congestion suggest the presence of 

coagulopathy if not a full thrombotic microangiopathy. Intestinal edema and vascular lesions with 

colonic inflammation with leukocyte infiltration was observed, as was surface-adherent E. coli in the 

cecal mucosa and crypt lumens. This animal model is a reasonable mimic of the human renal and 

intestinal lesions induced by EHEC and its toxins, although lack of consistent thrombocytopenia limits 

this model with respect to recapitulating human HUS.  

10. Nonhuman Primate Toxin Models of HUS  

Several animal models examine the effects of purified Shiga toxin, in the absence of bacteria, with 

variable success in mimicking human HUS symptoms. A descriptive study of a baboon model of Shiga 

toxin 1 responses observed renal failure with death in 57 h or less, and the animals presented, for the 

first time, with all the classic clinical symptoms of HUS [48]. Animals in the low-dose Shiga toxin 1 

group (50–200 ng/kg i.v.; n = 8) demonstrated thrombocytopenia, schistocytosis and hemolytic 

anemia, renal injury with glomerular endothelial injury and an inflammatory profile, renal failure, and 
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injury to the GI tract. Lesions in the central nervous system were observed by electron microscopy. 

Stearns-Kurosawa et al. expanded the baboon model to include dose-response studies of both toxins 

for comparative purposes [42]. Stx2-induced renal injury and mortality was delayed 2–3 days 

compared to Stx1 challenge, and animals were ultimately more sensitive to Stx2, succumbing at lower 

doses (50 ng/kg for Stx2 versus 100 ng/kg Stx1). Both toxins elicited a systemic inflammatory 

response, but levels of cytokines and chemokines were elevated earlier and to higher levels after Stx1 

challenge. Care was taken to ensure low endotoxin contamination of the toxins, and TNFα was not 

detectable in either plasma or urine from any of the animals. If pro-inflammatory priming is a 

necessary event for Stx toxicity, then it may be more complicated than production of TNFα. Unlike 

other animal models, the development of thrombocytopenia was consistently observed and was toxin 

dose-dependent. Loss of platelets was more gradual in Stx2-challenged animals as compared to Stx1, 

however anemia development was comparable and long-lasting [112]. Challenge with either toxin 

resulted in renal failure, increased plasma blood urea nitrogen (BUN) and creatinine, and deteriorating 

urinalysis profiles. The baboons could be rescued from lethal Stx2 challenge with a custom synthetic 

peptide designed to counter Stx2 activity within cells [112]. Renal function and urine output was 

preserved even when the peptide was administered 24 h after the otherwise lethal Stx2 challenge. 

Thus, both Stx1 and Stx2 are capable of eliciting HUS in baboons, but the timing and magnitude of the  

responses differ. 

11. Rodent Models of Stx Challenge 

Although the pathology of human HUS can be mimicked in nonhuman primates through the 

administration of Stx alone, a small animal model of HUS would provide many benefits and be 

accessible to more investigators.  

C67BL/6J mice, when given only multiple sub-lethal doses of Stx2 and no pre-treatments, develop 

some but not all aspects of human HUS [113]. Significantly increased plasma BUN and creatinine 

levels and proteinuria reflect glomerular renal injury. Hemolysis, neutrophilia and lymphocytopenia 

were observed. Histologically, the kidneys showed fibrin (ogen) deposition in the glomerular capillary 

loops and swollen subendothelial zones containing flocculent material [113]. Thrombocytopenia, 

however, was not observed and lack of this HUS symptom appears to be common to all Stx murine 

models unless co-treated with an accessory pro-inflammatory mediator.  

Modeling HUS using mice challenged with EHEC toxins has been described using  

co-administration of Gram negative endotoxin (a.k.a., lipopolysaccharide, LPS) and Stx2 [123], a 

model that has been used recently by multiple investigators. This approach was based on the 

hypothesis that LPS from the commensal flora of the gut could potentially contribute to the 

pathogenesis of HUS. However, LPS had either a synergistic or protective effect, depending on the 

timing of administration. Keepers et al. found that when C57BL/6 mice were given low sublethal 

doses of both LPS and Stx2 concurrently, they exhibited all signs of clinical HUS [29]. Neutrophilia, 

thrombocytopenia, red cell hemolysis and increases in serum creatinine and BUN were all observed. In 

the kidney, glomerular fibrin deposition, microthrombi formation and glomerular ultrastructure 

changes were demonstrated by histology and electron microscopy [29].  
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Priming of the Stx system in this way with LPS, TNFα, ADP or similar potentiates toxin 

chemotactic and inflammatory responses in vitro and in vivo [29,117], but the relevance to disease 

pathogenesis in patients is not clear. In experimental settings, addition of LPS priming to Stx2 

challenge in mice will induce thrombocytopenia, but this etiology is a consumptive disseminated 

intravascular coagulation [124,125] rather than HUS and they have different coagulation profiles. This 

differentiation was discussed by Karmali et al. decades ago [17]. Additionally, the notion that 

compromised intestinal barrier function allows bacterial translocation or LPS leakage from commensal 

or pathogenic bacteria is far from established. This theory has been discussed with variable levels of 

support since the 1940s with respect to bacterial sepsis mechanisms and is proven to be poorly related 

to the patient condition, particularly for endotoxemia [126]. Some patients with EHEC O157:H7 

infection have antibodies (usually IgM or IgA) against the bacterial LPS serotype [127,128] but 

detection in healthy control sera as well as cross-reactivity with other LPS serotypes adds  

complexity [129], and there is no prospective evidence showing these antibodies are protective or 

prognostic. In non-EHEC bacterial sepsis, circulating E. coli LPS is detectable in patients, but targeted 

neutralization of Gram negative LPS has consistently failed to improve 28 day all-cause  

mortality [130,131]. The current thinking is that the primary contribution of the intestine during these 

infections comes from host cellular injury with resultant host-derived mediators to propagate local and 

systemic inflammation effects [132,133].  

Rats were studied as a Shiga toxemia model by Zotta et al. in 2008 to evaluate their ability to mimic 

development of HUS. Adult male Sprague-Dawley rats were challenged intraperitoneally with 

increasing volumes of filtered EHEC culture supernatant containing Stx2, but low endotoxin, and 

disease progression was monitored for 48 h. At an estimated toxin dose of 20 μg Stx2/kg body weight, 

all animals developed increased BUN and creatinine, thrombocytopenia (decreased from 84 × 106/μL 

to 33 × 106/μL), hemolytic anemia and leukocytosis [114], clinical markers that correlate with disease 

progression in patients [2,18]. Histological observations included necrotic glomerular areas, tubular 

injury, and thrombotic microangiopathy. Watery diarrhea due to colonic mucosa damage was also 

observed, but hemorrhagic colitis was not a feature. This methodology provides a small animal model 

of HUS that effectively reproduces the pathology of human HUS. However, this model has not been 

used frequently, likely because it used crude bacterial supernatants rather than purified toxin. Bacterial 

virulence factors other than Stx may contribute to disease pathophysiology [134] and the observation 

that crude bacterial supernatants, but not purified Stx, can induce HUS in rodents is consistent with 

this. These presumed non-Stx virulence factors bear further investigation.  

12. Conclusions 

In the pursuit of effective translational medicine for EHEC infection, animal models that accurately 

mimic the pathogenesis of EHEC-induced human HUS are crucial if we are to fully elucidate the 

mechanisms involved. A plethora of such models have been spurned by this need, however none 

encapsulate the pathogenesis of EHEC infection and Shiga toxins-induced human HUS in its entirety. 

Nonetheless, each model provides certain insights, and may ultimately help the scientific community 

progress in its understanding of this disease. From these models and patient studies, identification of 

biomarkers that discriminate related clinical syndromes, quantify the early onset or risk of HUS, and 
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report patient physiological responses to clinical intervention will ultimately prove to be of  

greatest value.  
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Appendix 

Expanded post-hoc analysis data presented at the November 2012 meeting of the American Society 

of Nephrology by Dr. Rolf Stahl (University Hospital Hamburg-Eppendorf, Hamburg, Germany) 

provided very promising and strong evidence for efficacy of Eculizumab (anti-complement C5; 

Alexion) in their severely ill patient cohort during the recent EHEC O104:H4 outbreak. Data showing 

more rapid recovery of platelet counts with resolution of acute kidney injury and neurological 

symptoms compared with a clinically comparable cohort not treated with antibody was presented and 

is under peer review for publication. This gives renewed optimism that targeting complement 

pathways may be beneficial for patients with EHEC infection.  
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